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Influenza infection is a major contributor to global mortality and morbidity, with high potential for 

pandemic and vaccine evasion. Natural Killer (NK) cells are innate anti-viral effector cells but their 

functions in respiratory influenza infection are poorly understood. NK cells have been implicated in 

the control of influenza in mouse models but their regulation in the human respiratory environment 

is still an area of study. For instance, phenotypically and functionally unique resident NK cell 

populations have been described in the liver and uterus, but have not yet been explored in the 

human lung.  

 

The aim of this thesis was to investigate the human lung NK cell phenotype and function during 

respiratory infection and disease, primarily focusing on influenza infection. To do this, NK cells were 

characterized from macroscopically normal human lung tissue by multi-parameter cytometry and 

NK cell function characterized in an ex vivo tissue explant model of influenza infection. NK cell 

function was further characterized by autologous co-culture of peripheral NK cells with influenza-

infected monocyte-derived macrophages (MDMs) and primary bronchial epithelial cells (PBECS). 

Cytotoxic and cytokine responses of NK cells were measured by a combination of flow cytometry 

and enzyme-linked immunosorbent assay (ELISA). Mechanisms of NK cell activation to IAV-infected 

macrophages were further explored including activating and inhibitory contact with infected cells 

and cytokine release. 

 



 

 

Both lung and peripheral NK cells were found to mediate strong anti-viral responses to influenza 

infection; with increased IFN-γ, Gzm-B and measures of degranulation. Furthermore, mechanistic 

studies demonstrated that physical contact between NK cells and influenza-infected MDMs was 

essential to NK cell activation, despite a strongly pro-inflammatory environment. However, NKp46 

and NKG2D ligands were redundant in stimulating NK cell activation towards infected MDMs, 

demonstrating complicated and extensive regulation of NK cells activation by infected 

macrophages. The majority of human lung NK share a phenotype with circulating NK cells, however, 

this thesis identified novel lung resident NK cell populations. Lung resident (CD49a+) NK cells were 

found to respond more potently to influenza infection than non-resident (CD49a-) NK cells. This 

suggests that resident, trained NK cell populations are present in the human lung and may provide 

early and important control of viral infection. CD49a+ lung NK cells were also increased in donors 

with more severe COPD, indicating possible modulation of lung resident NK cells in chronic disease.  

 

Overall this thesis presents evidence that NK cells play an important role during human influenza 

infection through both cytotoxicity and IFN-γ production in the human lung. This work has also 

highlighted the differences between lung resident and non-resident NK cells in terms of phenotype 

and function, which may have important implications for understanding mucosal immunity in the 

lung.  

 

 
 
  



Table of Contents 

i 

Table of Contents 

Table of Contents ............................................................................................................ i 

Table of Tables .............................................................................................................. vii 

Table of Figures .............................................................................................................. ix 

Research Thesis: Declaration of Authorship .................................................................. xiii 

Acknowledgements ....................................................................................................... xv 

Definitions and Abbreviations ..................................................................................... xvii 

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

1.1 Influenza Virus ............................................................................................................ 1 

1.1.1 Influenza – Global Perspective and Impacts ...................................................... 1 

1.1.2 Influenza Virus Structure .................................................................................... 1 

1.1.3 IAV Replication in the Respiratory Tract ............................................................ 2 

1.1.4 Anti-Viral Drugs and Influenza Vaccination Strategies ...................................... 3 

1.2 Influenza and Chronic Obstructive Pulmonary Disease ............................................. 4 

1.2.1 Overview of COPD Presentation, Pathology and Symptom Management ........ 4 

1.2.2 Innate Immune Function in COPD ...................................................................... 4 

1.2.3 Viral Exacerbation of COPD ................................................................................ 5 

1.3 The Innate Immune Response to IAV Infection ......................................................... 6 

1.3.1 The Epithelial Response to IAV infection ........................................................... 6 

1.3.2 The Macrophage Response to IAV Infection ...................................................... 7 

1.3.3 IAV Modulation of the Host Response ............................................................... 8 

1.4 NK Cells ..................................................................................................................... 10 

1.4.1 NK Cell Definition and Function ....................................................................... 10 

1.4.2 HLA-dependent Function ................................................................................. 12 

1.4.3 HLA-independent Function .............................................................................. 13 

1.4.4 NK cell Development ........................................................................................ 14 

1.4.5 Differences in Mature NK cell Phenotype and Function .................................. 17 

1.4.6 Organ Resident NK cells ................................................................................... 18 

1.4.6.1 Recruitment and Development of Tissue-Resident NK Cells ................ 19 



Table of Contents 

ii 

1.4.6.2 Function of Tissue-Resident NK Cells .................................................... 20 

1.4.6.3 NK cell Memory and Organ Residency .................................................. 20 

1.5 NK Cells in the lung .................................................................................................. 22 

1.5.1 The Lung NK cell Phenotype ............................................................................ 22 

1.5.2 NK Cells in IAV Infection ................................................................................... 23 

1.5.2.1 NK Cell Recognition of IAV Infected Cells ............................................. 24 

1.5.3 NK cell Recruitment and Regulation during Influenza Infection ..................... 25 

1.5.3.1 Macrophage and NK cell cross-talk ....................................................... 26 

1.5.4 NK Cell Memory to Influenza ........................................................................... 26 

1.5.5 Lung NK cells in COPD ...................................................................................... 27 

1.6 Summary .................................................................................................................. 28 

1.7 Hypothesis and Aims ................................................................................................ 29 

Chapter 2 Materials and Methods .............................................................................. 31 

2.1 Ethics and Donor Recruitment ................................................................................. 31 

2.2 Isolation of Peripheral NK cells and Monocyte-Derived Macrophages ................... 31 

2.3 IAV infection of MDMs ............................................................................................. 34 

2.4 Generating Submerged PBEC Cultures .................................................................... 34 

2.5 IAV Infection of PBECs ............................................................................................. 35 

2.6 NK Cell Culture with IAV-Infected MDMs and PBECs .............................................. 35 

2.7 Transwell Separated Co-cultures and Blocking Experiments .................................. 36 

2.8 Flow Cytometry ........................................................................................................ 36 

2.9 ELISA ......................................................................................................................... 41 

2.10 Lactate Dehydrogenase (LDH) Release Assay .......................................................... 41 

2.11 Luminex Assay .......................................................................................................... 42 

2.12 Analysis of human lung NK cells .............................................................................. 42 

2.12.1 Isolating Mononuclear Cells from Human Lung Parenchyma ......................... 42 

2.12.2 Flow Cytometry Analysis of the Lung NK Cell Phenotype ................................ 43 

2.13 IAV Infection of Human Lung Explants .................................................................... 44 

2.14 Statistical Analysis .................................................................................................... 46 

Chapter 3 Assessing the Phenotype of Peripheral Blood NK Cells ............................... 47 



Table of Contents 

iii 

3.1 Introduction .............................................................................................................. 47 

3.2 Results ...................................................................................................................... 48 

3.2.1 Culturing Peripheral Blood NK cells in vitro ..................................................... 48 

3.2.2 Isolating and Storing Primary Human NK Cells ................................................ 51 

3.2.3 Comparing Peripheral Blood NK cells from Cancer Resection Patients and 

Healthy Controls ............................................................................................... 53 

3.2.4 The Effect of Age and Gender on the Peripheral Blood NK Cell Phenotype .... 57 

3.2.5 The Effect of Smoking Status on the Peripheral NK Cell Phenotype ............... 62 

3.3 Discussion ................................................................................................................. 64 

3.3.1 Culturing Primary Human NK Cells ................................................................... 64 

3.3.2 Peripheral NK cells from Healthy Controls and Resection Donors are 

Phenotypically Comparable ............................................................................. 65 

3.3.3 NK cells and Ageing .......................................................................................... 66 

3.3.4 Summary .......................................................................................................... 68 

Chapter 4 The NK Cell Phenotype in the Human Lung .................................................69 

4.1 Introduction .............................................................................................................. 69 

4.2 Results ...................................................................................................................... 70 

4.2.1 Isolating NK Cells from Human Lung Tissue ..................................................... 70 

4.2.2 Human Lung NK cells are highly differentiated ................................................ 74 

4.2.3 NK Cell Activating Receptor Expression in the Blood and Lung ....................... 77 

4.2.4 Residency Markers on NK cells of the Human Lung ......................................... 80 

4.2.5 CCR5 is enriched on Human Lung NK Cells ...................................................... 87 

4.2.6 The Lung NK cell Phenotype in COPD............................................................... 89 

4.3 Discussion ................................................................................................................. 97 

4.3.1 Isolating NK cells from the Lung Parenchyma .................................................. 97 

4.3.2 Lung NK cells are phenotypically similar to the Peripheral Blood ................... 98 

4.3.3 A Resident Population of CD49a+CD103+CD69+ NK cells exist in the Human 

Lung ................................................................................................................ 100 

4.3.4 CCR5 may play a role in NK Cell Trafficking to the Lungs ............................... 102 

4.3.5 Distorted NK Cell Phenotypes Correlate with COPD Severity ........................ 103 

4.3.6 Summary ........................................................................................................ 105 



Table of Contents 

iv 

Chapter 5 Human Lung NK Cells in Viral Infection .................................................... 107 

5.1 Introduction ........................................................................................................... 107 

5.2 Results .................................................................................................................... 108 

5.2.1 Infecting Human Lung Tissue with Influenza A Virus..................................... 108 

5.2.2 Anti-Viral Molecules are produced by IAV Infected Lung Explants ............... 111 

5.2.3 IAV Infection of Human Lung Explants does not affect the NK cell 

Phenotype ...................................................................................................... 113 

5.2.4 Measuring Lymphocyte Activation in Lung Explants by Flow Cytometry...... 114 

5.2.5 Human Lung NK cell Activation in response to IAV Infection ........................ 115 

5.2.6 CD56bright and CD56dim NK cell Activation in IAV Infected Lung Tissue .......... 120 

5.2.7 CD49a+ NK cell Function in IAV Infected Human Lungs ................................ 122 

5.2.8 NK cells and T cells share Effector Function in IAV Infected Lung Tissue ...... 124 

5.3 Discussion............................................................................................................... 126 

5.3.1 Ex Vivo Influenza Infection of Lung Explants are consistent with previous 

reports ............................................................................................................ 126 

5.3.2 NK Cells are Activated during Influenza Infection of Human Lung ................ 127 

5.3.3 CD56bright and CD56dim NK Cells respond equivalently to IAV Infection ........ 129 

5.3.4 Lung CD49a+ NK Cells may be more Functionally Responsive to Respiratory 

Virus ............................................................................................................... 130 

5.3.5 T cell CD49a Expression is also associated with Enhanced Function ............ 132 

5.3.6 Benefits and Limitations of the Ex Vivo Infection Model .............................. 133 

5.3.7 Summary ........................................................................................................ 134 

Chapter 6 Modelling NK Cell Activation to IAV-Infected Cells ................................... 135 

6.1 Introduction ........................................................................................................... 135 

6.2 Results .................................................................................................................... 137 

6.2.1 Optimizing Co-Culture Conditions ................................................................. 137 

6.2.2 NK Cell Activation during Culture with IAV Infected MDMs is Contact 

Dependent ..................................................................................................... 142 

6.2.3 CD56bright and CD56dim NK Cell Activation to IAV-Infected MDMs ................. 144 

6.2.4 NK Cells are Cytotoxic towards IAV-Infected MDMs ..................................... 145 



Table of Contents 

v 

6.2.5 NK cell Activating Receptor Expression is altered by Culture with IAV-Infected 

Cells ................................................................................................................ 148 

6.2.6 NKG2D and NKp46 Signaling does not affect NK cell Activation to IAV-Infected 

MDMs ............................................................................................................. 150 

6.2.7 Inhibiting NK Cell Contact with HLA class I during IAV Infection Increases NK 

cell Activation ................................................................................................. 156 

6.2.8 MDM – NK Cell Crosstalk is Altered by IAV Infection ..................................... 158 

6.2.9 IAV Infected Lung Epithelia activate Autologous NK Cells ............................. 165 

6.3 Discussion ............................................................................................................... 167 

6.3.1 Culturing Autologous NK Cells with IAV-Infected Macrophages and Epithelial 

Cells ................................................................................................................ 167 

6.3.2 NK cells respond to IAV Infected MDMs in a Contact-Dependent Manner .. 169 

6.3.3 NK cells may exert a cytopathic effect on infected macrophages ................. 171 

6.3.4 Signalling through NKG2D and NKp46 Receptors is Redundant to the NK cell 

response to IAV-Infected Macrophages ......................................................... 172 

6.3.5 IAV Manipulation of HLA Class I may represent a Mechanism of Viral Escape 

from NK Cell-Mediated Killing ........................................................................ 174 

6.3.6 IAV Infection alters the Crosstalk between MDMs and NK Cells ................... 175 

6.3.7 Summary ........................................................................................................ 178 

Chapter 7 Discussion and Further Work .................................................................... 179 

7.1 Introduction ............................................................................................................ 179 

7.2 Lung NK Cell biology is different to other Human Organs ..................................... 180 

7.3 Characterization of Lung Resident CD49a+ NK Cells .............................................. 181 

7.4 NK Cells Contribute to Anti-Influenza Immunity in the Human Lung .................... 182 

7.5 NK Cell Activation to IAV requires physical contact and therefore recruitment to 

sites of Infection ..................................................................................................... 184 

7.6 Mechanisms of NK cell Activation to Influenza-Infected Cells ............................... 185 

7.7 CD56bright and CD56dim NK cell Contributions to Anti-Influenza Immunity ............ 188 

7.8 Functional Relevance of Resident NK cells to IAV Infection .................................. 188 

7.9 NK Cell Function in COPD ....................................................................................... 189 

7.10 Importance of Appropriate Modelling to Investigate IAV Infection ...................... 191 

7.11 Limitations of the Study ......................................................................................... 191 



Table of Contents 

vi 

7.12 Further Work .......................................................................................................... 192 

7.13 Summary ................................................................................................................ 194 

List of References........................................................................................................ 197 

 

  



Table of Tables 

vii 

Table of Tables 

Table 2.1: Flow cytometry antibodies. ....................................................................................... 39 

Table 2.2: Isotype controls for flow cytometry. ......................................................................... 40 

Table 3.1: Cohort demographics for resection donors and healthy controls. .......................... 53 

Table 3.2: Cohort demographics for healthy peripheral blood donors used to assess the effect of 

age and gender on peripheral NK cells. .................................................................... 57 

Table 4.1: Summary of the percentage expression of residency markers CD49a, CD103 and CD69 

on CD56bright and CD56dimCD16- lung NK cells. .......................................................... 86 

Table 4.2: Cohort demographics for lung tissue donors with and without COPD. ................... 90 

Table 6.1: Summary of extracellular molecule release from MDMs alone and in co-culture with 

NK cells. ................................................................................................................... 159 

Table 6.2: Summary of Gzm-A and Gzm-B release in MDM-NK cell co-cultures. ................... 164 

 

  



Table of Tables 

viii 

  



Table of Figures 

ix 

Table of Figures 

Figure 1.1: NK cell receptors ....................................................................................................... 11 

Figure 1.2: NK cell activity is regulated by activating and inhibitory signalling. ....................... 12 

Figure 1.3: Human NK cell maturation is characterised by surface protein. ............................ 15 

Figure 1.4: A model for NK cell development ............................................................................ 17 

Figure 2.1: Purification of circulating NK cells from human peripheral blood. ......................... 33 

Figure 2.2: Antibody volumes for staining peripheral blood NK cells. ...................................... 38 

Figure 2.3: Gating strategy to define NK cells in the peripheral blood and lung. ..................... 43 

Figure 2.4: Antibody titrations against mononuclear cells isolated from human lung tissue. . 45 

Figure 2.5: 2017 X31 stock titration in human lung explants. ................................................... 45 

Figure 3.1: The effect of in vitro culture on the proportion of NK cell subsets. ....................... 48 

Figure 3.2: FCS maintains NK cell viability and NK cell subset proportions. ............................. 50 

Figure 3.3: The effect of MACS isolation and cryopreservation on the phenotype and function of 

peripheral NK cells. ................................................................................................... 52 

Figure 3.4: NK cell subsets in the peripheral blood of lung tissue donors (CR-PB) and healthy 

controls (H-PB). ......................................................................................................... 55 

Figure 3.5: CD57 and CD158b expression on peripheral blood NK cells from healthy controls (H-

PB) and cancer resection patients (CR-PB). .............................................................. 56 

Figure 3.6: The effect of age on peripheral blood NK cells. ....................................................... 58 

Figure 3.7: The effect of age on NK cell receptor expression. ................................................... 60 

Figure 3.8: The effect of gender on peripheral blood NK cells. ................................................. 61 

Figure 3.9: The effect of gender on NK cell receptor expression. ............................................. 62 

Figure 3.10: The effect of smoking status on peripheral blood NK cells. .................................. 63 

Figure 4.1: The NK cell yield from digested lung tissue. ............................................................ 70 

Figure 4.2: Treatment in collagenase does not affect antibody binding or detection. ............ 72 



Table of Figures 

x 

Figure 4.3: CD56bright and CD56dim NK cells isolated from the human lung. .............................. 73 

Figure 4.4: NK cells are found at similar proportions in matched blood (CR-PB) and lung. ..... 76 

Figure 4.5: CD57 and CD158b expression on lung and blood NK cells. ..................................... 77 

Figure 4.6: Activating receptor expression on lung and blood NK cells. ................................... 79 

Figure 4.7: Distinct NK cell populations are present in the lung, but not the blood. ............... 81 

Figure 4.8: CD56bright CD49a+ lung NK cells co-express CD69 and CD103. ................................. 84 

Figure 4.9: CD56dimCD16- CD49a+ lung NK cells co-express CD69 and CD103. ......................... 85 

Figure 4.10: Activating receptors are expressed differentially on CD49a+ and CD49a- NK cells of 

the lung. .................................................................................................................... 87 

Figure 4.11: Lung NK cells express greater levels of CCR5 than in the periphery. .................... 88 

Figure 4.12: Total lung NK cells and NK cell subset proportions are not affected by COPD. ... 91 

Figure 4.13: The NK cell phenotype of lung tissue donors correlated with FEV1%. ................. 92 

Figure 4.14: The proportion of total lung NK cells and NK cell subsets stratified by COPD 

severity. ..................................................................................................................... 94 

Figure 4.15: Proportions of total lung NK cells and NK cell subsets based on donor corticosteroid 

(ICS) use. .................................................................................................................... 95 

Figure 4.16: Total NK cell and NK cell subsets proportions are not affected by smoking status.96 

Figure 5.1: X31 IAV infection of human lung explants. ........................................................... 109 

Figure 5.2: Influenza infects the airway epithelia and macrophages. .................................... 110 

Figure 5.3: X31-infected cells upregulate antigen presenting molecules. .............................. 112 

Figure 5.4: Anti-viral molecules are produced by X31-infected human lung explants. ......... 113 

Figure 5.5: The NK cell phenotype is stable during explant infection. .................................... 114 

Figure 5.6: PMA/I stimulation of human lung explants activates lymphocytes. .................... 116 

Figure 5.7: NK cell activation following X31-infection of human lung explants. .................... 117 

Figure 5.8: Detecting intracellular IFN-γ in X31-infected lung explants. ................................ 119 



Table of Figures 

xi 

Figure 5.9: CD56 bright and CD56dim NK cell activation to IAV infection. ................................... 121 

Figure 5.10: Activation of CD49a+ and CD49a- NK cells in IAV infected lung tissue. .............. 123 

Figure 5.11: Human lung T cell activation to IAV infection. .................................................... 125 

Figure 6.1: Diagrammatic representation of NK cell culture with autologous infected cells. 136 

Figure 6.2: MDM surface proteins change with IAV infection. ................................................ 139 

Figure 6.3: Determining the Effector : Target cell (E:T) ratio in NK-MDM co-cultures. .......... 140 

Figure 6.4: Culturing NK cells with autologous MDMs does not affect the NK cell phenotype.141 

Figure 6.5: NK cells activate and produce anti-viral molecules following contact with IAV-

infected macrophages. ............................................................................................ 144 

Figure 6.6: CD56bright and CD56dim NK cell activation to IAV infected MDMs. ......................... 145 

Figure 6.7: NK cell cytotoxicity towards IAV-infected macrophages. ..................................... 147 

Figure 6.8: Activating receptor expression on NK cell surfaces following culture with IAV-

infected MDMs. ....................................................................................................... 149 

Figure 6.9: Blocking macrophage ligands for NK cell activating receptors NKG2D and NKp46 with 

receptor-Ig fusion constructs (Fc) during IAV-infected co-cultures. ...................... 153 

Figure 6.10: NK cell subset CD107a expression following blocking of NKG2D and NKp46 ligands 

on IAV-infected MDMs. ........................................................................................... 154 

Figure 6.11: NK cell subset IFN-γ production following blocking of NKG2D and NKp46 ligands of 

IAV-infected MDMs. ................................................................................................ 155 

Figure 6.12: Blocking macrophage HLA class I during IAV infected co-cultures. .................... 156 

Figure 6.13: NK cell subset activation when HLA class I was blocked on IAV-infected MDM 

surfaces. ................................................................................................................... 158 

Figure 6.14: Cytokine expression in NK-MDM co-culture supernatants. ................................ 161 

Figure 6.15: Chemokines in co-culture supernatants. ............................................................. 162 

Figure 6.16: Extracellular signaling molecules in co-culture supernatants. ............................ 162 

Figure 6.17: NK cell effector molecules in co-culture supernatants. ....................................... 164 



 

xii 

Figure 6.18: Autologous NK cells respond to IAV infected lung epithelia. ............................. 166 

Figure 7.1: Summary diagram of the proposed relationship between MDMs and NK cells during 

IAV infection. ........................................................................................................... 187 

 

  



Research Thesis: Declaration of Authorship 

xiii 

Research Thesis: Declaration of Authorship 

Print name: GRACE ELIZABETH COOPER 

 

Title of thesis: Natural Killer Cell Responses to Influenza A Virus in the Human Lung 

 

I declare that this thesis and the work presented in it are my own and has been generated by me 

as the result of my own original research. 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the exception 

of such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself; 

7. Parts of this work have been published as: 

Cooper GE, Ostridge K, Khakoo SI, Wilkinson TMA, and Staples KJ, 2018. Human CD49a+ Lung 

Natural Killer Cell Cytotoxicity in Response to Influenza A Virus. Front Immunol. Vol. 9 

Signature:  Date:  

 

  



Research Thesis: Declaration of Authorship 

xiv 

  



Acknowledgements 

xv 

Acknowledgements 

I’d firstly like to thank my supervisors Dr Karl Staples, Prof Tom Wilkinson and Prof Salim Khakoo 

for their advice and guidance during the course of my PhD. I also need to thank all members of both 

the Pulmonary Immunity and NK cell labs who were a constant source of support and scientific 

knowledge. In particular, I must thank Josh Wallington for the late night banter and trips to M&S, 

Jodie Ackland for her continuous enthusiasm and support and Joanne Kelly for intense NK cell-

based chats. Thanks must also go to Dr Richard Jewell and Carolann McGuire who provided fantastic 

flow cytometry support.  Thanks go to Theresa Hydes for her assistance with flow panels and 

Pauline Rettman for NK cell advice. Mirella Spalluto was also a fantastic source for all things 

epithelia and I thank her for her technical advice. 

 

Considerable acknowledgments must go to all the phlebotomists contributed to this study and a 

special thanks to Ben Johnson, and Carine Fixmer for providing lung tissue throughout the study. 

Thanks must also go to the surgeons, clinical staff and the rest of the Target Lung team for 

coordinating lung tissue acquisition and pathological assessment. I’m incredibly grateful to all of 

the people who donated lung tissue and blood, without whom my research would not have been 

possible. 

 

Lastly, I’d like to thank my family, including my parents and brothers for their support in all my 

endeavours. Most of all I must thank Ryan Wood for his contribution to the proof-reading of this 

thesis and for providing welcome relief during the pressures of a PhD.  

 

  



Acknowledgements 

xvi 

  



Definitions and Abbreviations 

xvii 

Definitions and Abbreviations 

ADCC   Antibody Dependent Cellular Cytotoxicity 

APC   Antigen Presenting Cell 

APC  Allophycocyanin 

BAL  Broncho-Alveolar Lavage 

BSA  Bovine Serum Albumin 

BV  Brilliant Violet  

CCL  Chemokine C-C Motif Ligand 

CCR  C-C Chemokine Receptor 

CD  Classification Determinant 

CMV  Cytomegalovirus 

cNK  circulating Natural Killer cell 

COPD  Chronic Obstructive Pulmonary Disease 

CR-PB  Cancer Resection Donor– Peripheral Blood 

CTL  Cytotoxic T Lymphocyte 

CXCL  Chemokine C-X-C Motif Ligand 

CXCR  C-X-C Chemokine receptor  

Cy  Cyanine 7 

Cy5.5   Cyanine 5.5 

DC  Dendritic Cell 

DP  Double Positive 

Dpi  Days post infection 

E:T  Effector cell : Target Cell ratio 

ELISA  Enzyme Linked Immunosorbent Assay 



Definitions and Abbreviations 

xviii 

EOMES Eomesodermin 

FACS  Fluorescence-Activated Cell Sorting  

FAS  FS-7 Associated Surface Antigen 

FEV1% Forced expiratory volume in one second  

FITC  Fluorescein isothiocyanate 

FSC  Forward Scatter 

FVC  Forced vital capacity  

GM-CSF Granulocyte-Macrophage Colony Stimulating Factor 

GOLD  Global Initiative for Chronic Obstructive Lung Disease 

Gzm-B Granzyme -B 

HA  Hemagglutinin 

HCV  Hepatitis C Virus 

HIV  Human Immunodeficiency Virus 

HLA  Human Leukocyte Antigens 

H-PB  Healthy Donor – Peripheral Blood 

HSV  Herpes Simplex Virus 

IAV  Influenza A Virus 

ICS  Inhaled corticosteroids 

IFN  Interferon 

Ig  Immunoglobulin 

IL   Interleukin 

ILC  Innate Lymphoid Cell 

IQR  Interquartile Range 

ISG  Interferon Stimulated Gene 



Definitions and Abbreviations 

xix 

KIR  Killer cell Immunoglobulin-like Receptor 

LDH  Lactate Dehydrogenase 

LIF  Leukemia Inhibitory Factor 

MDMs Monocyte-derived Macrophages 

MHC I  Major Histocompatibility Complex class I 

MIC-A/B Major Histocompatibility Complex class I chain-related protein A and B 

MMP1 Matrix Metalloproteinase 1 

Ms  Mouse 

NA  Neuraminidase 

NCAM Neural Cell Adhesion Molecule 

NCR  Natural Cytotoxicity Receptor 

NF-κB  Nuclear Factor - κB 

NK  Natural Killer 

NP-1  Nucleoprotein-1 

NT  Not Treated 

PAMP  Pathogen-Associated Molecular Patter 

PBEC  Primary Bronchial Epithelial Cell 

PBMC  Peripheral Blood Mononuclear Cell 

PBS  Dulbecco’s Phosphate Buffered Saline 

PE  Phycoerythrin 

PerCP  Peridinin-chlorophyll protein 

PFU  Plaque Forming Units 

PMA/I Phorbol-Myristate-Acetate and Ionomycin 

PRR  Pattern Recognition Receptor 



Definitions and Abbreviations 

xx 

REC  Research Ethics Committee 

RIG-I  Retinoic acid Inducible Gene - I 

rNK  resident Natural Killer cell 

RPMI  Roswell Park Memorial Institute 

RSV  Respiratory syncytial virus 

RT  Room Temperature 

RV  Rhinovirus  

S1P1  Sphingosine 1-Phosphate Receptor 

SIGLEC-7 Sialic acid-binding Ig-like lectin 7 

sMFI  specific Mean Fluorescence Intensity 

SP  Single Positive 

SSC  Side Scatter 

ssRNA  single-stranded Ribonucleic Acid 

TLR  Toll-like Receptor 

TN  Triple Negative 

TNF  Tumor Necrosis Factor 

TP  Triple Positive 

TRAIL  Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand 

Trm  Resident Memory T cells 

t-SNE  t-Distributed Stochastic Neighbor Embedding 

TW  Transwell 

ULBP  UL16 Binding Protein 

UV-X31 UV-irradiated X31 

vRNA  viral RNA 



Definitions and Abbreviations 

xxi 

 

  



Definitions and Abbreviations 

xxii 

 

  



Chapter 1 

1 

Chapter 1 Introduction 

1.1 Influenza Virus 

1.1.1 Influenza – Global Perspective and Impacts 

Each year 20% of the world’s population is infected with influenza virus, resulting in 3-5 million 

cases of severe illness and 250-500 000 deaths worldwide [1]. Temperate climates experience 

seasonal epidemics during winter months, whereas outbreaks occur more irregularly in tropical 

regions [1]. Influenza infection causes acute viral syndrome characterised by fever, chills, sore 

throat, runny nose, cough, myalgia and fatigue [1]. The infection is typically self-resolving after 1-2 

weeks in healthy adults but in the young, elderly and those with underlying medical conditions, life-

threatening complications can occur [2-5]. Opportunistic bacteria (classically Streptococcus species) 

are thought to take advantage of the impaired immunity and respiratory tract damage caused by 

influenza infection [2, 6-13]. Thus influenza-related mortality is often attributed to secondary 

bacterial infections rather than the virus itself [2, 6-13].  

 

The rapid viral transmission, severe illness and high mortality in at-risk groups make seasonal 

influenza a serious public health problem [1, 14]. Furthermore, viral reassortment and inter-species 

transmission results in the frequent emergence of new influenza strains and semi-regular human 

pandemics, such as in 1968, 1957 and most recently in 2009 [15-17]. In 1918 a particularly 

devastating emergent H1N1 strain killed an estimated 40 million people and the potential for 

another influenza pandemic of this magnitude is an international concern [15-17].  Lastly, influenza 

infection exacerbates symptoms of chronic obstructive pulmonary disease (COPD) and is associated 

with deterioration in lung function in this group [4, 18-21]. 

 

1.1.2 Influenza Virus Structure  

Influenza virus belongs to the Orthomyxoviridae family and is a small (50-120 nm) enveloped single 

strand ribonucleic acid (ssRNA) virus [22]. There are four subtypes of this virus, Influenza A, B, C and 

D which are distinguished by their surface proteins [22]. Only influenza A and B cause human 

disease, with Influenza A Virus (IAV) the most pathogenic and most commonly associated with viral 

pandemics [22].  
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The IAV genome is made up of 8 segments of viral RNA (vRNA) which encodes 9 structural proteins 

and up to 9  non-structural (NS) proteins, depending on the viral strain [23]. vRNA is packaged inside 

the influenza virion in complex with nucleoprotein (NP) and polymerase subunits PB1, PB2 and PA 

[23]. This riboprotein complex is held to the inner surface of the virion by a ring of M1 protein [23].  

The outer surface of the virion consists of a lipid membrane containing hemagglutinin (HA), 

neuraminidase (NA) and M2 proteins [22, 23]. HA is a sialic-acid (N-acetyl-neuraminic acid) binding 

molecule facilitating viral entry and cellular tropism [24, 25]. Whereas NA cleaves HA-sialic acid 

linkages, allowing the release of new viral particles from the infected cell [26]. Both HA and NA are 

highly mutable as they are commonly recognised by the human immune system [27, 28]. These 

viral proteins undergo both antigenic drift and shift due to the strong selection pressures imposed 

by host immunity [27, 28]. A phenomenon that has allowed the classification of IAV strains based 

on the combination of highly variable HA and NA alleles [22, 29, 30].   

 

1.1.3 IAV Replication in the Respiratory Tract  

IAV infection is spread through person-to-person transmission of airborne droplets and 

contaminated surfaces [1]. Once inside the respiratory tract, influenza infects airway epithelial cells 

and macrophages, co-opting cellular machinery in order to replicate [23]. Influenza primarily enters 

cells through ligation of viral HA protein with α2-3 and α2-6 linked sialic acid residues on the cell 

surface [24, 25]. Once bound, influenza is taken up by cells through either clathrin or non-clathrin 

mediated endocytosis and then enters the endosomal pathway [31-33]. In late endosomes the M2 

ion channel allows entry of protons into the viral particles, increasing the acidity within the virion 

[34, 35]. This drop in pH causes structural change to HA proteins, allowing the fusion of endosomal 

and virion membranes and release of vRNA into the cytosol [34-37]. vRNA travels to the nucleus, 

where thousands of new copies are transcribed [38-40]. Translation of vRNA and protein trafficking 

by the host cell then results in the accumulation of viral protein at the cell membranes [41, 42]. 

Once this has taken place vRNA is packaged into new virions, which have been found to bud from 

cell surfaces as early as 6 h after infection [43]. 

 

A secondary mechanism of IAV uptake exists in macrophages as the virus can also be bound by the 

macrophage mannose receptor (Classification Determinant-206; CD206) and macrophage 

galactose-C type lectin (CD301) receptor [44]. However, there is controversy surrounding the fate 

of virus entering macrophages this way, as this may represent a mechanism of macrophage 

phagocytosis [44, 45]. Numerous strains of IAV have been shown to enter macrophages, but all 
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appear to undergo abortive replication (with the exception of the most pathogenic H5 strains) [46-

53]. In the airway macrophage dysfunctional viral protein trafficking and virion assembly may 

restrict IAV replication [45]. This abortive IAV replication may lead to macrophage apoptosis, 

potentially facilitating viral control [54].  

 

1.1.4 Anti-Viral Drugs and Influenza Vaccination Strategies 

In recent years a number of anti-viral drugs have been developed to target the function of influenza 

proteins, including NA inhibitors (oseltamivir and zanamivir) and M2 inhibitors (the adamantanes; 

adamantadine and rimantadine) [43, 55-58]. However the efficacy of these types of drugs are 

limited as they require early administration to be effective and rapid viral evolution has resulted in 

drug-resistance [43, 55-58]. For instance, oseltamavir resistance increased from 0.7% of circulating 

H1N1 in 2006-2007 to 98.5% in 2008-2009 and nearly all circulating strains are amantadine resistant 

[55-58]. Thus, annual immunisation remains the primary method of disease control [59, 60]. A 

significant amount of time and resources is invested each year in developing a vaccine, but 

immunisation efficiency varies from year to year [59-61]. Even in years with high coverage, vaccine 

efficacy is low in elderly populations [59-61]. Thus it is important to develop better vaccination 

strategies to control the spread of this virus and reduce the impact of emergent strains [59, 60, 62]. 

This could potentially be achieved by targeting multiple arms of the immune system, including the 

innate immune system [63]. The importance of innate immune cells to generating protective 

adaptive immunity is often overlooked in vaccine design, but may offer opportunities to increase 

the cross-reactivity of IAV immunisation [63]. The innate immune system is made up of many 

cellular and protein components, including mucins, collectins, complement, macrophages, 

neutrophils and natural killer (NK) cells which act together to eliminate influenza infection [64, 65].  

Understanding this aspect of human immunity is therefore crucial to manipulating the human 

immune response during therapeutic intervention and vaccination. 
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1.2 Influenza and Chronic Obstructive Pulmonary Disease  

1.2.1 Overview of COPD Presentation, Pathology and Symptom Management 

COPD is a chronic inflammatory disorder of the lung, characterised by progressive irreversible lung 

obstruction and is the third leading cause of death worldwide [66, 67].  80% of COPD deaths are 

related to smoking, representing the largest risk factor for disease development [68, 69]. Air 

pollution, exposure to biomass fuels and chemical irritants are additional risk factors for COPD, 

linking environmental insult to dysregulated lung immunity and function [66].  COPD is a clinically 

heterogeneous syndrome that can manifest as emphysema, chronic bronchitis and small airways 

disease and is primarily diagnosed by reduced and obstructed lung function [66]. Dysregulated 

immunity, epithelial apoptosis and microbiome dysbiosis are all key hallmarks of this disease  [66, 

67, 70-73]. However, the precise interplay between the microbiome, epithelium and immune 

system are poorly understood [66]. Recent evidence has described a distinct COPD microbiome 

with non-typeable Haemophilus influenzae, Streptococcus pneumoniae and Moraxella catarrhalis 

as the most common colonisers [70, 74-77]. However, the relationship between bacterial 

colonisation and disease progression is poorly understood. Our prevailing understanding of COPD 

pathology suggests a defect in bacterial clearance, followed by chronic inflammation and leukocyte 

infiltration of the airways but the precise mechanism of disease onset remains unknown [66]. 

 

COPD symptoms are often managed through the use of bronchodilators and inhaled corticosteroids 

(ICS) required throughout patient lifetime [78-80]. However neither of these treatments can return 

original lung function, and not all patients respond to such treatment [78, 79]. In addition, people 

diagnosed with COPD are more susceptible to persistent bacterial and viral infections, which can 

result in frequent hospitalisation and require antibiotic treatment [80]. Together this leads to a high 

cost of disease management and a substantial burden on health care systems [80]. 

 

1.2.2 Innate Immune Function in COPD 

Wide ranging effects on the immune system have been associated with COPD, including the innate 

immune system, which acts to provide an early barrier to infection [81-88]. This includes (but is not 

limited to) suppression of NF-κB and Interferon (IFN) signalling from the epithelium, reduced IgA 

translocation into the airway lumen, defective macrophage phagocytosis, increased NK cell 

cytotoxicity, neutrophilia and increased immaturity of dendritic cells in the COPD lung [83-88]. 
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Furthermore, systemic effects on innate immune signalling have also been reported in COPD with 

reduced cytokine production in response to pathogen-associated molecular pattern (PAMP) 

stimulation [89]. Many studies on COPD immune function are limited by accessibility to lung tissue 

and are often carried out in the peripheral blood, thus limiting the conclusions that can be drawn 

for lung biology [81, 82]. However, there is a strong picture for a reduction in the innate immune 

control of infection in COPD, possibly resulting in increased destruction to host tissues and 

disruption to adaptive immune function [82]. 

 

1.2.3 Viral Exacerbation of COPD 

COPD symptoms undergo periodic exacerbation that are often viral in origin, particularly during 

winter seasons [90]. Exacerbations are defined as acute deterioration of symptoms and reduction 

in lung function and can result in hospitalisation and death [90]. Furthermore, the exacerbation 

process accelerates overall lung function decline, which does not recover to baseline after the 

infection [19, 90]. Thus exacerbation is considered one of the major costs of COPD patient care [19-

21, 80]. A better understanding of this process is essential to reducing hospitalisation and improving 

quality of life in COPD patients [90, 91]. 

 

The mechanisms by which viral infection cause rapid deterioration of lung function are largely 

unknown but could result from inappropriate immune responses, such as a deficiency in IFN-β, 

which fails to clear infection [73, 82, 92]. Influenza virus is a major contributor to COPD 

exacerbations [20, 93-97]. Studies in different countries and cohorts have identified influenza 

infection in 8.2% - 36% of COPD exacerbations [20, 93-97].  The variation in IAV contribution to 

COPD exacerbation in these studies may come from the degree of influenza vaccination in the 

cohort and pathogenicity of circulating IAV strains at the time of study [20, 93-97]. Interestingly the 

largest detection of IAV in exacerbating COPD patients (36%) was found in  a non IAV-vaccinated 

cohort [94]. IAV vaccination of COPD patients has been shown to have long term effects on patient 

health, including reduced exacerbations and hospital admissions, suggesting that improved 

vaccination strategies could improve COPD management [98]. Therefore, a greater understanding 

of the human immune response to IAV could benefit both seasonal control of this virus and 

protection of at-risk groups. 
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1.3 The Innate Immune Response to IAV Infection  

IAV may be capable of hijacking cellular protein synthesis machinery but this virus does not go 

unrecognised by the immune system [99, 100]. IAV infection results in IFN production from infected 

epithelial cells and macrophages, thus stimulating innate and adaptive immune responses [99, 100]. 

Adaptive immunity is thought to be essential for influenza clearance, however cytotoxic T 

Lymphocytes (CTLs) and neutralising antibodies are not detected until 5-7dpi, after peak viral 

replication [43, 101-104]. Thus innate immunity is critical to early viral control, enabling host 

survival until adaptive immunity can be generated [43, 64, 65, 102-106]. For instance, innate 

effector cells such as NK cells respond to influenza infection within the first three days of infection 

leading to reduced viral titres in mouse (Ms) models of infection [107-113]. In addition, pro-

inflammatory signalling from innate immune cells is essential to generating protective Th1 adaptive 

immunity which aids viral clearance and prevents re-infection [106, 114]. 

 

1.3.1 The Epithelial Response to IAV infection 

Epithelial cells detect intracellular influenza replication by innate pattern recognition receptors 

(PRR), such as Toll-like Receptors (TLR) 3 and 7, and Retinoic acid-inducible gene-I (RIG-I) which 

recognise endosomal and cytosolic vRNA respectively [115, 116]. Activation of these receptors 

induces intracellular signalling through the Nuclear Factor-κB (NF-κB) pathway and production of 

pro-inflammatory IFN including type I IFN (IFN-α/β) and type III IFN (IL-28A, IL-28B and IL-29) [115-

118]. IFN α/β are potent anti-viral molecules primarily upregulated by IAV infected epithelia and 

are protective in mouse models of influenza [117, 119].  Type I IFN signalling upregulates hundreds 

of IFN-stimulated genes (ISG) to inhibit host cell protein synthesis in neighbouring cells, inducing an 

antiviral state as well as stimulating host immunity through antigen presentation and leukocyte IFN-

γ production [100, 120, 121]. Epithelia-derived type III IFN function is less well understood but these 

cytokines are part of the ISG network and may have similar roles to type I IFN, including restriction 

of viral replication in the epithelium [122-124]. In addition, IAV infected epithelial cells produce IL-

6, IL-1A, IL-1B, IL-23A, IL-17C and IL-32 cytokines and some chemokines including Chemokine C-C 

Motif Ligands (CCL)-2, 8 and Chemokine C-X-C Motif Ligand-5 (CXCL5) to simulate immune cell 

recruitment [117, 118, 125]. Thus the epithelium plays a key role in stimulating immune responses 

to IAV-infection, providing early pro-inflammatory signalling and recruiting immune cells to the site 

of infection [117, 118, 125]. 
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1.3.2 The Macrophage Response to IAV Infection 

Two groups of macrophages are found in the lungs; alveolar macrophages derived from foetal liver 

cells and interstitial macrophages replenished by the circulation [54]. Airway macrophages are 

critical to the control of influenza in a number of in vivo murine models [53, 126-134]. These cells 

constantly patrol the epithelia and are likely one of the first immune cells to contact influenza 

virions in the airway [135, 136]. Thus, macrophages may provide essential early pro-inflammatory 

signalling to the rest of the immune system [54, 135, 136]. Macrophages share the same innate 

detection of intracellular virus replication pathways as the airway epithelium and therefore pro-

inflammatory signalling is promoted by many of the same mechanisms [54]. However a greater 

variety of cytokines are upregulated by macrophages during IAV infection including IFN-α/β, 

Tumour Necrosis Factor (TNF)-α and Interleukins (IL) 1β, 6, 12, 15, 18, 23A and 27 [52, 100, 134-

144].  Macrophages also stimulate immune cell recruitment, including monocytes, NK cells and T 

cells to areas of IAV infection through expression of chemokines such as CXCL8, CCL2, CCL3, CCL4, 

CXCL9 and CXCL10 [145-148]. Airway macrophages may also support inflammation resolution 

following influenza clearance through the production of anti-inflammatory IL-10 and TGF-β 

cytokines [149-151]. Finally, airway macrophages are also important to physical clearance of virus, 

through both phagocytosis of infected cells and by inducing apoptosis of infected cells through 

upregulation of TNF-related apoptosis-inducing ligand (TRAIL) [140, 152, 153].  

 

Macrophage efferocytosis of infected cells, phagocytosis of virions and direct infection by IAV are 

all potential resources of viral protein in these cells and therefore may allow antigen presentation 

on class I and II HLA molecules on the macrophage surface [154]. As antigen presenting cells (APCs) 

macrophages provide important stimulation of the adaptive immune system through presentation 

of such phagocytosed antigens to T and B cells, a function that is shared with airway dendritic cells 

(DCs) [155]. In fact, airway macrophages and DCs share many functions, including environmental 

sampling and pro-inflammatory cytokine release [156]. However, whilst macrophages play a more 

sentinel and homeostatic role in tissues, dendritic cells have specialised role in stimulating adaptive 

immunity. DCs are essential to generating appropriate T and B cell responses to infection through 

direct contact with adaptive leukocytes at lymph nodes [156, 157]. In the periphery, activated DCs 

migrate to secondary lymphoid tissues, allowing T and B cell differentiation via antigen 

presentation, co-stimulatory contacts and directed release of pro-inflammatory cytokines such as 

IL-12 and TNF-α [156, 157]. Therefore the dual capacity of airway macrophages to present viral 

protein and release pro-inflammatory cytokines, suggests that macrophages might also bridge 

innate and adaptive immune responses during respiratory infection [54, 158].  



Chapter 1 

8 

Although airway macrophages may be essential to influenza control through sentinel signalling and 

direct clearance of infected cells, they may also contribute to the immunopathology of influenza 

[53, 126-134, 145, 153, 159]. For instance, the most pathogenic strain of avian influenza (H5N1) has 

been shown to stimulate a dysregulated and inappropriate cytokine release from macrophages 

[145]. Macrophage hypocytokinemia and overexpression of TRAIL have both been associated with 

epithelia damage and IAV lethality in the mouse [153, 159]. Given the importance of macrophages 

to controlling IAV replication and pathogenicity, it is therefore no surprise that the macrophage is 

an important target of immunomodulation by influenza virus [53, 126-134]. In fact, IAV has been 

shown to suppresses both macrophage scavenger receptor expression and phagocytosis in vitro 

[134, 160, 161]. This reduced phagocytic capacity of IAV-infected macrophages might represent an 

evolutionary adaptation of the virus as it attempts to evade innate immunity. However, reduced 

macrophage phagocytosis during influenza infection may also enable bacterial colonisation and 

could explain why secondary bacterial pneumonias are a common cause of influenza-associated 

death [2, 3, 160, 161].  

 

1.3.3 IAV Modulation of the Host Response 

As described in section 1.1.2, IAV replication produces a number of non-structural IAV proteins as 

a result of frameshifts or alternatively spliced versions of structural protein sequences [162]. Thus 

far, nine different NS proteins have been identified including NS1, PB1-F2, PA-X, PB2Δ, PB1-N40, 

PA-N155, PA-N182, M42 and NS3 [162]. NS proteins collectively function to inhibit anti-viral host 

responses, regulating host cell gene expression and inflammatory signalling cascades [163]. 

Although there is substantial heterogeneity in NS protein expression between IAV strains, NS1, PA-

X and PB1-F2 are strongly conserved, reflecting the importance of these proteins to viral 

pathogenicity and virulence [162]. 

 

IAV NS proteins are multi-functional with many different binding partners in the host cell [162]. For 

instance, NS1 is thought to bind 79 different host cell proteins, including multiple components of 

the IFN signalling pathway [163, 164]. This allows NS1 to inhibit many components of the retinoic 

acid inducible gene I (RIG-I) signalling pathway, thus down-regulating host gene expression and 

reducing early pro-inflammatory signalling [163]. Other NS proteins also regulate host gene 

expression, such as PA-X which directly cleaves host cell RNA but maintains viral transcript 

production [165]. In addition, NS proteins also contribute to IAV pathogenicity as PB1-F2 has strong 

pro-apoptotic effects, exacerbating secondary bacterial infections in animal models [166, 167]. 
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Taken together these studies demonstrate a substantial capacity of IAV to effect and modulate the 

host cell response and resulting inflammation [163]. Like HA and NA, NS proteins are fast-evolving 

to favour IAV replication in the host cell, a feature that is reflected by heterogeneity in NS protein 

expression between IAV strains [162]. The varied expression of NS protein between IAV strains 

demonstrates the complex nature of host-pathogen interactions, which will impact on downstream 

signalling and the extent of subsequent immune response. 

 

Despite the substantial modulation of immune response by IAV proteins, both the airway epithelia 

and macrophages are still capable of secreting pro-inflammatory molecules following PRR detection 

of the virus  [145-148]. This pro-inflammatory signalling is capable of recruiting antiviral effector 

cells to sites of IAV infection and these recruited immune cells act together to clear virus from the 

respiratory tract [145-148]. One such responding cell type is the NK cell, but the nature of NK cell 

responses to human respiratory infections is not well understood and requires further investigation 

[168]. 
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1.4 NK Cells 

1.4.1 NK Cell Definition and Function 

NK cells, defined as CD3-CD56+ lymphocytes are important effectors of innate anti-viral immunity 

[169-174]. But despite this established role in anti-viral immunity, there is not a full understanding 

of the NK cell function in pulmonary immunology [169-174]. NK cells have been described as 

“professional” killer cells as they are densely packed with lytic granules containing Perforin and 

Granzyme molecules [175, 176]. Following NK cell recognition of a virally infected cell, the contents 

of NK cell granules are released across an immunological synapse with the target cell [177-179].  

Once released from the NK cell, Perforin forms pores in the target cell membrane allowing cytotoxic 

molecules such as Granzyme-B (Gzm-B) to move into the target cell, cleaving caspase precursors 

and inducing cellular apoptosis [180-184]. CD107a, a protein on granule membranes is important 

in Perforin trafficking and granule motility; migrating to the NK cell surface during granule release 

[185]. CD107a is therefore a commonly used marker of NK cell degranulation and cytotoxicity [185]. 

NK cells are also capable of initiating cell killing through death receptors such as TRAIL (CD253) and 

FS-7 Associated Surface Antigen (FAS / CD95), which induce apoptotic programmes in cells 

expressing their ligands [178, 186-188]. 

 

Once activated, NK cells also recruit and stimulate DCs, monocytes, macrophages and T cells to sites 

of inflammation through the production of chemokines such as CCL3, CCL4, CCL5 and Granulocyte-

Macrophage Colony Stimulating Factor (GM-CSF) [189-193]. NK cells also produce other 

inflammatory and anti-viral cytokines such as TNF-α and IL-6 and are an important early source of 

IFN-γ [194-196]. IFN-γ coordinates the transition from innate to adaptive immunity through 

promoting B cell isotype switching and increasing leukocyte extravasation [197]. It is also important 

in skewing the CD4+ T cell response towards a Th1 response, the most optimal immune response 

for countering intracellular pathogens such as respiratory viruses [192, 193, 198]. IFN-γ is therefore 

crucial to promoting an anti-viral immune response during inflammation [197]. 

 

In the past few decades NK cells have been associated with the control of many viral species such 

as Herpes Simplex Virus (HSV), Hepatitis C Virus (HCV), Cytomegalovirus (CMV), and Human 

Immunodeficiency Virus (HIV) [169-174]. Recent advances in our understanding of how NK cell 

cytotoxicity is regulated has shed light on the mechanisms in which NK cells contribute to human 

anti-viral immunity. NK cell activation is controlled through the integration of signalling from a large 
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arsenal of germ-line encoded inhibitory and activating receptors on the NK cell surface [199]. These 

receptors include the C-type lectins, Natural Cytotoxicity Receptors (NCR), Leukocyte 

Immunoglobulin-like Receptors (LIR) and the Killer Cell Immunoglobulin (Ig)-like Receptors (KIR) as 

shown in Figure 1.1 [200]. NK cell receptors enable constant surveillance of neighbouring cell 

surfaces and are sensitive to viral protein, “stress” molecules and class I human leukocyte antigen 

(HLA) expressed on infected cell surfaces [200, 201]. Loss of NK cell inhibition, or engagement of 

activating receptors induces a directional release of lytic granules, thus ensuring specificity of killing 

(reviewed in Mace et al. 2014 and described in Figure 1.2) [202]. Inhibitory receptor signalling is 

dominant within NK cells, as activating signalling alone does not stimulate granule release in vitro 

[203, 204]. 

 

 

Figure 1.1: NK cell receptors NK cell receptors (in bold) are shown alongside their corresponding 

ligands (in brackets) and classified based on their functional role. Inhibitory co-receptors CD300, 

Leukocyte-associated Ig-like Receptor 1 and Sialic Acid-Binding Ig-like Lectin 7 (SIGLEC-7) not 

shown. Image reproduced from Leung et al. 2011 with permission from John Wiley and Sons [205]. 
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Figure 1.2: NK cell activity is regulated by activating and inhibitory signalling.  During viral infection 

Major Histocompatibility Complex class I (MHC I) ligands are downregulated whilst activating NK 

cell receptors are engaged. This change to the balance of inhibitory and activating signalling during 

viral infection or transformation will activate NK cell killing of target cells. Image adapted from 

Ljunggren et al. 2007, with permission from Springer Nature [206]. 

 

1.4.2 HLA-dependent Function 

NK cells possess many inhibitory HLA-dependent receptors including the LIR, long intracellular chain 

KIR, and CD94-NKG2A and NKG2E heterodimers [207-213]. However, the most well-known are the 

KIR family, which are stochastically expressed upon the NK cell surface [199, 200]. There are 15 

highly polymorphic KIR genes found with varying frequencies in different populations [214]. This 

variety in KIR genes creates substantial genotypic variation, but an individual’s genotype can often 

be characterised into one of two KIR haplotypes [214]. Individuals with haplotype A typically 

possess KIR alleles with a more inhibitory role than those with KIR haplotype B, which has a more 

activating effect on NK cell function [214]. One of the most important functions of the KIR proteins 

is to allow NK cell licensing (also known as NK cell education), a process whereby NK cells gain 

functionality during their development [215-217]. HLA engagement with cognate inhibitory KIR 

prevents NK cell degranulation [215-217]. Once licensing has occurred NK cells will target and kill 

cells that do not engage the inhibitory KIR [215-217]. In licensed NK cells the default response is to 

kill and thus NK cells must experience constant inhibitory signalling from healthy somatic cells [215-

221]. These interactions enable NK cells to recognise target cells through the loss of HLA class I (the 

“Missing Self” hypothesis) an important mechanism of NK cell activation as HLA class I is 

downregulated in many viral infections and tumours [222, 223]. The avidity and availability of HLA 
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molecules during licensing is thought to determine the strength of NK cell responsiveness upon the 

loss of inhibition, although this has been disputed [215, 224, 225].  

 

As the HLA and KIR gene loci are on different chromosomes, KIR alleles may not be inherited with 

their cognate HLA molecules, thus populations of unlicensed NK cells can exist within individuals. 

Despite initially being reported as non-responsive, unlicensed NK cells may have an important role 

in combating viral infection and malignancy, particularly where HLA I expression is increased and 

licensed NK cells may be switched off [226-228]. For instance, it has been suggested that 

inflammatory cytokine stimulation may allow afunctional unlicensed NK cells populations to 

respond to viral infection and cancer [228]. 

 

Interestingly, some HLA-dependent receptors deliver activating signals into the NK cell, including 

short chain KIR and NKG2C-CD94 heterodimers [208, 229]. Activating KIR have largely homologous 

extracellular regions to their long-chain counterparts and are thought to bind the same HLA alleles 

at a lower affinity [229, 230]. However, many ligands of the activating KIR are unknown. Activating 

KIR may be sensitive to changes in the peptide repertoire of HLA molecules, as this has been shown 

for NKG2A/CD94 complexes with HLA-E- in HIV [231, 232]. Furthermore KIR2DS2 has been shown 

to be capable of binding conserved sequences in the Non-Structural Protein-3 of Dengue virus, 

suggesting that activating KIR may directly recognise viral proteins [233]. Finally, some activating 

KIR have been shown to bind HLA-F open conformers upregulated during inflammation [234].  

1.4.3 HLA-independent Function 

NK cells also possess several families of HLA-independent inhibitory and activating receptors. For 

instance the HLA-independent NK cell receptors include SIGLEC-7 (CD328) which binds sialic acid 

and the CD300 family which bind lipids expressed during apoptosis [235, 236]. HLA-independent 

activating receptors also include the NCR family (NKp46, NKp44 and NKp30) and C-type lectin 

receptors, but the ligands for many of  these receptors are unknown [204, 230, 237-239]. However, 

NKp46 (CD335) and NKp44 (CD336) have recently been shown to bind influenza HA in vitro [240-

242]. In addition some C-type lectin receptors bind cellular molecules such as heparan sulphate 

proteoglycans and HLA-B-associated transcript 3 and have been shown to be a major mechanism 

of NK cell mediated tumour killing [239, 243-247]. Other activating NK cell receptors have evolved 

to recognise markers of cellular stress, such as NKG2D (CD314) and DNAM-1 (CD226) [248-250]. 

The ligands of these receptors are often upregulated during viral infection and periods of chronic 
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inflammation [251-254]. Furthermore, damaged or infected cells can be targeted for destruction 

through antibody-dependent cellular cytotoxicity (ADCC), as NK cells express the low affinity FcγIII 

receptor, CD16 [255, 256].  Together these studies demonstrate that the extensive repertoire of NK 

cell germ-line encoded receptors provide a broad specificity and flexibility in the NK cell response 

to pathogens, stress and inflammation. However, the variety in ligands NK cells can recognise 

provides a further layer of complexity in elucidating mechanisms of NK cell activation during human 

infections. 

 

1.4.4 NK cell Development 

NK cells derive from CD34+ common lymphoid progenitors in the bone marrow [257-260]. This 

process is controlled by the expression of several different transcription factors (reviewed by Sun 

and Lanier 2011) [261].  In the bone marrow the common lymphoid progenitor develops into an 

early innate lymphoid precursor which gives rise to both NK cells and ILCs [262]. ILCs have a range 

of functions throughout the body and are important co-ordinators of innate immunity and tissue 

homeostasis [262]. NK cells are sometimes grouped into an ILC classification as the prototypical 

member of the ILC 1 family [262]. Further differentiation of progenitor NK cells into mature NK cells 

corresponds with a gain in cytotoxic potential and is characterised by the sequential gain and loss 

of surface protein, a process that has largely been investigated in mice but appears to be replicated 

in humans (Figure 1.3) [259, 263-266].  However, a full understanding of human NK cell 

development has been hampered by a lack of continuity between mouse and human NK cell 

receptors.  
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Figure 1.3: Human NK cell maturation is characterised by surface protein. Image adapted from 

Luetke-Eversloh et al. to show key marker expression during NK cell developmental stages 3, 4 and 

5 [267]. The change to NK cell functional capacity throughout their developments is summarised 

beneath. This image is reproduced with permission of Leutke-Eversloh, Killig and Romagnani. 

 

Freud et al. divided human NK cell differentiation into stages based on the expression of CD117, 

CD94 and CD56 expression, as shown in Figure 1.3 and 1.4 [266]. Each NK cell developmental stage 

is accompanied by change in surface proteins such as CD2, integrin-β7, CD11b, CD43 and CD161 

(Figure 1.3) [266]. CD117 binds Stem Cell Factor and is associated with early NK cell progenitors, 

the loss of this molecule and acquisition of CD94 indicates differentiation into NK cells [266]. Mature 

NK cells are distinguished from their progenitors by the expression of CD56 in stage 4 of their 

development [266].  CD56, also known as neural cell adhesion molecule (NCAM) is thought to be 

important in NK cell adhesion to neighbouring cells, binding other CD56 molecules and Fibroblast 

Growth Factor 1 [268-270]. Progression into a stage 4 NK cell also corresponds with increased NCR, 

NKG2D and CD16 expression, a process that is summarised in Figure 1.3 [263, 266]. Stage 4 NK cells 

are CD56brightCD16- and have low cytotoxic activity but are capable of further maturation to a stage 

5 NK cells (CD56dimCD16+ cell) which represents the canonical NK cells found in the blood. The 
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process governing this transition is still being elucidated but T cells have been implicated in 

CD56bright differentiation and activation through the release of IL-2, a process that may occur in 

secondary lymphoid organs [271]. Development into a CD56dimCD16+ phenotype induces full NK 

cell cytotoxic potential and coincides with the acquisition of inhibitory KIR molecules, see Figure 1.3 

[270, 272, 273]. CD57, a glucuronyl transferase which recognises non-reducing terminal sugars is 

also upregulated during late-stage NK cell maturation [274, 275]. CD56dimCD57+ NK cells have been 

found to be more responsive and better able to kill targets than CD56dimCD57- NK cells, leading to 

the use of CD57 as a marker of terminal NK cell differentiation [274, 275]. From stage 4 onwards 

NK cells are capable of circulating in the peripheral blood, however 90% of the peripheral NK cells 

are CD56dimCD16+ cells (stage 5) with 10% of NK cells CD56bright (stage 4) [276]. It is thought that 

peripheral NK cells slowly self-renew in the steady state and that their survival is dependent on 

access to IL-2 and IL-15 [277-286]. 

 

Historically NK cell development was thought to occur in the bone marrow [257-260]. However, 

CD117+CD56+/- cells (stage 3 - 4) NK cells have recently been identified in the tonsils and lymph 

nodes, liver and intestinal lamina propria (summarised in Figure 1.4), suggesting that immature NK 

cells are capable of leaving the bone marrow and may undergo further differentiation in the 

periphery [259, 287-291]. In support of this theory NK cell development is also accompanied by a 

change in chemokine receptor expression, as reviewed by Carrega et al. 2012 suggesting that the 

migrational capacities of NK cells may be altered as they mature [292]. However, the migration of 

NK cells between the circulation, lymphoid and non-lymphoid organs has not been fully 

characterised.  
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Figure 1.4: A model for NK cell developmentNK cell development occurs in the bone marrow but 

immature precursors may be capable of continuing their maturation in secondary lymphoid tissues. 

Image reproduced from Bjorkstrom et al. 2016 with permission of Springer Nature  [293]. 

 

1.4.5 Differences in Mature NK cell Phenotype and Function 

CD56brightCD16- NK cells are thought to be immature precursors of the canonical CD56dimCD16+ NK 

cells found in the periphery [269, 270, 282, 294, 295]. Indeed, CD56bright and CD56dim NK cells differ 

in the expression of a number of proteins, including chemokine receptors, KIR and NKG2D, as 

reviewed in Montaldo et al 2013 [296]. CD56dimCD16+ NK cells predominate in the peripheral blood 

and spleen but the more immature CD56bright NK cells predominate in the lymph nodes, tonsils and 

liver [259, 266, 291, 297].  However, CD56bright NK cells isolated from the lymph node and liver 

appear phenotypically different to the CD56bright NK cells in the blood [298].  This could suggest a 

further difference in NK cell maturation between the organs and periphery or may indicate unique 

phenotypic NK cell population organs  [298-301] 
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Some reports have described distinct functional roles for CD56bright and CD56dim NK cells, for 

instance CD56bright NK cells produce more cytokines upon in vitro stimulation compared to CD56dim 

NK cells [259, 295, 302-304]. Interestingly, CD56bright NK cells can home to the secondary lymphoid, 

an anatomical location that may allow influence over other immune cell interactions, a finding that 

has led some authors to suggest an immunoregulatory role for these cells [190, 271, 297, 302, 305-

307] [295]. In addition, CD56dimCD16+ NK cells have been proposed to be more cytotoxic than the 

CD56bright NK cells, which has been suggested to be due to the acquisition of receptors such as KIR 

and CD16 [295, 302, 304, 308, 309]. However, “cytotoxic” CD56dim NK cells can also release large-

amounts of cytokines upon receptor ligation and CD56bright NK cells become cytotoxic following 

cytokine stimulation [189, 310-312]. This suggests that the activity of CD56bright and CD56dim NK cells 

depend on the nature of the in vitro stimulation.  

 

CD56dimCD16- NK cells can also be identified in the peripheral blood but are not reported in all 

studies [313, 314]. There is evidence this phenotype results from CD56 and CD16 protein shedding 

following NK cell activation and therefore may represent a post-activation phenotype [313-317]. 

Increases in CD56dimCD16- NK cells have been associated with cancer and can be observed following 

IAV vaccination, perhaps indicating enhanced NK cell activation in these inflammatory contexts 

[316, 318-320]. However, the functional roles of CD56dim and CD56bright NK cells are yet to be fully 

characterised in physiologically relevant models of human infection.  

 

1.4.6 Organ Resident NK cells 

The majority of our understanding of human NK cell phenotypes and function come from studies 

using the peripheral blood. However, with growing access to human tissues new phenotypes and 

functional roles have been described for NK cells. Recently, tissue-resident NK cell populations (rNK) 

have been described in the liver, adipose tissue, skin, kidney, salivary glands, uterus and lymph 

nodes [299-301]. Tissue-resident NK cells have a significant proliferative capacity and retain their 

phenotype during long-term in vitro culture [301]. Tissue-residency has mostly been described for 

CD56bright NK cells, with the exception of one study which found CD56dim resident NK cells in the 

nasal mucosa [299-301, 321, 322]. In the liver and uterus NK cell residency has been characterised 

by the expression of proteins which prevent tissue egress, such as CD69, CD49a and CD103 as well 

as unique chemokine receptor expression [299-301]. CD69, a C-type lectin-like signalling receptor 

is important in preventing lymphocyte trafficking from lymphoid tissues [323-327]. CD69 has been 

found to down-modulate the activity of Spingosine-1-phosphate receptor 1 (S1P1), a protein 
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important in lymphocyte egress from organs [323-327]. CD49a, also known as the integrin α1 

subunit, forms a cell surface receptor for collagen IV and laminin, whereas CD103 (integrin αE) binds 

E-cadherin [328-330].  These two proteins may therefore play a role in resident NK cell adhesion to 

the extracellular matrix, as has been observed for resident memory T cells (Trm) [331].  

 

There are substantial differences between rNK cells in the different human organs. For instance in 

the uterus, integrin-β7 and CD9 have also been associated with tissue residency, whereas in the 

liver C-X-C chemokine receptor type-6 (CXCR-6) and C-C Chemokine Receptor type-5 (CCR5) are 

thought to be important to resident NK cell retention [298, 299, 332, 333]. Liver-produced CCL3 

and 5 and CXCL16 stimulate selective NK cell migration of CXCR6+ and CCR5+ NK cells into the 

sinusoidal space [332]. Interestingly, CXCR6 has also been linked to NK cell homing to secondary 

lymphoid tissues [300].  

 

1.4.6.1 Recruitment and Development of Tissue-Resident NK Cells 

A number of models for resident NK cell development and recruitment have been proposed and 

are currently an area of discussion within the field. One theory is that pre-NK cells are recruited to 

organs as they egress from the bone marrow, as shown in Figure 1.4 [293]. Interestingly adoptive 

transfer experiments in the mouse have shown that NK cells adjust their level of activation to the 

anatomical location, suggesting regulation of NK cell activity at the organ level [334]. This might 

also implicate the organ microenvironment in shaping NK cell development, phenotypic profile and 

function [299, 335]. The organ-specific factors controlling NK cell residency are yet to be explored 

in humans and are likely to be multifactorial. However, TGF-β has been suggested to induce tissue-

residency markers CD103 and CD9 in the human uterus, implicating a role for this cytokine in NK 

cell residency [299].  

 

Lymphoid tissue-resident CD69+CXCR6+ NK cell do not express immaturity markers such as CD117 

or late stage markers such as KIR and CD57, suggesting a developmental intermediate between 

stage 4 and 5, based on the differentiation model described above. However, tissue-resident NK 

cells may represent developmentally distinct populations from the NK cells found in circulation. 

This hypothesis is supported by transcriptomic analysis of uterine NK cells which found extensive 

differences between uterine CD56bright NK cells and peripheral blood CD56bright/dim NK cells [321]. 

Different transcription factors have been found in each group with liver rNK cells controlled by T-
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bet rather than EOMES in peripheral blood NK cells [336-338]. Furthermore, a recent lineage tracing 

study identified an ILC precursor which could also give rise to a an “NK-cell-like phenotype” in the 

organs which could represent rNK cells, however this progenitor did not produce circulating NK cells 

(cNK) [339]. This suggests that although ILC and NK cells share a developmental pathway from the 

common lymphocyte progenitor resident NK cell precursors and circulating NK cells may have 

different developmental lineages [339]. 

 

1.4.6.2 Function of Tissue-Resident NK Cells 

The discovery of NK cell populations unique to human organs raise important questions about how 

these NK cells may contribute to human immunity [299-301]. The unique phenotypic profiles of 

organ-resident NK cells hints at different functional roles of NK cells in different organs [293, 340]. 

For example, hepatic CD49a+ NK cells express high levels of inflammatory cytokines such as TNF-α, 

GM-CSF and IL-2 but degranulate poorly when stimulated with phorbol 12-myristate 13-

acetate/Ionomycin (PMA/I), potentially indicating an immunoregulatory role for rNK cells in the 

liver [301, 338, 341]. In addition, salivary gland resident NK cells are thought to prevent 

autoimmunity by eliminating activated T cells [342]. However, tissue resident NK cells have also 

been associated with promoting inflammation in adipose tissue [343]. These data suggest that rNK 

cells may have a variety of functions in the human body, acting to maintain organ homeostasis and 

moderate immune responses much like the ILC populations [293, 340]. However, rNK cell function 

has not been fully explored in human infection and disease [344]. 

 

1.4.6.3 NK cell Memory and Organ Residency 

Interestingly, the surface proteins associated with NK cell residency have also been linked to 

memory-like features in these cells, suggesting that these two phenotypes may be related [301, 

345]. In contrast with adaptive memory, which requires genetic recombination, innate 

immunological memory most likely reflects fine-tuning of signalling pathways and epigenetic 

remodelling in innate immune cells [344]. As a relatively new concept, the mechanisms governing 

innate immunological memory are not well understood, but the feature has been clearly 

demonstrated for NK cells in a number of models. NK cell memory was first identified in a murine 

hapten-challenge model, where NK cells mediated potent hapten-specific responses upon 

secondary challenge [346, 347]. Long-lived, virus-specific NK cell memory has also been observed 

in Simian Immunodeficiency Virus infection of macaques and murine CMV [348-350]. Human 
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vaccination has also been shown to induce NK cell memory responses in a number of contexts 

including influenza infection [345, 351, 352].  

 

“Memory” NK cells in the hapten-challenge model were found exclusively in the liver and were 

Ly49C/I, CD90, CXCR6 and CD49a positive [336, 345, 347]. CXCR6 is thought to play a critical role in 

NK cell memory to hapten and is important to the persistence of memory NK cells to vaccine 

antigens [345]. Furthermore, the human equivalents of hepatic memory/resident NK cells 

(CD49+CD69a+CXCR6+ cells) show features of clonal expansion of an NKG2C+ NK cell subset, a 

phenomenon observed in the mouse [301, 350]. Indeed, there is increasing evidence of long-term 

expansion of NKG2C+ memory-like NK cells during human CMV infection [349, 353-356].   

 

The mechanism by which a more potent secondary NK cell response is generated is unclear, 

although epigenetic modification has been implicated in this process [357]. It has also been 

suggested that altered intracellular signalling pathways may enable easier bypass of the dominant 

inhibitory signalling from receptors engaging the HLA class I, which may also enable enhanced 

responsiveness [345]. Inflammatory cytokine signalling may be responsible for this change in 

signalling pathways and has also been found to be key to the generation of memory NK cells in 

murine CMV [358]. Furthermore memory-like human NK cells can be produced in vitro with IL-12, 

IL-15 and IL-18 stimulation [358-360]. 
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1.5 NK Cells in the lung 

1.5.1  The Lung NK cell Phenotype 

As discussed in section 1.4.6 a range of NK cell phenotypes have been reported in human organs, 

however there has been less research into the lung NK cell phenotype [293]. NK cells represent 10-

30% of lymphocytes in the human lung and are predominantly stage 5 CD56dimCD16+ cells, similar 

to the peripheral blood [307, 361, 362]. Recently, Marquardt et al reported that the majority of NK 

cells in the lung are circulating NK cells [362]. NK cells make up 5 – 15% of peripheral blood 

mononuclear cells (PBMCs) and thus are constantly passing through lung tissue during steady state 

[276, 362]. However, steady state lung tissue expresses chemokines, such as CXCL2, CXC3CL1, CCL4, 

CXCL9, CXCL10 and CXCL12, capable of recruiting CD56dim and CD56bright NK cells which suggests NK 

cells could be recruited to lung tissue from the periphery [307, 363].  Marquardt et al also identified 

CD69 expression on approximately 75% of CD56bright lung cells, which could indicate tissue residency 

in the lung [362]. However, CD69 expression alone is not a definitive marker for NK cell residency 

and other markers of NK cell residency have not been explored in the human lung [293]. 

 

Despite this predominantly mature, cytotoxic ready phenotype, NK cells isolated from the lungs 

appear to be functionally impaired in both mice and humans [362, 364-366]. Stimulation by 

susceptible cancer lines, cytokines, LPS and PMA/I found a reduced lung NK cell response relative 

to the peripheral blood and spleen [362, 364-366]. This research led to the description of lung NK 

cells as hypofunctional in the lung environment [362, 364-366]. The findings from such studies 

suggest that NK cell activation could be tightly regulated in the pulmonary environment, a 

mechanism that may prevent unchecked cytotoxicity from damaging tissue architecture and 

compromising lung function [364-366]. Broncho-alveolar lavage (BAL) and alveolar macrophages 

have both been implicated in the suppression of lung NK cell cytotoxicity [364-366]. As the whole 

lung NK cell population is affected by the respiratory environment, NK cell function is most likely to 

be controlled through the action of soluble mediators, although direct cell contact cannot be 

excluded as a mechanism of regulation [365-367]. Signals from macrophages may serve to dampen 

NK cell sensitivity as they pass through the lungs during circulation. However, the mechanism by 

which this takes place remains to be elucidated. Interestingly NK cells isolated from the mouse lung 

have altered receptor profiles compared to the peripheral blood and spleen, with increased 

expression of inhibitory receptors and decreased activating receptors [364, 365]. Furthermore, 

Marquardt et al. 2016 demonstrate increased expression of self-recognising KIR on NK cells isolated 

from the lung parenchyma compared to the blood [362]. These observations suggest that reduced 
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pulmonary NK cell cytotoxicity may be due to an altered balance of activating and inhibitory 

signalling into the NK cell.  

 

1.5.2 NK Cells in IAV Infection 

NK cells have an essential anti-viral role within the body, however it is unclear how NK cells may 

contribute to lung health and disease in humans. A number of murine models have implicated NK 

cells in the immune response to influenza, but data conflict as to the role described for these cells 

[107-113, 227]. The majority of studies describe a protective role for NK cells in murine influenza 

infection and even suggest that NK cells could stimulate epithelial regeneration following viral 

clearance [107-110, 227].  Furthermore, treatments that enhance NK activity, such as prophylactic 

IL-12 administration and post-infection poly-gamma glutamate, protect against influenza in mice 

[368, 369]. However, some studies using a high dose influenza challenge (5x103 plaque forming 

units (PFU) or 5 Hemagglutinating Units) report detrimental effects of NK cells during murine 

influenza infection [111, 112]. In contrast, Zhou 2016 performed high dose (1x106 PFU) infection 

but reported a protective effect of NK cells. This may be due to the use of the 129 mouse line in 

Zhou et al compared to the C57BL/6 background in other reports [113]. Different mouse strains 

have significant differences in their immunological function therefore influenza infection may 

differentially affect C57BL/6 and 129 backgrounds  [370]. Although contradictory, these studies all 

describe a role for NK cells in both the resolution and lethality of influenza infection in mice [107-

113, 227, 371, 372].  

 

Most studies of human NK cells in influenza infection rely on human peripheral blood for infection 

models, in vitro binding studies or measure NK cell function during IAV vaccination [203, 241, 254, 

373-377]. These studies have all indicated that NK cells recognise and respond to IAV-infected cells 

but are not representative of the cells that are infected in vivo i.e. the lung epithelia and alveolar 

macrophage [23]. The development of more physiologically relevant models of human infection is 

important to understanding the biology of NK cells during human lung health and disease. 

Understanding this aspect of innate immunity may present novel opportunities for developing 

vaccination strategies and therapies as these cells provide such early innate signalling to the rest of 

the immune system [197, 200].  
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1.5.2.1 NK Cell Recognition of IAV Infected Cells 

So far, two activating NK cell receptors have been shown to directly bind influenza-infected human 

cells; NKp46 and NKG2D [254, 376, 378, 379]. NKG2D belongs to the C-type Lectin family and NKp46 

the NCR family, both are constitutively expressed on human NK cells [249, 250, 380]. NKG2D binds 

HLA I related molecules such as Major Histocompatibility Complex class I Chain-related protein-A/B 

(MIC-A/B) and UL16 Binding proteins-1/2/3/4/5/6 (ULBP1-6), which are upregulated after pathogen 

invasion and TLR signalling [251-254]. Whereas NKp46 directly binds influenza HA through its sialic 

acid residues [240, 241, 381]. Furthermore, NKp46 co-receptors 2B4 and NTB-A, have also been 

implicated in HA binding [373, 377]. An in vivo role for NKp46 in IAV infection has been indicated 

by knockout of the murine homolog of the NKp46 receptor (Ncr1) which is lethal following influenza 

infection [379, 382]. NKp46 expression is also increased on NK cells in the lungs of influenza-

infected pigs and high expression was associated with areas of detectable influenza nucleoprotein 

[372].  

 

In addition the HLA-C genotype has been shown to influence NK cell activation to influenza-infected 

monocytes, implicating HLA-dependent NK cell receptors in the NK cell response to this virus [383]. 

Two in vitro studies have investigated the role of the KIR family of receptors on the control of the 

2009 H1N1 influenza strain, yet there was little consensus between these studies. Aranda-Romo et 

al 2012 associated KIR3DS1, KIR2DS5 and KIR2DL5 with increased influenza severity [384]. 

However, La et al. 2011 linked KIR2DL2/3 and functional HLA-C1 interactions with symptom severity 

but suggested that KIR3DL1/S1 and KIR2DL1 may be protective in HLA-C2 haplotypes [385]. 

However, both of these studies were underpowered as the allelic and genotypic diversity in both 

the KIR and HLA requires much larger cohorts to enable assessment of clinical associations between 

KIR/HLA haplotypes and influenza severity [384, 385]. Thus the extent to which KIR signalling is 

altered in human influenza infection remains to be explored. Interestingly, unlicensed NK cells 

(those without functional binding between HLA and KIR, as discussed in section 1.4.2) were shown 

to be protective in murine influenza infection when licensed NK cells were not [227]. A finding that 

implies a detrimental role of KIR signalling for NK cell activation to influenza [227]. Influenza 

infected cells upregulate HLA I expression and greater HLA clustering occurs at the surface of 

infected cells [203, 227]. Therefore the increased expression and altered membrane organisation 

of HLA may increase the inhibitory signalling experienced by an NK cell in contact with an IAV-

infected cell and thus may enable influenza evasion of NK cell cytotoxicity [203, 227]. However, so 

far only KIR2DL2 has been shown to functionally bind the surface of human IAV infected cells [240]. 
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Finally, NK cells may also recognise influenza infected cells following the generation of a protective 

B cell response, whereby IAV-specific antibodies induce NK cell ADCC, as described in section 1.4.1 

[319, 386-388]. This process may be important during later stages of viral clearance following the 

generation of adaptive immunity and prevention of re-infection [319, 387, 389-392].  

 

1.5.3 NK cell Recruitment and Regulation during Influenza Infection 

NK cell numbers are increased in mouse and pig lungs following influenza infection, suggesting 

these cells are recruited to IAV infection [112, 364, 372, 382, 393, 394]. Carlin et al recently 

demonstrated that NK cell recruitment to mice lungs are dependent on chemotactic signalling 

through CXCR3 and CCR5 [168]. Ligands for these receptors include CXCL9, CXCL10, CXCL11, CCL3, 

CCL4 and CCL5 [395].  A number of cells may be responsible for this recruitment of NK cells in IAV 

infection, including macrophages (which express CCL3, CCL4, CXCL9 and CXCL10) and epithelia 

(which express CCL5) [145-148].  

 

In addition, the pro-inflammatory signalling induced by IAV-infected lung epithelium and sentinel 

macrophages may play an important role in regulating the NK cell response to this infection [54]. 

Cytokine exposure has a large effect on NK cell development, cytotoxicity, cytokine production and 

receptor expression [396]. For instance, type I and III IFNs upregulate NK cell production of IFN-γ 

and cytotoxic effector functions [254, 397-403]. It therefore follows that IFN-α/β priming of NK cell 

activity has been shown to be important for NK cell activation in murine influenza infection [404, 

405]. Furthermore, IL-12, IL-15, IL-18, cytokines important in NK cell maturation and activation are 

some of the first cytokines to be produced in the respiratory tract following IAV infection, and are 

most likely produced by macrophages and DCs [254, 406-408].  Different combinations of cytokines 

induce unique cytokine profiles from NK cells, suggesting that the inflammatory milieu the NK cell 

encounters during viral infection may shape the resulting NK cell cytotoxicity and cytokine 

production [396]. This may be an important aspect in understanding how NK cells may function in 

the lung environment. Interestingly, many inflammatory cytokines suppress NK cell killing in vitro, 

promoting cytokine production instead [396]. This suggests that “helper-type” NK cells may be 

generated by extensive cytokine contact and therefore could occur during IAV-induced 

hypercytokinemia [396].  
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1.5.3.1 Macrophage and NK cell cross-talk 

There is an emerging role for macrophage and NK cell cross talk as a major front line defence against 

pathogens, particularly at mucosal surfaces [409, 410]. Recent work has suggested that 

macrophages may have a crucial intermediary role in NK cell activation through cell-cell contact and 

cytokine secretion [411-418]. NK cell ligands including CD40, CD48, ULPB1-3, MIC-A/B and C-Type 

Lectin Domain Family 2 Member B have been shown to be expressed by macrophages in various 

models of infection [133, 247, 253, 378, 419-421]. Furthermore, cytokines produced by the alveolar 

macrophage such as IL-2, IL-6, IL-12, IL-15 and TNF-α activate NK cells in models of bacterial 

infection [412, 415, 417, 420, 422]. In addition, macrophages have been shown to play an important 

role in NK cell regulation in the lung microenvironment as these cells suppress NK cell cytotoxicity 

at the steady state [366]. Therefore, the relationship between lung macrophages and NK cells may 

have important implications for NK cell function in infections, particularly as airway macrophages 

are critical sentinel cells responding to IAV infection [53, 126-134]. There is a lack of knowledge 

about how these two innate cell types may interact during IAV infection. However, extensive 

inflammatory signalling from the macrophage could stimulate NK cell cytotoxicity towards IAV-

infected cells and have further downstream effects on NK cell cytokine production [254, 423-425].  

 

1.5.4 NK Cell Memory to Influenza 

There is some evidence that memory NK cells could be generated in response to influenza infection 

[345, 352, 426]. For instance murine liver CD49a+ NK cells generated during influenza infection 

were protective following adoptive transfer and subsequent influenza infections [426]. In addition, 

murine influenza vaccination has been shown to generate modestly protective NK cell responses 

following secondary challenge [345]. This may also occur in humans as the functional response of 

human NK cells to IAV-infection were enhanced post influenza vaccination [352]. However lung 

CD49a+ NK cells generated in a murine model of IAV were not found to be protective upon 

secondary IAV challenge [426]. It therefore remains to be seen whether human lung NK cells are 

capable of recalling past infections with IAV and what impact this may have on infection outcome.  
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1.5.5 Lung NK cells in COPD 

A greater understanding of the role NK cells play during respiratory infection and insult will 

contribute to our understanding of how these cells function during exacerbation of inflammatory 

diseases such as COPD.  Previous studies have shown that baseline NK cell function is altered in 

COPD, as NK cells exhibit increased cytotoxicity against lung epithelial cells and have been 

implicated in lung tissue destruction and emphysema onset [86, 361]. This dysregulated NK cell 

function may have consequences for viral clearance from the lung but has not yet been 

investigated. 

 

Finch et al demonstrated that increased lung NK cell cytotoxicity in COPD was mediated by 

enhanced priming of NK cells with IL-15 presented by lung DCs [86]. Although Finch et al 

demonstrated substantial enhanced function through this cytokine priming, NK cell cytotoxicity 

requires direct recognition of target cells to release NK cell degranulation from intracellular 

inhibitory signalling (discussed in section 1.4) [199]. However, the signals governing NK cell 

recognition of COPD epithelial cells are unknown [86]. One candidate is the “stress” ligand MIC-A/B 

as these proteins are increased on the COPD lung epithelium and have been found to correlate with 

reduced lung function [361]. MIC-A/B is recognised by the activating NKG2D receptor and could 

stimulate NK cell activation in the COPD lung, particularly given the primed status of the NK cells 

[86, 361]. Therefore the increased cytokine stimulation of NK cells by COPD DCs may facilitate a 

greater responsiveness and destruction of stressed structural cells in the lung [86, 361]. 

Interestingly, cigarette smoke-induced murine NKG2D ligands have been suggested to prime 

NKG2D-mediated NK cell activation to virus [427]. Therefore the enhanced cytotoxicity of NK cells 

in COPD may be further enhanced by viral infections, contributing to greater cellular destruction in 

COPD exacerbations [427]. Thus, a greater mechanistic understanding of how NK cells are altered 

in COPD has the capacity to aid development of new interventions and treatments for chronic lung 

disease. 
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1.6 Summary 

NK cells play an important role in human anti-viral immunity, removing infected cells and producing 

cytokines important in stimulating adaptive immunity [169-174]. In the past few decades new 

functional roles for NK cells have been described across the human body [293]. Complex NK cell 

biology has now been elucidated, including mechanisms of education, integration of receptor 

signalling and innate memory [199]. Furthermore, unique populations of NK cells have been 

described in the human uterus, liver and secondary lymphoid, which may have important 

implications for local immune function in these organs [340].  

 

Despite this advance in understanding NK cell biology, the function of these cells in the human lung 

is poorly understood. The first bona fide description of the human lung NK cell phenotype was 

published in 2017, describing highly differentiated but functionally impaired NK cells in this organ 

[362]. However, the early and potent production of IFN-γ, as well as the capacity for cellular 

destruction suggest that NK cells could play important roles in controlling respiratory infection [199, 

293]. Despite this the NK cell responses to human respiratory virus’, such as influenza, have not 

been fully characterised. In addition, airway macrophages have important roles in regulating NK 

cells in the lung environment and coordinating innate immune responses to viral infection, but NK 

cell interactions with this cell type are poorly understood [144]. Finally, it is not currently known if 

resident NK cell populations exit in the lungs, nor what their functional contribution to lung 

immunity might be.  
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1.7 Hypothesis and Aims  

The primary hypothesis of this thesis is that NK cells contribute to the anti-influenza immune 

response in human lung through the production of pro-inflammatory cytokines and destruction of 

infected cells. Secondly, I hypothesise that resident NK cell populations are present within the 

human lungs, with distinct roles in human lung infection and diseases, such as COPD. 

  

Therefore, the specific aims of this project are to: 

1. Explore the NK cell phenotype in the human lung through characterisation of markers of 

maturity, homing and activation, drawing comparisons with the peripheral blood. 

2. Characterise resident NK cell populations in the lung through the expression of CD49a, 

CD103 and CD69 and chemokine receptors. 

3. Investigate whether resident NK cell populations are altered in lung tissue from COPD 

patients compared to tissue from controls. 

4. Determine whether human resident and non-resident lung NK cells respond to IAV-

infection using a model of ex vivo infected human lung tissue. Effector functions of NK cells 

will be confirmed including the production of pro-inflammatory cytokines and measures of 

degranulation. 

5. Develop models of epithelial cell and macrophage IAV infection using primary bronchial 

epithelia cells (PBECs) and monocyte-derived macrophages (MDMs) to determine the 

effects of NK cell activation. 

6. Characterise the expression of NK cell activating ligands and HLA class I on IAV-infected 

cells. 

7. Characterise the expression of IAV-recognising NK cell receptors, NKp46 and NKG2D, on NK 

cells during IAV infection. 

8. Understand the functional roles of NKp46 and NKG2D in the NK cell response to influenza-

infected macrophages. 

9. Explore the cross-talk between macrophages and NK cells during influenza infection, 

including pro-inflammatory cytokine and chemokine production. 
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To achieve these research aims NK cells from human lung parenchyma will be isolated and 

characterised by multi-parameter flow cytometry. Flow cytometric measures of NK cell activation 

will be developed in an established ex vivo model of IAV infected human lung tissue [428, 429]. This 

will be used to explore the function of different lung NK cell populations during influenza infection. 

Findings from the ex vivo model of human IAV infection will be taken forward into in vitro models 

of infection, developing autologous co-culture models to explore NK cell effector function in 

response to IAV-infected macrophages and epithelial cells. The macrophage is the preferred target 

for investigating NK cell function in this thesis as these cells show considerable functional 

contributions to IAV infection and NK cell regulation. Therefore, NK cell receptor ligation will be 

blocked in the MDM-NK cell co-cultures to assess the functional contribution of activating and 

inhibitory signalling to NK cells. Finally, the release of cytokines and chemokines from both NK cells 

and IAV-infected macrophages will be investigated by multiplex ELISA to further explore the cross-

talk between these two cell types. 
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Chapter 2 Materials and Methods 

2.1 Ethics and Donor Recruitment 

Fresh peripheral blood from healthy volunteers was collected with ethical approval from the 

Hampshire A Research Ethics Committee (REC) 13/SC/0416 and the South Central Oxford REC 

15/SC/0528.  Recruitment criteria required individuals to be healthy and aged 18-65. Individuals 

that had a respiratory infection within one month of recruitment or immunomodulatory drug use 

were excluded. The demographic information for healthy peripheral blood cohorts are reported in 

Tables 3.1 and 3.2 respectively. 

 

Lung tissue samples were obtained at Southampton General Hospital from patients undergoing 

cancer resection surgery. After pathologist assessment, macroscopically normal lung tissue was 

taken distal to the tumour site and was approved by the Southampton and South West Hampshire 

REC 08/H0502/32. 27mL of peripheral blood was taken from lung donors immediately prior to 

surgery.  Demographic information for the cancer resection patients is reported Table 3.1. Lung 

donor COPD was also diagnosed and classified on the basis of a predicted Forced Expiratory Volume 

(FEV1%) below 80%, according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 

guidelines and the demographic differences of these lung donors are summarised in Table 4.2.  

 

Lastly, undifferentiated human PBMC and matched PBEC were obtained from bronchial brushings 

of healthy controls with ethical approval of from the South Central Oxford REC (REC 15/SC/0528). 

All peripheral blood and lung donors gave written consent and a recent medical history. 

 

2.2 Isolation of Peripheral NK cells and Monocyte-Derived Macrophages 

120mL of venous human blood was collected from healthy donors and diluted ~1:1 in Dulbecco’s 

phosphate buffered saline (PBS, Sigma-Aldritch, Poole, UK). The diluted blood was then layered 

over 20 mL of Ficoll-Pacque (GE Healthcare, Little Chalfont, UK) and centrifuged for 35 min at 800 

g, 20⁰C until a visible interface layer formed. PBMCs were then harvested from the PBS-Ficoll 

interface. To isolate both NK cells and monocytes from PBMCs, magnetic-associated cell sorting 

(MACS) was performed. PBMCs were washed with 40mL of PBS and resuspended in ice-cold 80 μL 

Monocyte Isolation Buffer (MIB) per 1x107 cells (MIB; 2 mM EDTA (Sigma-Aldritch) and 0.5% (v/v) 
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Bovine Serum Albumin (BSA, Sigma-Aldritch) in PBS). All centrifugation steps were performed at 

4°C, 400g for 5 min. 10 μL per 1x107 cells of CD14-binding microbeads were then added to the 

resuspended PBMCs (Miltenyi Biotec, Bergisch Gladbach, Germany). The cells were then incubated 

on ice for 20 min before washing in 10 mL of ice-cold MIB. Cells were resuspended in 500 μL MIB 

per 1x108 cells and passed through an LS column (Miltenyi Biotech) suspended in a magnet. Bead-

bound CD14+ PBMCs were retained in the column by the magnetic field. The column was then 

washed three times with 3mL of MIB to ensure CD14+ cell purity. CD14+ monocytes were removed 

from the column by flushing with 5mL MIB. The extruded monocytes were resuspended in complete 

Roswell Park Memorial Institute (RPMI)-1640 Medium (Sigma-Aldritch) with 10% (v/v) heat-

inactivated foetal calf serum (FCS) and 2 ng/mL GM-CSF (R&D Systems, Minneapolis, USA). 

Complete RPMI consisted of basal RPMI medium supplemented with 2 mg/mL L-glutamine (Sigma-

Aldritch), 0.05 IU/mL Penicillin (Sigma-Aldritch), 50 μg/mL Streptomycin (Sigma-Aldritch), and 0.25 

μg/mL Amphotericin B (Sigma-Aldritch). The monocytes isolated during this procedure had been 

found to be >95% pure in previously published work [430]. Purified monocytes were seeded into 

either 96 or 48 well plates at a density of either 1.25x105 or 0.5x106 cells/well respectively. 

Monocytes were then cultured for 12 days at 5% CO2, 370C in a humid environment. MDM culture 

medium was replaced every 2-3 days. This previously published protocol has been shown to induce 

a “lung-like” macrophage phenotype, modelling that of human alveolar macrophage in terms of 

receptor expression and phagocytosis [85, 423, 431, 432]. Thus these cells are described as 

monocyte-derived macrophages (MDMs) in all subsequent sections.  

 

NK cells were also extracted from PBMCs by MACS, this time with negative selection using the 

Miltenyi NK cell isolation kit (Miltenyi Biotech). Using this reagent, the remaining CD14- PBMCs 

were labelled with antibodies against T cells, B cells, stem cells, dendritic cells, monocytes, 

granulocytes and erythroid cells. To do this, CD14- PBMCs were first resuspended in 40μL of ice-

cold MIB and 10μL of Biotin-Antibody Cocktail per 107 cells (Miltenyi Biotech). The cells were then 

incubated on ice for 5 min. A further 30μL of MIB and 20μL of the Microbead cocktail (Miltenyi 

Biotech) was added per 107 cells and cells incubated for another 10 min on ice. The labelled PBMCs 

were then applied to another LS-column. All non-NK cells remained bound to the column, whilst NK 

cells were washed through with 3mL of MIB. This protocol achieved a high level of NK cell purity as 

94.28 ± 1.43% of isolated cells were CD56+CD3- (N=4, Figure 2.1). MACS isolated NK cells were 

frozen in 10% Dimethyl sulfoxide (DMSO) / FCS at -80⁰C until use.  
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Figure 2.1: Purification of circulating NK cells from human peripheral blood. NK cells were 

extracted from PBMCs using MACS. The proportion of NK cells in the PBMCs was compared with 

MACS purified NK cells and cells unlabelled by the MACS process (CD14 and NK cell depleted 

PBMCs). NK cell purity was assessed by flow cytometry with NK cells defined as CD3-CD56+ cells. 
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2.3 IAV infection of MDMs  

Fully differentiated MDMs were incubated with 1000 PFU/mL of a 2012 stock of live and UV-

irradiated X31 virus in 0.1% FCS (v/v) complete RPMI for 2 h, as described previously [423, 429, 

433]. UV-irradiated X31 was created by exposing live X31 to UV light for 2 h on ice. Extracellular IAV 

was removed by washing three time with basal RPMI and viral replication allowed to continue for 

a further 22 h. The extent of IAV infection was measured by flow cytometry detection of 

intracellular IAV NP-1. To do this MDMs were detached from well surfaces by incubation with 200μL 

of non-enzymatic cell dissociation solution (Sigma-Aldritch) for 20 min at 37°C. Suspended MDMs 

were then collected and stained for flow cytometry as described in section 2.8. 

 

2.4 Generating Submerged PBEC Cultures 

Human PBEC cultures were grown out of bronchial brushings taken during bronchoscopy of healthy 

volunteers (REC 15/SC/0528). Epithelial cells removed from the bronchial surface were cultured in 

a collagen–coated T75 flask in 10 mL of complete PBEC culture medium. Complete PBEC media 

consisted of Pneumacult TM-Ex Basal Medium (Stemcell Technologies, Vancouver, Canada) 

supplemented with a 1:50 dilution of PneumacultTMEx Plus supplement (Stemcell Technologies), 

0.48μg/mL hydrocortisone (Stemcell Technologies), 0.25 μg/mL Amphotericin B (Sigma-Aldritch) 

and 0.05mg/mL Gentamycin (Thermofisher Scientific, Massachusetts, USA). All culture vessels were 

pre-treated with 60 μg/mL type I bovine collagen (PureColTM, Advanced Biomatrix, California, USA) 

in dH2O for at least 30 min at 37°C prior to use. Once PBECs covered 70-80% of the flask surface, 

cells were frozen at -80°C, with long-term storage in liquid nitrogen. To remove PBECs from the 

culture vessel, culture media was discarded and the adherent cells rinsed with 10mL of PBS. The 

cells were then incubated with 0.5 mL of 50mg/mL of trypsin and 20mg/mL EDTA (Sigma-Aldritch) 

at 37°C for 10 min or until cells became spherical. Cells were removed from the flask surface by 

agitation and 10mL of 10% FCS in complete pneumocult added to the flask. The PBEC cell 

suspension was collected, centrifuged at 400g for 5 min and frozen in 10% (v/v) DMSO / 20% (v/v) 

FCS / 70% (v/v) complete Pneumocult medium at 0.5x106 cells/mL. To resuscitate frozen PBECs the 

cells were thawed and immediately added to complete Pneumocult with 10% (v/v) FCS. Cells were 

then seeded over collagen coated T75 flasks at a density of 5x104 cells/mL and cultured in 10mL of 

complete Pneumocult media (Stemcell Technologies) at 37°C, 5% CO2 in a humidified environment. 

PBEC culture media was replaced every 2-3 days until cells reached 70-80% confluency (approx. 2-

3 weeks). 
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2.5 IAV Infection of PBECs 

To infect PBECs with X31, cells were first seeded into a 24-well plate at a density of 100, 000 

cells/well. Seeded PBECs were allowed to adhere to well surfaces for 16 h prior to IAV infection 

before washing with PBS. Culture media was then replaced with starvation media to prevent PBEC 

replication during IAV infection. Starvation media consisted of PneumacultTM-ex Basal Medium with 

0.3% (v/v) of BSA (Sigma-Aldritch) and a 1:100 dilution of Insulin-Transferrin-Selenium solution 

(Sigma-Aldritch, working concentration; 10μg/mL insulin, 5.5μg/mL transferrin and 5ng/mL sodium 

selenite). PBECs were allowed to adjust to starvation media for one hour before addition of 57, 000 

IU/mL of a 2017 stock of live or UV-irradiated X31. X31 dose was titrated in the PBEC monolayer to 

achieve infection of 30% of the cells, in keeping with the MDM infection model (Figure 6.18). PBECs 

were incubated with X31 for 2 h before extracellular virions were removed by washing in PBS and 

the cells incubated for a further 22 h. To assess IAV replication and PBEC viability the cells were 

detached from well surfaced by treatment with 0.2 mL of 50mg/mL of trypsin and 20mg/mL EDTA 

(Sigma-Aldritch) for 5 min at 37°C. Suspended PBECs were then centrifuged at 400 g for 5 min before 

undergoing flow cytometry staining as described in section 2.8.  PBECs which had experienced 2-3 

sets of passage were used in these experiments. 

 

2.6 NK Cell Culture with IAV-Infected MDMs and PBECs 

IAV-infected MDMs and PBECs were cultured with autologous NK cells to measure NK cell functional 

responses. Prior to NK cell addition MDM and PBEC culture medium was removed by washing three 

times with PBS and replaced with 400μL of 0.1% (v/v) FCS in complete RPMI. Autologous NK cells 

had been stored at -80°C prior to use and were first brought to room temperature (RT). The thawed 

NK cells were then added drop wise into 10% FCS (v/v) complete RPMI, pre-warmed to 37⁰C. To 

remove toxic DMSO, the cells were centrifuged at 400g for 5min and washed with 10 mL of basal 

RPMI before resuspending in 0.1% FCS (v/v) RPMI. NK cells were counted in a haemocytometer and 

adjusted to an appropriate concentration. 100μL of thawed NK cells were then added to MDM and 

PBEC cultures at an appropriate effector to target cell ratios (E:T). For MDM-NK cell co-culture this 

was 1:5 and for PBEC-NK cell co-culture it was 1:10 (unless otherwise stated). Dead NK cells were 

excluded from the calculation of E:T through trypan blue staining.  

 

For PBEC-NK cell co-cultures, autologous PBMCs from each donor had been stored at -80°C. 

Therefore, the PBMCs were defrosted and washed in 10mL of PBS as described previously. The 
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PBMCs were then resuspended in ice-cold MIB and NK cells isolated by MACS prior to co-culture 

(as described in section 2.2). The MACS-isolated NK cells were washed again in 10mL of PBS, 

resuspended in 0.1% FCS (v/v) RPMI and adjusted to an appropriate concentration following 

counting in a haemocytometer.  

 

NK cells were incubated with infected target cells for 6 h, with 2 μM of monensin (eBiosciences) 

added 1 h after the addition of NK cells. As a positive control for NK cell activation, uninfected 

MDMs were also stimulated with 1.34 µM Phorbol Myristate Acetate and 81 nM Ionomycin (Cell 

Stimulation Cocktail, eBiosciences, Hatfield, UK) according to manufacturer’s instructions. Non-

adherent cells were then harvested from co-cultures and NK cell functional markers analysed by 

flow cytometry (described in section 2.8). Culture supernatants were also collected for analysis by 

ELISA and Luminex, in which case monensin was not added to co-cultures. Culture supernatants for 

ELISA were centrifuged at 800 g for 5 min, aliquoted and stored at -80° until use. 

 

2.7 Transwell Separated Co-cultures and Blocking Experiments 

Physical contact between MDMs and NK cells was prevented through culturing in a transwell (TW) 

system (Corning, New York, USA) with 0.4μM pores. NK cells were cultured in the top compartment 

with MDMs beneath. Transwell cultures were carried out at the same volume and cellular 

concentrations of the co-cultures described in section 2.6. In addition, NKG2D and NKp46 ligands 

were also blocked on MDM surfaces with chimeric receptor Ig fusion construct (R&D systems). In 

which case 10μg/mL of NKG2D receptor Fc and 5 μg/mL of NKp46 receptor Fc was incubated with 

MDMs for 20min at 37°C, 5%CO2 prior to the addition of NK cells. MDM HLA class I was also blocked 

from binding NK cells through incubation of MDMs with 20 µg/mL of low endotoxin, azide-free 

αHLA-A/B/C antibody (W6/32; Biolegend).  

 

2.8 Flow Cytometry   

Cells collected for flow cytometry analysis were washed with 2mL of PBS and centrifuged at 4°C, 

400 g for 5 min (as for all subsequent centrifugation steps). All staining steps were carried out in 

the dark. For functional analyses cellular viability staining was performed, in which case the cells 

were resuspended in 100μL PBS and incubated with a 1:100 dilution of Zombie-Violet (Biolegend, 
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San Diego, USA) amine binding dye for 30 min on ice. The cells were then washed in 1mL of PBS 

prior to flow cytometry staining of cell surfaces. For surface staining cells were resuspended in 

100μL Fluorescence-Activated Cell Sorting (FACS) buffer consisting of 2 mM EDTA (Sigma-Aldritch), 

0.5% BSA, Sigma-Aldritch) in PBS. In addition, 2 mg/mL human IgG (Sigma-Aldritch) was included in 

the FACS buffer to block cell surfaces. Cells were then incubated with antibodies against NK, 

epithelial and macrophage cell markers for 30min on ice, or alternatively with isotype controls, as 

listed in Tables 2.1 and 2.2. The antibodies for key NK cell proteins and functional markers were 

titrated for co-culture experiments, as shown in Figure 2.2 and reported in Table 2.1.  

 

Following incubation with antibodies, the cells were washed in 1mL of FACS buffer and fixed with 

2% paraformaldehyde (Sigma-Aldritch) in FACS buffer. Alternatively, for analysis of intracellular 

molecules, cells were treated with 200μL of Cytofix/Cytoperm (BD) for 20 min on ice and 

resuspended in 100 μL of Permwash (BD) to permeabilise cells.  Antibodies against intracellular 

antigens were then incubated with the cells for 30 min on ice. Following staining NK cells were 

washed, resuspended in 200μL FACS buffer and analysed with the FACSaria II (BD Biosciences, 

Oxford, UK), FACSDiva software (BD Biosciences) and FlowJo v7.6.5 software (Tree Star, Ashland, 

USA). Boolean gating was performed based on negative straining from isotype controls. specific MFI 

(sMFI) was calculated by subtraction of baseline fluorescence in isotype controls from positive 

staining.  

 

To detect NK cell receptor ligands on MDM surfaces receptor fusion constructs were used in place 

of antibodies. To do this, MDMs were first blocked with 2 mg/mL human IgG (Sigma-Aldritch) in 

FACS buffer for 15 min at RT. Receptor fusion constructs or appropriate non-binding controls (R&D 

systems, Minneapolis, USA) were then added to the cells and incubated for 45 min on ice. 10μg/mL 

of NKG2D and 5μg/mL NKp46 Fc were used for staining unless otherwise stated. MDMs were then 

washed in 1mL of FACS buffer and resuspended in 100μL of FACS buffer. Fusion construct binding 

was detected through incubation with 5 μL of α-human IgG-PE-Cy7 (Ms IgG2aκ, clone HP6017, 

Biolegend) for 30 min on ice.  
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Figure 2.2: Antibody volumes for staining peripheral blood NK cells. Antibodies against NK cell 

surface proteins and functional markers were diluted from manufacturer recommended volumes 

against 1x106 PBMCs (N=2, except αCD107a N=3). (F, G) IFN-γ and CD107a expression was 

stimulated by treatment with PMA/I for 4hr and monensin for 3hr, as described in section 2.7. (G) 

αIFN-γ antibody was titrated against 1x106 MACS purified NK cells. 
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Table 2.1: Flow cytometry antibodies. The antibodies used to explore NK cell phenotype and 

function are listed along with clone and volumes used in experiments. The reported volume of 

antibody was added per 20 lung tissue fragments or 1x106 cells. Some antibody volumes were 

reduced in the NK-MDM or NK-PBEC co-culture experiments following antibody titration (see Figure 

2.2) in which case the alternative volume shown italicised and in brackets. Ms = mouse, FITC = 

Fluorescein isothiocyanate, PerCP = Peridinin-chlorophyll protein, PE = phycoerythrin, APC = 

Allophycocyanin, BV421 = Brilliant violet 421, BV510 = Brilliant Violet 510, Cy5.5 =cyanine 5.5 Cy7 = 

cyanine 7.  
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Table 2.2: Isotype controls for flow cytometry.  Isotype species and antigen are reported alongside 

antibody volumes. The reported volume of antibody was added per 20 lung tissue fragments or 

1x106 cells. Some antibody volumes were reduced in the NK-MDM or NK-PBEC co-culture 

experiments following antibody titration, in which case the alternative volume is italicised and in 

brackets. Ms = mouse, FITC = Fluorescein isothiocyanate, PerCP = Peridinin-chlorophyll protein, PE 

= Phycoerythrin, APC = Allophycocyanin, BV421 = Brilliant violet 421, BV510 = Brilliant Violet 510, 

Cy5.5 =cyanine 5.5 Cy7 = cyanine 7. 
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2.9 ELISA  

IFN-γ ELISA MAX (Biolegend), and Granzyme B Duoset ELISA (R&D Systems) were performed on the 

culture media from both infected lung tissue and NK-MDM co-cultures.  Co-culture supernatants 

were diluted 1:2 for both IFN-γ and Gzm-B analysis. Whereas for IFN-γ analysis of lung tissue, culture 

supernatants were diluted 1:3 when hpi > 6 and analysed neat in Gzm-B ELISAs. Individual protocols 

and antibody working concentrations can be found in the manufacturer’s instructions, however the 

following general protocol was used for both assays. 

 

MaxiSorp ELISA plates (Biolegend) were coated with 100 μL of capture antibody at the required 

concentration at either 4°C or RT 24 h prior to running the ELISA. ELISA plates were then washed 

three times with PBS-0.05% (v/v) Tween (washing buffer), as were all subsequent wash steps. The 

ELISA plates were then blocked with 200 μL PBS-1% (v/v) BSA solution (or equivalent buffer) for 1 

h at RT. The blocking buffer was then removed through repeated washes in washing buffer. Culture 

media was diluted if required and 50 μL added to the plate in duplicates. A series of protein 

standards were also included on each ELISA plate. Samples were incubated on the plates for 2 h at 

RT before further washing and addition of 100 μL of detection antibody. Plates were incubated for 

2 h at RT, washed and then incubated with 100 μL of streptavidin-horse radish peroxidase for 30 

min at RT. The plates were washed a final time before addition of 3,3',5,5'-tetramethylbenzidine 

substrate in the dark. The enzymatic reaction was stopped by the addition of 50 μL of 1M H2SO4 

and the degree of colour change measured by a microplate reader at 450 nm with a 550 nm 

correction (Multiskan Ascent, Agilent Technologies, Wokingham, UK).  Molecule concentrations 

were determined by a four-parameter logistic curve-fit analysis of the absorbance reading to known 

standard concentrations. 

 

2.10 Lactate Dehydrogenase (LDH) Release Assay 

MDM-NK cell co-culture media was also assessed for extracellular LDH as a measure of cell death. 

This was performed with the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madison, 

USA). 100μL of culture supernatants were added to each well of a 96-well plate followed by 50μL 

of the CytoTox 96 Reagent. Plates were then incubated in the dark for 30 min at RT before the 

addition of 50μL of stop solution. Absorbance at 490nm was then measured on a microplate reader 

(Multiskan Ascent, Agilent Technologies). 
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2.11 Luminex Assay 

Luminex analysis of MDM-NK cell supernatants was performed using a premixed 28-plex panel with 

a magnetic bead system, according to manufacturer instructions (R&D systems). In brief 50μL of 

the microparticle cocktail was added to a 96-well plate, followed by 50μL of neat culture 

supernatant or pre-prepared standards. The Luminex plate was incubated with agitation for 2 h at 

RT and the plate washed three times with 100μL of wash buffer (R&D systems). Microparticles were 

held to the bottom of the plate during wash steps with a Bio-Plex Handheld Magnetic Washer (Bio-

Rad, California, USA). 50μL of Biotin Antibody cocktail was added to each well and the plate 

incubated with agitation for 1 h in the dark. Antibody was removed through three washes with 

wash buffer and 50μL of Streptavidin-PE added (R&D systems). The plate was washed three times 

and microparticles resuspended in 100μL of wash buffer. The magnitude of the PE-derived signal 

was analysed for each bead using a Bio-Plex 200 System (Bio-Rad) and analyte concentrations 

calculated based on the detection of known standard concentrations. 

 

2.12 Analysis of human lung NK cells 

2.12.1 Isolating Mononuclear Cells from Human Lung Parenchyma 

Following removal from the body lung parenchyma was cut into 1-5mm fragments whilst 

submerged in cold RPMI (Sigma-Aldritch). Lung tissue fragments were washed extensively in PBS to 

remove contaminant blood. The lung tissue was then rested for 16 h in complete RPMI-10% (v/v) 

FCS (Sigma-Aldritch) at 37°C, 5% CO2 in a humidified environment. Lung fragments were then 

agitated in 0.5 mg/mL collagenase (Sigma-Aldritch) in basal RPMI for 15 min at 37⁰C to break up the 

tissue. The collagenase-digested tissue was then applied to 0.7 μm filters to remove the remaining 

tissue fragments. The filtered lung cells were then washed in 10mL PBS and centrifuged at 400 g for 

5 min before resuspension in 3 mL PBS. The resuspended cells were then layered over 2 mL of Ficoll-

Pacque (GE Healthcare) and centrifuged for 35 min at 800 g, 20⁰C until a visible interface layer of 

mononuclear cells formed. These cells were harvested and washed in 20mL of PBS prior to flow 

cytometry staining described in section 2.8. Density gradient centrifugation was also used to isolate 

PBMCs from the peripheral blood of lung donors. 27mL of peripheral blood was collected just prior 

to resection surgery, diluted ~1:1 in PBS and layered over 20 mL of Ficoll-Pacque. 
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2.12.2 Flow Cytometry Analysis of the Lung NK Cell Phenotype 

Mononuclear cells isolated from human lung and matched peripheral blood underwent flow 

cytometry straining of cell surfaces, as described in section 2.8. The phenotyping antibodies and 

corresponding isotype controls used in this analysis are listed in Tables 2.1 and 2.2 respectively. NK 

cells were defined as CD45+CD3-CD56+ cells, and further divided into CD56brightCD16-, 

CD56dimCD16+ and CD56dimCD16- populations, as shown in Figure 2.3. A median of 410,676 ± 

153,226 CD45+ leukocytes were isolated per resection sample, according to flow cytometry 

analysis. The median total events in the NK cell gate was 10,011 ± 9,073 with a minimum value of 

2,760 (N=8). For the rarer CD56bright CD49a+ NK cells the median number of events fell to 940 ± 194 

with a minimum value of 130. To be included in the analysis a minimum 100 events in this gate was 

required of any cell type.  

 

Figure 2.3: Gating strategy to define NK cells in the peripheral blood and lung. (A) NK cells were 

defined as CD45+CD3-CD56+ lymphocytes. Representative flow cytometry gating on lung cells is 

shown. CD56brightCD16-, CD56dimCD16+ and CD56dimCD16- NK cells were further distinguished in the 

lung parenchyma (B) and peripheral blood (C) as shown. 

 

  



Chapter 2 

44 

2.13 IAV Infection of Human Lung Explants 

Lung tissue was cut into 4-6mm2 pieces with 6 fragments/well placed in a 24-well plate and washed 

thoroughly with cold RPMI to remove contaminant blood. The lung explants were then infected 

with live or UV-irradiated X31 (H3N2) Influenza A Virus (Virapur, San Diego, USA) in 0.1% FCS (v/v) 

complete RPMI, as published previously [423, 429].  

 

To infect lung tissue X31 virus was incubated with the explants for 2 h at 37°C, 5% CO2 before 

extracellular virions were removed by washing three times in 500μL of PBS. The lung explants were 

then cultured in fresh media for a further 22h. As a positive control for lymphocyte activation 

uninfected lung explants were also treated with 1.34 µM Phorbol Myristate Acetate and 81 nM 

Ionomycin (Cell Stimulation Cocktail, eBiosciences, Hatfield, UK). Each treatment was performed in 

quadruplicate and pooled before digestion. Following a total incubation time of 24 h lung 

leukocytes were released from the tissue by incubation in 0.5 mg/ml collagenase (Sigma-Aldritch) 

in basal RPMI at 37°C under agitation. Lung digests were then filtered to remove any large tissue 

fragments and the remaining cells stained for flow cytometry (described in section 2.8). Flow 

cytometry antibodies against key functional markers were first titrated in lung mononuclear cells 

to confirm saturation of antigens on NK cells, as shown in Figure 2.4. The median number of events 

for CD56brightCD49a+ NK cells in X31-infected explants was 1,035 ± 1,024 with a minimum value of 

164 (N=5). This was typical of both untreated and UV-irradiated X31 treated explant tissue. Culture 

supernatants were also collected, centrifuged at 800 g for 5 min and stored at -80°C prior to 

assessment by ELISA (described in section 2.9). 

 

To investigate NK cell degranulation and HLA class I expression on infected cells 200,000 PFU/mL of 

a 2012 stock of X31 was used. However, a 2017 stock of X31 was used to investigate IFN-γ 

production. The 2017 stock of X31 was titrated in the lung tissue to give an equivalent level of 

infection to the 2012 X31 stock (Figure 2.4) and 3.15x107 IU/mL used to infect lung tissue. IAV 

replication was confirmed in the lung tissue through detection of intracellular viral Nuceleoprotein-

1 (NP-1) expression by flow cytometry (section 2.8). To measure the accumulation of IFN-γ in lung 

lymphocytes, 2μM Monensin Solution (eBiosciences) was added to lung explants 16 hpi and the 

explants incubated for a further 24h, giving a total experiment time of 40 h for this measure.  
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Figure 2.4: Antibody titrations against mononuclear cells isolated from human lung tissue. 

Antibodies against IFN-γ, CD107a and CD49a were diluted from manufacturer recommended 

volumes and titrated against mononuclear cells isolated from human lung tissue. IFN-γ and CD107a 

expression was stimulated by treatment with PMA/I for 6 h and monensin for 5 h.  

 

 

Figure 2.5: 2017 X31 stock titration in human lung explants. Human lung was incubated with a 

2017 stock of X31 IAV for 2 h before extracellular virus was removed. The tissue was then incubated 

for a further 22 h before collagenase digestion. IAV replication was measured in airway 

macrophages (A) and epithelial cells (B) by intracellular IAV NP-1 expression. 
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2.14 Statistical Analysis 

In general the data in this thesis was considered non-parametric as the number of repeats (typically 

N=6) is too small for accurate normality testing [434]. Even in the larger phenotyping data sets of 

N=15 or N=22 the data was considered non-parametric due to high heterogeneity in human 

sampling and a clear skew in some data sets. Thus the data is presented as medians and 

interquartile range (IQR) and statistical analyses were performed using either a Chi-squared test, 

Fisher’s test, Wilcoxon’s matched-pairs signed-rank test, Mann-Whitney U test and Kruskal-Wallis 

or Friedman’s test with Dunn’s multiple comparison testing, as appropriate. All statistical analysis 

was performed with GraphPad Prism v7.0 (GraphPad Software Inc., San Diego, USA). Results were 

considered significant if P<0.05.  
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Chapter 3 Assessing the Phenotype of Peripheral Blood 

NK Cells 

3.1 Introduction 

NK cells are important effectors of anti-viral immunity, providing a source of early IFN-γ and 

removing infected cells by targeted cytotoxicity [169-174]. As described in section 1.4.5 human NK 

cells can be divided into subsets based on the expression of CD56 and CD16. In the blood ~90% of 

NK cells are CD56dimCD16+ cells and ~10% are CD56bright [276]. CD56bright NK cells are a more 

immature precursor to CD56dim NK cells, with differential expression of NK cell receptors [270, 272, 

273, 275, 296]. CD56dimCD16+ NK cells are thought to have a strong cytotoxic potential whereas 

CD56bright NK cells are more potent producers of cytokines [259, 295, 302-304, 308, 309]. However, 

these proposed functional differences have been disputed [189, 310-312]. In addition CD56dimCD16- 

NK cells have also been identified in the peripheral blood, possibly representing a post-activation 

NK cell phenotype [313-317, 320]. Recently, a number of studies have described NK cells isolated 

from human organs as phenotypically distinct from the peripheral blood, with different proportions 

of CD56bright and CD56dim NK cells [190, 271, 293, 302, 305, 307]. However, there is limited 

information on the NK cell phenotype in the lung.  

 

One of the aims of this thesis was to investigate the phenotype and function of NK cells from 

resected human lung compared to the circulation. However, NK cells are rapid innate responders 

to change and infection within the body and their phenotype and functions are plastic [435, 436]. 

Removal from the body, purification and extraction from lung tissue involves in vitro handling which 

may affect the phenotypic measurements in this study. Furthermore, cancer resection patients are 

typically older and commonly ex-smokers (Table 3.1) which could also impact on the reported NK 

cell phenotype [362].  Therefore, this chapter will investigate how in vitro manipulation and donor 

demographics affect the NK cell phenotypes reported in this thesis. To do this, PBMCs from healthy 

donors were cultured in vitro, purified and stored at -80°C. The expression of NK cell CD56, CD16, 

CD57, CD158b and activating receptors were measured by flow cytometry. In addition, the 

peripheral NK cell phenotype will be compared between healthy donors and lung tissue donors to 

examine any disease-specific effects on NK cells. Finally, the impact of donor age, gender and 

smoking status is explored to understand how these variables may affect the lung NK cell phenotype 

presented in this study. 
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3.2 Results 

3.2.1 Culturing Peripheral Blood NK cells in vitro 

Understanding how culture conditions affect primary human NK cells is important to ensure the 

development of physiologically relevant models and results. To investigate whether short-term in 

vitro culture may affect the phenotype and viability of NK cells, PBMCs from healthy donors (REC 

13/SC/0416) were cultured for 24h in complete RPMI (Figure 3.2). NK cells were defined as 

CD45+CD3-CD56+, as shown in Figure 2.3. CD56bright, CD56dimCD16+ and CD56dimCD16- NK cells were 

all identified by flow cytometry. Small increases in the proportion of CD56dimCD16- and CD56bright 

NK cells were detected following in vitro culture compared to freshly isolated PBMCs (CD56dimCD16- 

5.8% vs 13.3% and CD56bright 3.4% vs 7.2% respectively, N=3, Figure 3.2). This corresponded with a 

slight reduction of CD56dimCD16+ cells from 88.8% to 79.2% after culture (N=3, Figure 3.2). 

Therefore, in vitro conditions appeared to slightly alter the proportions of CD56bright and CD56dim 

subsets but largely maintained the existing phenotype, although a larger sample size is required for 

statistical testing. 

 

Figure 3.1: The effect of in vitro culture on the proportion of NK cell subsets. NK cell subsets were 

measured in freshly isolated PBMCs (N=10). PBMCs were then cultured for 24h at 1x106 cells/mL in 

FCS containing-RPMI (N=3). The surface expression of CD56 and CD16 on peripheral NK cells was 

analysed by flow cytometry. 
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The FCS component of culture media has been suggested to alter the phenotype of lung epithelial 

cells and therefore was also assessed for effects on NK cells [437]. FCS was removed from the 

culture media of freshly isolated PBMCs for 24h and cellular viability measured through increased 

permeability detected by amine-binding dye (Figure 3.2). Without FCS NK cell recovery and viability 

was reduced (Figure 3.3 A and B) and the proportions of NK cell subsets altered (Figure 3.3 C, E and 

G). The percentage of CD56dimCD16+ NK cells was reduced from 79.2% to 69.9% whilst proportions 

of CD56bright and CD56dimCD16- NK cells increased when FCS was removed from culture media (7.2 

to 8.4% and 13.3% to 18.4% respectively). Thus it appeared that media lacking FCS exacerbated the 

change to NK cell subset proportions observed after in vitro culture (Figure 3.2 and 3.1).  

 

The loss of CD16 from NK cell surfaces may be linked to NK cell viability, as CD56dimCD16- NK cells 

were the least viable in culture conditions, compared with CD56bright and CD56dimCD16+ NK cells 

(63.8% vs 96.1 and 99% respectively Figure 3.2 D, F and H). CD56dimCD16- viability was also the most 

affected by removal of FCS, dropping by 20.2% whilst CD56bright and CD56dimCD16+ viability only 

reduced by 0.5% and 2.2% respectively. In previous reports CD56 and CD16 downregulation has 

been associated with NK cell activation and activation-induced apoptosis, which may explain the 

findings in Figure 3.2 [314, 316, 317]. It is unclear whether this phenotypic change in CD56 and 

CD16 results from NK cell activation or from NK cell death. However, as activated NK cells undergo 

controlled apoptosis, the two phenomena may be intrinsically linked [438]. Removal of FCS from 

the culture media most likely resulted in less optimal culture conditions and more NK cell death, 

causing in an increase in CD56dimCD16- NK cells (Figure 3.2). Although, the expansion or loss of 

certain subsets during culture time cannot be excluded as an alternative explanation for this finding. 

Taken together, these results show that the inclusion of FCS in the culture media is essential to 

maintaining NK cell viability and subset proportions.  
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Figure 3.2: FCS maintains NK cell viability and NK cell subset proportions. PBMCs were cultured in 

RPMI with or without 10% (v/v) FCS for 24 h. (A)  Percentage recovery was determined by trypan 

count of live cells after 24h culture relative to cell number seeded. (B) NK cell viability (as a 

percentage of total NK cells) was measured by flow cytometry in a mixed PBMC culture with or 

without FCS. The effect of FCS on the proportion of NK cell subsets (C, E, G) and the viability of each 

of these subsets (D, F, H) was also measured. Lines denote individual donors. 
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3.2.2 Isolating and Storing Primary Human NK Cells 

The further investigate the effect of in vitro handling on NK cells, the NK cell phenotype was 

analysed after purification and cryopreservation. NK cells were purified from the peripheral blood 

by density-gradient centrifugation and magnetic-activated cell sorting (MACS). A slight, non-

significant increase in CD56dimCD16+ (P=0.0625, Figure 3.1 B) and corresponding decreased in 

CD56dimCD16- (P=0.0625, Figure 3.1 C) NK cells were found after MACS purification, with no effect 

on CD56 bright NK cells (P=0.1875, Figure 3.1 A). This could suggest a lack of collection of 

CD56dimCD16- NK cells by the MACS process but is more likely to result in the death of these cells 

during the purification process, which involves several centrifugation steps and elution through a 

matrix of ferromagnetic spheres (described in section 2.2). Purified NK cells were then stored at -

80°C in 10% (v/v) FCS/DMSO and thawed to check NK cell viability and maintenance of surface 

receptor associated phenotypes. Cryopreservation of MACS purified NK cells was found to maintain 

cellular viability as 85.5% of NK cells were viable following thaw. There was a slight, non-significant 

reduction in CD56dimCD16+ NK cells and a corresponding increase in CD56dimCD16- NK cells, which 

may indicate a small amount of NK cell activation as a result of NK cell storage (CD56dimCD16+; 

P=0.0625, and CD56dimCD16-; P=0.125, Figure 3.3 B and C). However, this process largely 

maintained subset proportions with no significant difference in the proportion of CD56bright NK cells 

(CD56bright; P=0.1875, Figure 3.1 A). Indeed, the proportions of CD56bright and CD56dim NK cells 

after purification and storage still closely mirrored that of the peripheral blood (Figure 3.3). 

Furthermore, NK cells were functionally responsive to PMA/I treatment after freeze-thaw 

(P=0.0313 Figure 3.3 D). Thus both MACS isolation and cryopreservation maintained NK cell 

phenotype and function.  
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Figure 3.3: The effect of MACS isolation and cryopreservation on the phenotype and function of 

peripheral NK cells. The proportion of CD56bright (A) CD56dimCD16+ (B) and CD56dimCD16- (C) NK 

cells was measured following isolation from PBMCs and storage at -80⁰ for 12 d. Statistical analysis 

was performed by Wilcoxon signed-rank test. (D) Purified peripheral NK cells were treated with 

PMA/I for 1-6h and intracellular IFN-γ measured by flow cytometry (N=5). A representative plot of 

the intracellular IFN-γ expression of NK cells over 6h of stimulation is shown. Intracellular cytokine 

was captured through the addition of monensin to cultured cells 1h after stimulation. (E) Mean IFN-

γ response and standard error of the mean are shown for PMA/I stimulated NK cells. Comparison 

of IFN-γ expression between 6h PMA/I stimulation with NT NK cells by Wilcoxon signed-rank test.   
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3.2.3 Comparing Peripheral Blood NK cells from Cancer Resection Patients and Healthy 

Controls  

In the analyses presented in Chapters 4 and 5, macroscopically normal human lung tissue was 

obtained from cancer resection patients. However, to control for any disease-related effects on the 

NK cell phenotype, peripheral NK cells from the cancer resection donors (CR-PB; REC 15/SC/0528) 

were compared to that of healthy peripheral blood (H-PB; REC 13/SC/0416 and). Recruitment to 

these two studies is described in section 2.1 and cohort demographics are summarised in Table 3.1. 

Data for the total lung resection cohort is shown in Table 3.1, however some samples were used 

for functional analysis in subsequent chapters and are not included in this section. Only the 

peripheral blood used for phenotyping studies (N=23) are compared against healthy peripheral 

blood (N=15) in this chapter.  

 

 

Table 3.1: Cohort demographics for resection donors and healthy controls. Median values are 

shown with interquartile range italicised and in brackets. NA = Data not available.  

* indicates additional locations of resection surgeries. 1 Two-tailed Mann Whitney Test 2 Fisher’s 

Test 3 Chi-square Test 
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PBMCs were isolated from whole blood following density gradient centrifugation and NK cell 

phenotypes assessed by flow cytometry. The proportion of NK cells in peripheral CD45+ 

lymphocytes was consistent in both H-PB and CR-PB cohorts (11.9% vs 11.1%, P=0.3397, Figure 3.4 

A). CD45 is a pan-leukocyte marker, used to define lung lymphocytes in Chapters 4 and 5 (as shown 

in Figure 2.3). CD56bright NK cells were found in the same proportions between the two cohorts 

(P=0.7505, Figure 3.4 B) but CD56dimCD16+ NK cells were reduced by 7% in CR-PB (P=0.0305, Figure 

3.4 C) and CD56dimCD16-  NK cells were increased from 5.9% in CR-PB to 14.6% (P=0.009, Figure 3.4 

D). This change in CD56dim NK cells may suggest a greater level of NK cell activation in the peripheral 

blood of resection patients. This may be related to disease status in the CR-PB cohort but there are 

also other significant demographic differences between the two cohorts, including cohort age 

(P<0.0001) and smoking status (P=0.0013, Table 3.1) which could account for these differences. 

  

The NK cell maturation state was also analysed in H-PB and CR-PB. The terminal differentiation 

marker, CD57 was detected on ~60% of peripheral NK cells and was equivalent between H-PB and 

CR-PB NK cells (P=0.3410, Figure 3. 5A and C) [275]. CD56dimCD16+ NK cells were found to express 

the most CD57 (72% in H-PB) with a small amount of CD57 expression on CD56dimCD16- NK cells 

(7.9% in H-PB) and minimal expression on CD56bright NK cells (1.6% in H-PB). CD57 expression did 

not differ on any of the CD56bright or CD56dim NK cell subsets between H-PB and CR-PB (CD56bright 

P=0.865, P>0.9999 for both CD56dimCD16+ and CD56dimCD16- NK cells, Figure 3.5 D).  

 

NK cell maturity was also assessed through the expression of CD158b (KIR2DL2/L3/S2) as KIR 

proteins are gradually acquired throughout NK cell development (summarised in section 1.4.4 and 

Figure 1.3) [266, 439]. Measuring CD158b expression does not evaluate the expression of all KIR 

alleles which vary across individuals, but it includes KIR from both haplotypes (discussed in section 

1.4.5) [440]. CD158b expression was also found to be equivalent between peripheral NK cells of 

healthy donors and those undergoing cancer resection (P=0.4199, Figure 3.5 E and D). Likewise, no 

difference in CD158b expression was found on CD56bright or CD56dim subsets (CD56bright P=0.3830 

and P>0.9999 for CD56dimCD16+ and CD56dimCD16- NK cells, Figure 3.5 F). Consistent with the 

literature CD158b was also mostly expressed by CD56dimCD16+ NK cells (38.2% of H-PB) with little 

to no expression on either CD56bright or CD56dimCD16- NK cells [266]. Thus the maturation state of 

the peripheral NK cells was not found to differ between cancer resection patients and healthy 

controls. 
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Figure 3.4: NK cell subsets in the peripheral blood of lung tissue donors (CR-PB) and healthy 

controls (H-PB). (A) Quantification of CR-PB (N=23) and H-PB (N=10) NK cells as a percentage of 

CD45+ lymphocytes. (B, C, D) Proportions of CD56bright (B), CD56dimCD16+ (C) and CD56dimCD16- (D) 

NK cells in the peripheral blood of healthy controls and lung donors. Lines describe medians, 

statistical analysis by Mann-Whitney U test. 
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Figure 3.5: CD57 and CD158b expression on peripheral blood NK cells from healthy controls (H-

PB) and cancer resection patients (CR-PB). (A, B) Representative flow cytometry plots of CD57 (A) 

and CD158b (B) expression on NK cells from a H-PB donor. Gates were set based on negative 

staining with isotype controls. Quantification of CD57 (C) and CD158b (E) expression on peripheral 

NK cells in CR-PB (N=9) and H-PB (N=11). Lines describe medians, statistical analysis by Mann 

Whitney U test. (D, F) CD57 and CD158b expression on CD56bright, CD56dimCD16+ and CD56dimCD16- 

NK cell subsets from the blood and lung. Statistical analysis by Kruskal-Wallis test with Dunn’s 

multiple comparison correction. Lines describe medians. 
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3.2.4 The Effect of Age and Gender on the Peripheral Blood NK Cell Phenotype 

Age related changes to the NK cell repertoire have been described, including altered 

CD56bright/CD56dim proportions and receptor expression [317, 441-444]. Although the precise effect 

of age on the NK cell phenotype is inconsistently reported in the literature, an immunosenescent 

phenomenon is generally agreed upon [317, 441-444]. As the age of the lung resection cohort is 

significantly greater than that of the healthy blood donors (P<0.0001, Table 3.1), the effect of age 

on the NK cell phenotypes was assessed in healthy peripheral blood. To do this, blood was taken 

from healthy controls aged 22-72 yr (REC 15/SC/0528; donor demographics in Table 2.3). This age 

range covers the median age of both the healthy control group (24 ± 8), and lung resection cohort 

(70 ± 9.75) and was used to assess potential age-related differences between the two cohorts. 

PBMCs were isolated from healthy donors by density gradient centrifugation and stored at -800C 

until use. The cells were then defrosted and stained for flow cytometry (see section 2.8). 

 

Table 3.2: Cohort demographics for healthy peripheral blood donors used to assess the effect of 

age and gender on peripheral NK cells. Median values are shown with the interquartile range 

italicised and in brackets.  

 

The relationship between age and proportion of peripheral NK cells was assessed but no correlation 

was found between the two variables (P=0.3016, Figure 3.6 A). Likewise, the proportions of 

CD56bright, CD56dimCD16+ and CD56dimCD16- subsets did not correlate with donor age (P=0.3630, 

P=0.2174 and P=0.3287 respectively, Figure 3.6 B, C and D). NK cell differentiation was analysed 

through expression of CD57 (Figure 3.7 D) but this NK cell protein was also not found to correlate 

with age (Figure 3.7 D P=0.31944).  
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Figure 3.6: The effect of age on peripheral blood NK cells. PBMCs from healthy volunteers were 

analysed by flow cytometry and phenotypic measures correlated with donor age. The relationship 

between the proportion of NK cells or NK cell subpopulations with donor age was analysed by one-

tailed Spearman’s correlation, N=22. The rank-order correlation coefficient and statistical 

significance are shown on the graphs. (A) The proportion of NK cells within CD45+ lymphocytes 

correlated with donor age (B, C, D) CD56bright, CD56dimCD16+ and CD56dimCD16-  as a percentage of 

NK cells in the peripheral blood correlated with age.   

 

The effect of donor age on the expression of NK cell activating receptors was also analysed (Figure 

3.7).  Activating receptor expression has been linked to recognition of virus’ and will be analysed on 

the lung NK cell populations in Chapter 4. However, there is some controversy over the effect of 

age on NK cell receptor expression in the literature [442, 443, 445]. Therefore, to exclude the effect 

of age on the phenotypes described in section 4.2.4, NK cell expression of NKG2C, NKp46 and 

NKG2D were compared based on donor age. As NKp46 and NKG2D are constitutively expressed by 

NK cells (shown in Figure 3.7 B and C), the surface expression of these proteins was analysed by 

MFI. Neither NKp46 or NKG2D expression was found to be affected by donor age in this cohort 

(Figure 3.7 F and G, P=0.2866 and P=0.1991 respectively). However, there was a moderate positive 

correlation between NKG2C expression and donor age (P=0.0202, Figure 3.7 A and E).  
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The increase in NK cell NKG2C expression in older blood donors demonstrates the importance of 

considering age-specific differences between cohorts. However, the data in this chapter excludes 

age difference as a reason for the increased peripheral CD56dimCD16- NK cells in CR-PB donors 

compared with healthy controls. These findings also validate the comparison of NK cell maturity 

between CR-PB and H-PB donors, as age was not found to affect this aspect of NK cell biology. 

 

Gender is another biological variable which can affect readouts from immune cells, predominantly 

due to hormonal differences between the two sexes [446, 447]. Environmental factors such as 

nutrition and the microbiome also differentially affect immune functioning in males and females 

[446, 447]. To control for this in our study the effect of gender on the NK cell phenotypes of interest 

was assessed. To do this, peripheral NK cell phenotypes in healthy controls were stratified based 

on gender.  However, no differences in the proportions of NK cells or NK cell subsets were found 

(NK cells P=0.1825, CD56bright P=0.0633, CD56dimCD16+ P=0.1791 or CD56dimCD16- P=0.2573, Figure 

3.8). Furthermore, the expression of CD57 and activating receptors on NK cells was unaffected by 

donor gender (CD57 P=0.2847, NKG2C P=0.188, NKp46 P=0.1059 and NKG2D P=0.2733, Figure 3.9). 

Therefore, the gender of lung tissue donors is unlikely to impact the lung NK cell phenotype 

examined in Chapter 4. 
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Figure 3.7: The effect of age on NK cell receptor expression. PBMCs collected from healthy 

volunteers were analysed by flow cytometry. Maturity markers and activating receptor expression 

were measured and correlated with donor age. (A, B, C) Representative flow cytometry plots of NK 

cell activating receptor expression in healthy peripheral blood. NKG2C (A), NKp46 (B) and NKG2D 

(C) are shown. NKp46 and NKG2D are constitutively expressed and are therefore presented as 

histograms. NK cell counts are presented normalised to the mode due to differences in numbers of 

acquired cells. NKG2C gating was set from negative staining with an isotype control. (D) NK cell 

CD57 expression correlated with donor age (N=14). NKG2C (N=14) (E), NKp46 (N=22) (F) and NKG2D 

(N=22) (G) expression on NK cells correlated with age. (D, E, F, G) The relationships between age 

and NK cell surface proteins were assessed by one-tailed Spearman’s correlation. The rank-order 

correlation coefficient and statistical significance are shown on the graphs.  
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Figure 3.8: The effect of gender on peripheral blood NK cells. PBMCs from healthy volunteers were 

analysed by flow cytometry. (A) The proportion of NK cells within CD45+ lymphocytes stratified by 

gender. (B, C, D) The effect of gender on the proportion of CD56bright, CD56dimCD16+ and 

CD56dimCD16-  NK cells in the peripheral blood.  Lines describe medians. All statistical analysis 

carried out by Mann Whitney U test. 
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Figure 3.9: The effect of gender on NK cell receptor expression. Healthy donor PBMCs were 

analysed for change in CD57 (A) and activating receptor expression (B, C, D) on NK cells. Activating 

receptors included NKG2C (B), NKp46 (C) and NKG2D (D). Lines describe medians. All statistical 

analysis carried out by one-tailed Mann Whitney U test. 

 

3.2.5 The Effect of Smoking Status on the Peripheral NK Cell Phenotype 

Donor smoking status was also found to differ between CR-PB and H-PB cohorts (P=0.0013, Table 

2.1) with more current and ex-smokers in those undergoing cancer resection compared to healthy 

controls. A current smoking status has been linked to increased NK cell activation, which may 

explain the increased proportion of CD56dimCD16- NK cells identified in CR-PB. Unfortunately, the 

lack of current smokers in the healthy control cohort (N=1, Table 2.1) precludes analysis of the 

effect of smoking on the healthy peripheral NK cell phenotype. However, the proportion of NK cells 

and NK cell subsets in the CR-PB cohort were stratified based on smoking status (never smoker N=3, 

ex-smoker N=15 and current smoker N=5) as shown in Figure 3.10. This analysis did not show any 

difference in the proportion of NK cells or CD56bright/CD56dim subsets between groups of current, ex 
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and never smokers (Figure 3.10). This included CD56dimCD16- NK cells, which were found at 

comparable proportions in current and ex-smokers (P>0.9999, Figure 3.10 D) and when compared 

to never smokers (current vs never P=0.4451, ex-smoker vs never P>0.9999, Figure 3.10 D). Thus it 

is unlikely that the smoking status of our cohorts is an explanation for the increases percentage of 

CD56dimCD16- NK cells in CR-PB donors. However, this analysis is limited by the sample size of never 

and current smokers; increasing the sample size would enhance the validity of these findings. 

 

Figure 3.10: The effect of smoking status on peripheral blood NK cells. PBMCs from cancer 

resection patients were isolated before flow cytometry staining for NK cells. NK cell phenotypes 

were stratified based on smoking status. Never smokers N=3, Ex-smokers N=15 and current 

smokers N=5 were analysed. (A) Proportion of NK cells as CD45+ lymphocytes (B, C, D) The 

proportion of CD56bright (B) CD56dimCD16+ (C) and CD56dimCD16- (D) NK cells. Lines describe 

medians. All statistical analysis carried out by Kruskal-Wallis test with Dunn’s multiple comparison 

correction. 
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3.3 Discussion 

3.3.1 Culturing Primary Human NK Cells 

Together the experiments presented in this chapter show that NK cells can be successfully isolated 

from human blood, cultured and stored with a preserved phenotype and minimal activation. In 

addition, this work has explored potential demographic effects on reported NK cell phenotypes, 

including age, gender and smoking status and are summarised in Table 3.3.   

 

Table 3. 1 Summary of the key results in Chapter 3. The comparisons made in each Figure are 

summarised alongside the main findings of this chapter. 

 

This work reported 11.9% ± 7.62 NK cells from the blood of healthy controls (N=15) with 4 % ±2 

CD56bright, 88.2% ± 15.45 CD56dimCD16+ and 6.86 % ± 14.55 CD56dimCD16- NK cells, consistent with 

findings from the literature (Figure 3.4) [276]. CD56dimCD16- NK cells are not always reported in the 

peripheral blood but have been described by Amand et al. and Romee et al.  [313, 314, 320]. It has 

been suggested that contaminating CD56+CD3+ cells could account for the reported CD56dimCD16- 

phenotype, however strong staining for the CD3 protein, as shown in Figure 2.3, allowed T cell 

exclusion from the analysis in this chapter [316]. Furthermore, the CD56dimCD16- NK cell phenotype 

has been associated with NK cell activation, possibly through CD56 and CD16 shedding following 

the action of metalloproteases on the cell surface [314, 316, 317, 320]. The loss of CD16 from the 
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immunological synapse in this way has been suggested to loosen NK cell binding with target cells 

to allow increased serial engagement of targets, promoting NK cell function [448].  

 

NK cell culture in vitro resulted in a 7.5% increase in CD56dimCD16- NK cells (Figure 3.1) which was 

exacerbated by removal of FCS (Figure 3.2). This indicates that NK cells could be slightly activated 

by ex vivo culture. This may be because NK cells are responding to PBMCs that have become 

stressed or activated during the isolation process [449]. Other in vitro stressors could include NK 

cell exposure to plastic, heparin and Ficoll [450-452]. CD56bright NK cell proportions were also found 

to rise fractionally from 3.4% to 7.2% which may be related to the death of CD56dim NK cells 

following in vitro activation [314, 316, 317, 320, 438, 453]. In support of this CD56dimCD16- NK cells 

were found to be the least viable in culture conditions (Figure 3.2H).  

 

CD56dimCD16- NK cell have also been reported to be increased by cryopreservation protocols, a 

result most likely due to cellular activation or stress [315]. However, the cryopreservation protocol 

in this thesis (section 2.6) was not found to alter the proportion of CD56dimCD16- NK cells (P=0.125, 

Figure 3.8). In fact, storage of frozen peripheral NK cells in FCS and 10% DMSO allowed the recovery 

of viable cells and preserved NK cell subpopulations (Figure 3.3). Taken together these results 

suggest that careful handling of primary human NK cells is essential to preserving in vivo NK cell 

phenotypes. Short in vitro culture and minimal manipulation should be favoured in protocols to 

assess their function. 

  

3.3.2 Peripheral NK cells from Healthy Controls and Resection Donors are Phenotypically 

Comparable 

In chapters 4 and 5 macroscopically normal lung tissue taken from cancer resection surgeries will 

be used to interrogate the lung NK cell phenotype and function. To validate the use of this material 

and to exclude disease-specific effects on the NK cell phenotype, the peripheral blood from cancer 

resection donors (CR-PB) was compared to a healthy control group (H-PB). The proportion of NK 

cells was found to be equivalent between the two groups, as were CD56bright NK cells (P=0.3397 and 

P=0.7505 respectively, Figure 3.4 A and B). However, CR-PB was found to contain more 

CD56dimCD16- NK cells and fewer CD56dimCD16+ NK cells (P=0.009 and P=0.0305 and respectively, 

Figure 3.4 C and D). As CD56dimCD16- NK cells are thought to represent an activated and dying 
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phenotype this might suggest that CR-PB NK cells are more activated than those from healthy 

controls [314, 316, 317, 320].  

 

It is possible that the increase in CD56dimCD16- NK cells in CR-PB may be a cancer-related effect. 

CD56dimCD16- NK cells have been identified in the blood and tumour sites of breast cancer patients 

and have been shown to degranulate when exposed to tumour targets [316, 318]. Interestingly, 

CD56 and CD16 downregulation have also been observed in disease contexts where the immune 

system is activated [318-320]. For instance, CD16 was reduced on CD16highCD57+ (CD56dimCD16+) 

NK cells following influenza vaccination and this change was associated with NK cell degranulation 

in the blood of vaccinated individuals [319]. However, the demographic differences between 

resection donors and healthy controls could also explain the reported difference in CD56dim NK cells. 

For instance, there are significant differences between healthy blood donors and those undergoing 

cancer resection, including age and smoking status (Table 2.1).  

 

Smoking status has been reported to affect lung and blood NK cell cytotoxicity against K562 targets, 

with reduced degranulation in current smokers compared to ex-smokers [362]. Unfortunately, the 

effect of smoking status could not be assessed in healthy controls due to a limited number of 

current and ex-smokers in this cohort (Table 2.1). However, analysis of NK cell and subset 

proportions in CR-PB did not yield any differences based on donor smoking status (Figure 3.10), 

including the proportion of CD56dimCD16- NK cells. Although limited by a small sample size of never 

and current smokers these results indicate that the difference in CD56dim NK cell proportions 

between CR-PB and H-PB is unlikely to be explained by smoking status.  Gender has also been found 

to affect immune cell function but this was also not found to affect either proportions of CD56bright 

and CD56dim NK cells or receptor expression in this study (Figure 3.8 and Figure 3.9) [446, 447].  

 

3.3.3 NK cells and Ageing 

Age has been reported to alter CD56bright:CD56dim ratios in the blood and could explain the 

difference in CD56dimCD16- NK cell populations observed between these two cohorts (Figure 3.4 D) 

[317, 441-443, 445, 454, 455].  However, age effects on the NK cell phenotype are inconsistently 

reported in the literature [317, 441-443, 445, 454, 455].  Different study inclusion criteria, 

preparations of peripheral blood NK cells and experiment duration confound our understanding of 

NK cell functionality in the elderly. As the healthy blood donors recruited in this study significantly 
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differed in age to lung tissue donors (P<0.0001, 24 ± 8 yr vs 70 ± 9.8 yr) the effect of this age 

difference was investigated in the peripheral blood. To do this the NK cell phenotype was analysed 

on donors between the ages of 22 and 72 (see section 2.1 and Table 3.2 for cohort demographics). 

However, no differences were observed in the proportion of total NK cells or CD56bright and CD56dim 

subsets based on age (Figure 3.6). This conflicts with several reports which have described 

increased proportions of NK cells in >65yr cohorts with decreased CD56bright and increased CD56dim 

NK cells [317, 441-443, 445, 454, 455]. Although differences in cohort demographics make it 

difficult to compare studies, it is possible that any change in the proportion of CD56bright and CD56dim 

NK cells during ageing may be too subtle to be observed in our study at its current size. However, 

Le Garff-Tavernier et al. 2010 analysed cohorts of ages similar to the groups described here and 

described no difference in the proportion of blood NK cells between adult (18-60yr) and elderly (60-

80yr) cohorts, with increased proportions of peripheral blood NK cells only observed in the 80-100yr 

group [442]. In addition Hayhoe et al. 2010 describes a very gradual increase in the 

CD56dim:CD56bright ratio with age that becomes more marked past the age of 50 [455].  

 

Although CD57 expression has consistently been shown to be increased in cohorts of 50-80 yr when 

compared to younger age groups, no difference in CD57 expression was observed between 22 and 

72 in this thesis (Figure 3.7 A) [442, 445, 456]. NKp46 expression also appeared steady between the 

age groups in our analysis (Figure 3.7 C), a finding that is also supported by Le Garff-Tavernier et al. 

2010 [442]. However, this is a subject of controversy in the literature with some authors describing 

decreased NKp46 during aging [443, 445]. NKG2D expression was also statistically comparable 

between ages (Figure 3.7 D), a finding consistent with previous reports [442, 445]. Interestingly, 

increased NKG2C expression was identified on peripheral NK cells from older donors (P=0.0202, 

Figure 3.7 B). This may relate to donor CMV status as NKG2C+ NK cells have been found to expand 

during CMV, a common systemic virus which will infect 80% of the UK population by the time 

they’re 65 [457]. CMV infection is life-long and the likelihood that a person is carrying this virus 

increases with age [457, 458]. Therefore the positive correlation between NK cell NKG2C expression 

and age found in this thesis could be related to CMV-mediated expansion of NKG2C+ NK cells 

throughout life-time [349, 353-356, 442, 459]. This finding highlights the importance of considering 

age-related effects on the immune phenotype, particularly given the advanced age of the lung 

tissue donors in this study. However, the results from this chapter indicate that age of lung tissue 

donors in this thesis would not affect the gross NK cell phenotype, maturation state or expression 

of the activating receptors NKp46 and NKG2D. Furthermore, these results exclude both age, gender 

and smoking status as a reason for the observed increase in CD56dimCD16- NK cells in CR-PB 

compared to healthy controls.  
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3.3.4 Summary 

The results described here demonstrate the effects of isolation, culture and storage on NK cells 

taken from human peripheral blood. These data indicate that primary NK cells can be isolated, 

cultured and stored with minimal changes to phenotype whilst maintaining function. Small changes 

in the CD56bright/CD56dim ratio were observed following in vitro culture with increases in 

CD56dimCD16- NK cells. This is most likely due to a small amount of activation during isolation and 

culture. These data indicate that prompt and minimal handling of NK cells is required to preserve 

the NK cell phenotype. Furthermore, the NK cell phenotype in the periphery of cancer resection 

patients was mostly unchanged compared to healthy controls with the exception of a raised 

proportion of CD56dimCD16- NK cells and decreased CD56dimCD16+ NK cells. This change suggests a 

greater level of NK cell activation in CR-PB and may be a cancer-related effect or due to smoking 

status, as CD56bright and CD56dim subsets were not affected by age. Thus the presence of cancer 

minimally affected the peripheral NK cell phenotype. Finally, this chapter has reported a validated 

flow cytometry panel for the assessment of NK cell phenotype, which can now be applied to cells 

from the human lung.  
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Chapter 4 The NK Cell Phenotype in the Human Lung 

4.1 Introduction 

An analysis of the human lung NK cell phenotype was first reported by Marquardt et al. in 2017, 

who found that NK cells comprised 10-30% of lymphocytes and were predominantly mature 

canonical CD56dimCD16+ NK cells [362]. Despite this cytotoxic phenotype, lung NK cells are 

hypofunctional in response to K562 targets, PMA and cytokine stimulation [364-366]. Thus the lung 

environment appears to exert a repressive effect on NK cells, suggesting that there is unique 

regulation of NK cells in this setting [365-367]. Despite their key role in early innate immune 

defense, NK cell biology in human lungs is poorly understood. Characterizing the phenotypic 

features of lung NK cells may shed light on NK cell function, regulation, trafficking and residency 

within the lung environment.  

 

Therefore, in this chapter the human lung NK cell phenotype was analyzed in terms of maturity, 

activating receptor expression and residency. Resident NK cell populations have been identified in 

many human organs including the liver, adipose tissue, skin, kidney, salivary glands, uterus and 

lymph nodes but have yet to be identified in the lungs [293, 340]. To investigate the lung NK cell 

phenotype a previously published method of lung resident T cell isolation was validated for the 

extraction of NK cells [428, 429, 460]. Human lung tissue was obtained from cancer resection 

surgeries taking place at Southampton General Hospital (REC 08/H0502/32) and the NK cell 

phenotype analysed by flow cytometry. Macroscopically normal lung tissue, distal from tumour 

sites was taken for analysis. As described in section 3.3.2, minimal change to the peripheral NK cell 

phenotype was found in cancer resection donors compared to healthy controls, giving confidence 

in the analysis of lung tissue from these patients. As a further control for disease effects, the lung 

NK cell phenotype was compared to matched peripheral blood. Finally, many lung tissue donors 

had underlying pathology in the form of COPD. This chronic inflammatory disorder has been 

associated with dysregulated NK cell function, as discussed in section 1.5.5 [361, 461]. Therefore, 

the NK cell phenotype was also examined relative to the obstructive lung disease status of tissue 

donors.  
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4.2 Results 

4.2.1 Isolating NK Cells from Human Lung Tissue 

To isolate NK cells lung parenchyma was cut into 2-3mm2 portions and washed thoroughly in RPMI 

to remove contaminant peripheral blood. The lung tissue was then rested in 10% (v/v) FCS RPMI 

for 16h, as this was found to support NK cell survival (Figure 3.2).  The connective tissue was 

disrupted by 0.5mg/mL collagenase treatment for 15min at 37°C, as described in section 2.12.1. 

This method avoided erythrocyte lysis and minimised enzymatic treatment to preserve in vivo 

cellular phenotypes. The yield of NK cells was compared following tissue rest and collagenase 

digestion (Figure 4.1). 

 

Figure 4.1: The NK cell yield from digested lung tissue. (A, B) The yield of NK cells from lung tissue 

allowed to rest in media for 16 h and then digested with collagenase for 15 min at 37°C. The yield 

from each protocol stage in compared, lines denote individuals. (A) NK cell yield was calculated 

based on the number of CD3-CD56+ cells detected by flow cytometry normalised to total cell 

counts. (B) NK cells as a fraction of CD45+ lymphocytes. Statistical analysis performed by one-tailed 

Wilcoxon test. Lines denote individual donors. (C, D) Summary of lymphocyte populations isolated 

from rested tissue (media) (C) and after collagenase digestion (D).  
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NK cells were identified in both the culture media used to rest lung tissue and following collagenase 

digestion of the lung pieces (Figure 4.1). The yield of NK cells from the lung tissue varied extensively, 

ranging between 0.34% and 5.67% of cells in the culture media and 0.28% to 3.46% in collagenase-

digested tissue (Figure 4.1 A). Consistently fewer NK cells were measured after collagenase-

digestion than in the culture media (P=0.0195, Figure 4.1 A). However, NK cells made up a greater 

proportion of the CD45+ lymphocytes recovered from the digested tissue than the culture media 

(27.4% vs 17.2% respectively, P=0.0391 Figure 4.1 B). CD56- T cells and other lymphocytes made up 

a bigger proportion of the lymphocytes isolated from the culture media (Digest CD56- T cells; 64.3, 

culture media CD56- T cells; 49.2%, Figure 4.1 C and D). The median number of NK cell events in 

digested lung tissue was 10,011 ± 9,073 with a minimum value of 2,760 (N=8), thus demonstrating 

a sufficient yield for flow cytometry analysis.  

 

To exclude any effect of collagenase treatment on the detection of cell surface protein, human 

PBMCs were treated with or without 0.5mg/mL collagenase for 15 min at 37°C and analysed by flow 

cytometry. This treatment with collagenase enzyme did not affect measures of NK cell defining 

proteins such as CD45, CD3, CD56 or CD16 (Figure 4.2 A, B, C and D). Neither were other phenotypic 

markers affected, including CD69, CD103 and CCR5 (Figure 4.2 E, F and G). CD49a resistance to 

collagenase had been previously validated [462]. Unfortunately, collagenase digestion was found 

to reduce the detection of CXCR3 on PBMCs and therefore this marker could not be analysed in 

digested tissue explants (Figure 4.2 H).  
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Figure 4.2: Treatment in collagenase does not affect antibody binding or detection. 1x106 PBMCs 

from healthy controls were treated with 0.5μg/mL collagenase for 15min at 37°C and antibody 

binding measured by flow cytometry (A, G N=4) (B, C, D N=5) (E, F, H N=3). Where N numbers are 

small statistical analysis was performed by one-tailed T test. Lines denote individual donors. 

 

CD56bright, CD56dimCD16+ and CD56dimCD16- NK cells could all be identified in human lung tissue 

(Figure 4.3 A). CD56dimCD16- NK cells were found to be increased in collagenase-digested tissue 

compared to the culture media (10.7% vs 23.5% respectively, P=0.0156, Figure 3.3 D). There was a 

non-significant trend for reduced CD56bright NK cells in the collagenase digested fraction indicating 

that these cells may have become activated (digest; 16% vs media; 11.6%, P=0.1484 Figure 3.6 B) 

as there was no difference in the proportion of CD56dimCD16+ NK cells (media; 67.5% vs digest; 

52.9% respectively, P=0.3828, Figure 4.3 C).  
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Figure 4.3: CD56bright and CD56dim NK cells isolated from the human lung. (A) Summary of the 

percentage of CD56bright, CD56dimCD16+ and CD56dimCD16- NK cell isolated from human lung 

parenchyma following non enzymatic isolation (media) and collagenase digestion (N=8). Median 

proportions are shown. (B, C, D) Direct comparison of CD56bright (B), CD56dimCD16+ (C) and 

CD56dimCD16- (D) proportions from lung tissue were rested in media and then digested. Lines 

describe individual donors (N=8). Data was interrogated by a two-tailed Wilcoxon test as this was 

not a hypothesis driven statistical analysis.  

  

Previous work assessing lung T cells suggests that collagenase digested tissue is more relevant to 

the aims of this thesis as this fraction was found to entirely contain Trm cells [429, 460]. Therefore 

the digested lung tissue is more likely to include lymphocytes embedded within the parenchyma 

and therefore those most influenced by the pulmonary environment [429, 460]. In contrast the 

culture media is more likely to contain lymphocytes easily removed from the tissue and therefore 

may contain more circulating NK cells [460]. For this reason, collagenase-digested tissue was used 

to derive the lung NK cell phenotype in the following experiments. 
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4.2.2 Human Lung NK cells are highly differentiated 

Having validated a protocol for NK cell isolation from parenchymal human lung tissue, the 

expression of NK cell surface proteins was analysed from the lung and matched peripheral blood 

(CR-PB) by flow cytometry. Demographic information for this cohort is provided in Table 3.1. Direct 

comparisons were made between the lung and blood of the same donor to control for donor 

heterogeneity. However, the peripheral blood from cancer resection patients was found to closely 

mirror that of healthy controls (section 3.3.2).  

 

NK cells were found to make up a substantial proportion of CD45+ lymphocytes isolated from the 

human lung parenchyma (median of 10.85 % ±14.98, N=22, Figure 4.4 B and C). In four lung donors 

NK cells represented >40% of lung CD45+ cells. However, the average lung NK cell population was 

found at a similar proportion to lymphocytes in the peripheral blood (CR-PB; median 11.1% ± 4.65, 

N=22, Figure 4.4 A and C). The majority of lung-associated NK cells were canonical cytotoxic 

CD56dimCD16+ cells (69.25%) with a minority population of CD56bright NK cells (8.6%), similar to the 

phenotype of the peripheral blood (Figure 4.4 and Figure 3.4). However, the proportion of CD56bright 

NK cells was increased in the lung parenchyma compared to peripheral blood (lungs 8.6% vs blood 

3.3%, P<0.0001, Figure 4.4D). There was a corresponding trend for reduced CD56dimCD16+ NK cells 

in the lungs, although this did not reach significance (69.25% vs 82.5% respectively P=0.0522). The 

proportion of CD56dimCD16- NK cells was equivalent between the lungs and blood of resection 

donors (CD56dimCD16+, CD56dimCD16- 14.6% vs 9.55% respectively P=0.1488, Figure 4.4 E and F).  

 

To further evaluate the maturity of lung NK cells, the expression of CD57  and CD158b was analysed 

[274, 275]. CD57 was expressed on 62.7% of lung NK cells and predominantly found on 

CD56dimCD16+ NK cells, much like the peripheral blood (79.55% lung CD56dimCD16+ vs 66.75% 

blood, P>0.9999 Figure 4.5 A and B). In contrast, only 21.8% of CD56dimCD16- and 8% of CD56bright 

lung NK cells expressed CD57 (Figure 4.5 B). Lung NK cells were also strongly (36.4%) CD158b 

positive, a slight non-significant increase relative to the blood (29.9%, P=0.0742, Figure 4.5 C). 

CD158b was mainly expressed on lung CD56dimCD16+ NK cells with a 5% increase in expression 

relative to the peripheral blood (lung 38.9% vs blood 33.95%, P>0.9999, Figure 4.5 D), although this 

was not found to be a statistically significant difference. A small amount of CD158b was expressed 

on CD56bright (9.65%) and CD56dimCD16- (11.55%) lung NK cells, with small but non-significant 

increases in CD158b expression compared to the peripheral blood (4.5 C and E). The apparent high 
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maturation of lung NK cells was further confirmed through the lack of CD117 expression (N=8, 0% 

CD117+ lung NK cells), a protein which defines immature NK cell progenitors.  

 

To further explore the differentiation state of CD158b (KIR2DL2/L3/S2) expressing NK cells, the co-

expression of CD57 on CD158b+ cells was analysed, as shown in Figure 4.5. CD57 was equivalently 

distributed through CD158b positive and negative NK cells and the co-expression of CD158b and 

CD57 on lung NK cells was equivalent to matched blood (P>0.9999 for each analysis, Figure 4.5 F). 

Taken together these results indicate that lung NK cells are predominantly mature and terminally 

differentiated with a potently cytotoxic phenotype, strongly mirroring the phenotype of the 

peripheral blood [275].  
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Figure 4.4: NK cells are found at similar proportions in matched blood (CR-PB) and lung. (A, B) 

Quantification of CR-PB and lung CD45+ lymphocyte populations, N=22. (C) NK cells as a percentage 

of CD45+ lymphocytes in matched blood and lung (N=22) (D, E, F) Proportions of CD56bright, 

CD56dimCD16+ and CD56dimCD16- NK cells in lung tissue and matched blood (N=22). Lines describe 

medians, statistical analysis by Wilcoxon signed-rank test. 
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Figure 4.5: CD57 and CD158b expression on lung and blood NK cells. CD57 (A) and CD158b (C) 

expression on NK cells in the peripheral blood (CR-PB) and lung of cancer resection patients (N=9). 

Lines describe medians, statistical analysis by Wilcoxon signed-rank test. (B, D) CD57 and CD158b 

expression on CD56bright, CD56dimCD16+ and CD56dimCD16- NK cell subsets from the blood and lung. 

Statistical analysis by Friedman’s test with Dunn’s multiple comparison correction. (E) 

Representative flow cytometry plot describing lung NK cell CD57 and CD158b co-expression. Gates 

were set based on negative staining with isotype controls. (F) CD57 and CD158b expression on NK 

cells from the lung and matched blood (CR-PB (N=7). Statistical analysis by Friedman’s test with 

Dunn’s multiple comparison correction.  NK Cell Activating Receptor Expression in the Blood and 

Lung 
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As discussed in section 1.4.3, the activating receptors NKp46, NKG2D and NKG2C can stimulate NK 

cell cytotoxicity towards virally infected cells, including IAV [254, 353, 354].  The expression of these 

activating receptors was therefore measured on NK cells isolated from the lungs and analyzed 

relative to the peripheral blood. AS NKp46 and NKG2D are constitutively expressed by NK cells the 

surface expression of these proteins are presented as sMFI.  

 

Consistent with the reported peripheral blood phenotype, NKp46 was strongly expressed on 

CD56bright NK cells and only weakly on CD56dim NK cell subsets (Figure 4.6 B). This pattern of 

expression was also found on lung NK cells. NKp46 expression did not differ between the blood and 

lungs at the gross NK cell level (P=0.2769, Figure 4.3 A) or when stratified based on CD56 and CD16 

expression (P>0.9999 for all analyses, Figure 4.6B). NKG2C was also expressed similarly between 

the blood and lung (6.4% vs 10.5%, P=0.8906 Figure 4.6 E). The proportions of NKG2C+ CD56bright, 

CD56dimCD16+ and CD56dimCD16- NK cells were all equivalent between the lungs and blood 

(P=0.7789, P=0.4214 and P=0.779 respectively, Figure 4.6 F).  

 

Interestingly, NKG2D expression was significantly increased on lung NK cells compared to the blood, 

however the difference in average sMFI was small (135.5 vs 93.5 P=0.0488, Figure 4.3 C) with 

outliers in the lung group. Interestingly, this increase in NKG2D expression was only found on the 

lung CD56dimCD16- NK cells (P=0.0362, Figure 4.6 D). No statistical differences were found in the 

expression of NKG2D on CD56bright or CD56dimCD16+ NK cells between the lung and blood (P>0.9999 

for both subsets, Figure 4.6D). Taken together these results show that in general lung NK cells do 

not differ from the blood in their expression of these three key anti-viral activating receptors, with 

the exception of a slight increase in lung CD56dimCD16- expression of NKG2D. 
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Figure 4.6: Activating receptor expression on lung and blood NK cells. (A, C, E) NKp46 (N=15), 

NKG2D (N=11) and NKG2C (N=19) expression on NK cell subsets in peripheral blood (CR-PB) and 

lungs of resection donors. Lines describe medians, statistical analysis by Wilcoxon signed-rank test. 

(B, D, F) NKp46, NKG2D and NKG2C expression on CD56bright, CD56dimCD16+ and CD56dimCD16- NK 

cells from the blood and lung. Statistical analysis by Friedman’s test with Dunn’s multiple 

comparison correction.  
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4.2.4 Residency Markers on NK cells of the Human Lung 

Thus far, NK cells of the lung appear very phenotypically similar to the peripheral blood. To 

investigate unique pulmonary NK cell populations the expression of the residency markers, CD49a, 

CD103 and CD69 were investigated. As shown in Figure 4.7 a distinct CD49a+ NK cell population 

was identified in the lung parenchyma and not found in the circulation (P<0.0001). CD49a+ NK cells 

made up 13.3% ±11 of the total lung NK cell population and were primarily CD56brightCD16- and 

CD56dimCD16- NK cells (44.2% and 27.3% respectively, Figure 4.7 A and 4B). Negligible amounts of 

CD49a were detected on CD56dimCD16+ lung NK cells (3.8%) and none detected in the peripheral 

blood. Other markers of residency, CD69 and CD103 were also identified in the lung parenchyma. 

A small proportion of lung NK cells (3.65% ±7.65) expressed CD103, a protein not found on blood 

NK cells (P=0.016, Figure 4.7 C). The expression of CD103 on NK cell CD56bright and CD56dim subsets 

mirrored that of CD49a, with most CD103 expressed on CD56bright NK cells (31.7%) and a smaller 

expression on CD56dimCD16- NK cells (8.35%, Figure 4.7 D). Minimal CD103 expression (0.05%) was 

found on lung CD56dimCD16+ NK cells. 

 

In contrast, CD69 was not found to be expressed differently between the blood and lung at the 

whole NK cell level (22.1 vs 22.75% respectively P=0.9453, Figure 4.7 E). CD69 was also found to be 

expressed equivalently by lung and blood CD56dimCD16+ and CD56dimCD16- NK cells (P=0.33 and 

0.18 respectively). However, CD69 was increased on lung CD56bright cells (lung 67.25% vs blood 

21.2%, P=0.0015, Figure 4.7 F). 
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Figure 4.7: Distinct NK cell populations are present in the lung, but not the blood. (A, C, E) Flow 

cytometric analysis of CD49a (N=22), CD103 (N=8) and CD69 (N=8) expression on lung and blood 

NK cells. Statistical analysis performed by Wilcoxon signed-rank test. Lines describe medians. (B, D, 

F) Residency marker expression on CD56bright and CD56dim NK cell subsets. Statistical analysis by 

Friedman’s test with Dunn’s multiple comparison correction. 
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To visualise the co-expression of CD49a, CD69 and CD103, CD56bright NK cells were analysed as 

shown in Figure 4.8 A and B. A t-distributed stochastic neighbour embedding (t-SNE) analysis of 

CD56bright NK cells was performed based on the expression of the three residency markers (Figure 

4.8 C). Lung CD56bright NK cells clustered together and appear distinct to CD56bright of matched 

peripheral blood (Figure 4.8C). Strong individual heterogeneity can be observed in this analysis as 

each individual was represented as a distinct cluster. This same technique was used to visualise the 

expression of CD49a, CD103 and CD69 on CD56bright NK cells in the lung (Figure 4.8 D). CD56bright lung 

NK cells consisted of single positive, double positive and triple positive populations for CD49a, 

CD103 and CD69. CD69 and CD103 were strongly co-expressed by CD49a positive CD56bright NK cells 

compared to CD49a negative cells (P=0.0496, Figure 4.8E). CD49a+CD103+CD69+ cells made up one 

of the largest populations (20.9% ±12.66) of lung CD56bright NK cells (Figure 4.8 F and G). Interestingly 

single positive CD49a+ NK cells were positioned together with triple and double positive CD56bright 

NK cells in the t-SNE analysis (Figure 4.8 C). In contrast only CD69 was detected in the peripheral 

blood (Figure 4.8 G). CD69 single positive CD56bright NK cells were also identified in the lungs and 

found at a similar proportion to the blood (CR-PB; 22.8% of CD56bright NK cells vs lung; 25.7%). 
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Figure 4.8: CD56bright CD49a+ lung NK cells co-express CD69 and CD103. (A) Gating strategy to 

define co-expression of CD69 and CD103 on CD49a+ and CD49a- populations of CD56bright NK cells 

isolated from the lung (A) and blood (CR-PB) (B). (C) t-SNE plot of CD56bright NK cells in matched 

blood (blue) and lung (orange) based on CD49a, CD69 and CD103 expression (N=16, 8 individuals). 

From each sample 300 events were randomly selected. Perplexity=20, 1000 iterations. (D) t-SNE 

plot of CD56bright NK cells isolated from the lungs based on CD49a, CD69 and CD103 expression 

(N=6). Cells are coloured according to expression of each marker, showing single-positive (SP), 

double-positive (DP) and triple-positive (TP) populations. 600 events were randomly selected from 

each sample. Perplexity=20, 1000 Iterations. A singlet gate based on Forward Scatter (FSC)-A versus 

FSC-W was included for the cells in this analysis. (E) Quantification of CD69 and CD103 expression 

on CD49a+ and CD49a-  NK cell populations of the lung and blood.  Lines described medians, 

statistical analysis by Friedman’s test with Dun’s multiple comparison correction (N=8). Overall P 

value <0.001 (F, G) Quantification of residency marker expression on CD56bright NK cells of matched 

blood (F) and lung (G). Key as shown in D. TP = triple positive, DP = double positive, SP= single 

positive and TN= triple negative. 

 

A similar analysis was conducted for CD56dimCD16- NK cells, as this subset of NK cells was also found 

to express CD49a and CD103, albeit at a lower level to CD56bright NK cells (Figure 4.7). The co-

expression of residency markers on lung CD56dimCD16- NK cells was similar to that seen for CD56bright 

NK cells (Figure 4.9). The same triple, double and single positive populations of NK cells were 

observed as in the CD56bright subset (Figure 4.9 A, C and D) and most double positive and single 

positive populations were found in similar proportions to CD56bright NK cells (Table 4.1). 

Furthermore, CD69 and CD103 were also strongly co-expressed with CD49a on this subset 

(P=0.0089, Figure 4.9 B). This is visualised by t-SNE analysis of CD56dimCD16- residency marker 

expression as CD56dimCD16- CD49a+ cells clustered closely with CD49a+CD103+CD69+ cells (Figure 

4.9 A). Whereas single positive CD69 NK cells made up a cluster distinct from other residency 

marker expressing cells.  

 

There were some differences between residency marker expression in CD56bright and CD6dimCD16- 

NK cells.  For instance, triple positive CD69+CD49a+CD103+ cells made up a significantly smaller 

proportion of the CD56dimCD16- subset compared to CD56bright (4.4% vs 20.9% respectively 

P=0.0234, Table 4.1). There was also a smaller proportion of CD49a-CD69+CD103+ cells in 

CD56dimCD16- NK cells (CD56dimCD16- 4.25% vs CD56bright 9.45%, P=0.0391, Table 4.1). Finally, NK 

cells single positive for CD69 were increased in CD56dimCD16- NK cells relative to CD56bright NK cells 
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(P=0.0078, Table 4.1) suggesting that lung CD56dimCD16- NK cell subset may be more activated than 

the CD56bright NK cells. Residency marker expression on both CD56bright and CD56dimCD16- cells and 

their comparison is summarised in Table 4.1. 

 

 

Figure 4.9: CD56dimCD16- CD49a+ lung NK cells co-express CD69 and CD103. (A) t-SNE plot of 

CD56dimCD16- NK cells isolated from the lungs based on CD49a, CD69 and CD103 expression (N=6). 

Cells are coloured according to expression of each marker, showing single-positive (SP), double-

positive (DP) and triple-positive (TP) populations. From each sample 1000 events were randomly 

selected. Perplexity=20, 1000 iterations. (B) Quantification of CD69 and CD103 co-expression of 

CD49a+ and CD49a- CD56dimCD16- NK cell populations of the lung and blood.  Lines describe 

medians, statistical analysis by Friedman’s test with Dun’s multiple comparison correction (N=10). 

(C, D) Residency marker expression on CD56bright NK cells of matched blood (D) and lung (C). Key as 

shown in A. TP = triple positive, DP = double positive, SP= single positive and TN= triple negative. 
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Table 4.1: Summary of the percentage expression of residency markers CD49a, CD103 and CD69 

on CD56bright and CD56dimCD16- lung NK cells. Median values and italicized interquartile range are 

shown. TP = triple positive, DP = double positive, SP= single positive and TN= triple negative. 

Statistical analysis by Wilcoxon signed-rank test. 

 

Resident CD49a+ NK cell populations have been associated with a memory phenotype, as CD49a+ 

cells mediate an enhanced NK cell response to secondary challenge with hapten [336]. How this 

innate memory may be generated remains a mystery, but one possible explanation is an altered 

balance of inhibitory and activating receptors on the NK cell surface [344]. For instance CMV 

infection has been associated with expanded populations of NKG2C+ NK cells [349, 353-356]. 

Therefore, the expression of activating receptors, NKp46, NKG2D and NKG2C was compared 

between CD49a+ and CD49a- NK cells after stratified based on CD56 and CD16 expression (Figure 

4.10). Within CD56bright NK cells, NKp46 expression was reduced on CD49a+ cells compared to 

CD49a- cells (P=0.0254, Figure 4.10A). In contrast NKG2D and NKG2C expression was increased on 

CD56bright NK CD49a+ cells (P=0.0078 and P=0.0049 respectively, Figure 4.10 B and C). A similar trend 

for reduced NKp46 expression on CD49a+ cells was observed in CD56dimCD16- NK cells (P=0.0640, 

Figure 4.10 D) and an increase in NKG2D expression was also measured on CD49a+ CD56dimCD16- 

NK cells (P=0.0420, Figure 4.10 E). However, NKG2C was not differentially expressed by CD49a+ and 

CD49a- CD56dimCD16- NK cells (P=0.1602, Figure 4.10 F). Taken together these results show a 

distorted expression of activating receptors on CD56brightCD49a+ cells, indicating that activating 

signaling might be amplified in this NK cell population. Similar trends were found in the activating 

receptor profiles of resident CD56dimCD16- NK cells but the differences were not as clear. 
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Figure 4.10: Activating receptors are expressed differentially on CD49a+ and CD49a- NK cells of 

the lung. (A, B, C) NKp46 (N=11) (A), NKG2D (N=9) (B) and NKG2C (N=11) (C) expression on CD56bright 

CD49a+ and CD49a- NK cells isolated from the lungs. (D, E, F) NKp46 (D), NKG2D (E) and NKG2C (F) 

expression on CD56dimCD16-  CD49a+ and CD49a- NK cells isolated from the lungs. Statistical analysis 

by Wilcoxon signed rank test, lines denote individual donors. 

 

4.2.5 CCR5 is enriched on Human Lung NK Cells 

The novel identification of a resident NK cell population in the lungs raises questions about how NK 

cells traffic through the lungs. The hypothesis of this thesis is that CD56bright CD49a+CD69+CD103+ 

NK cells are recruited to the lungs via CCR5 as this  receptor involved in maintaining liver rNK cells, 

[332]. Therefore, this receptor was measured on CD49a+ and CD49a- NK cells in the lung. CXCR6 

and CXCR3 have also been linked to the recruitment of resident NK cells to the liver, lymph node 

and spleen [300, 332, 333]. Unfortunately, CXCR6 could not be detected in the lungs due to 

technical issues with high tissue autofluorescence whilst CXCR3 detection was inhibited by 

collagenase digestion (Figure 4.2). 
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CCR5 expression was first analysed on the whole NK cell population and was detected on 16.9% ± 

10 of lung NK cells but only on 3.75% ± 1.6 of NK cells in the peripheral blood (P=0.0020, Figure 4.11 

A). Interestingly, CCR5 was predominantly found on lung CD56dimCD16- NK cells (39.85%) with a 

smaller degree of expression on CD56bright (27.35%) and CD56dimCD16+ (6.55%) NK cells. 

Furthermore, CCR5 was significantly increased on lung CD56dimCD16- cells relative to the peripheral 

blood, in which only 7.1% of CD56dimCD16- NK cells were positive for CCR5 (P=0.0046, Figure 4.11B). 

There was also a trend for increased CCR5 expression on CD56bright lung NK cells but this did not 

reach significance (lung 27.35% vs blood 11.5% P=0.1675, Figure 4.11 B). Only a small proportion 

(6.55%) of lung CD56dimCD16+ NK cells expressed CCR5 and this was comparable with the blood 

(4.25%, P=0.7685, Figure 4.11 B). 

 

Figure 4.11: Lung NK cells express greater levels of CCR5 than in the periphery. (A) Expression of 

CCR5 on matched blood and lung NK cells. Statistical analysis by two-tailed Wilcoxon signed rank 

test. Lines describe medians. (B) CCR5 expression on CD56bright and CD56dim NK cell subsets of the 

peripheral blood and lung. Statistical analysis by Friedman’s test with Dun’s multiple comparison 

correction. (C, D) CCR5 expression on lung CD49a+ and CD49a- NK cells. NK cells were first stratified 

based into CD56bright (C) and CD56dimCD16- (D) subsets. Statistical analysis by Wilcoxon signed-rank 

test. 



Chapter 4 

89 

The expression of CCR5 was compared on CD49a positive and negative NK cells, as shown in Figure 

4.11 C and D. In both CD56bright and CD56dimCD16- NK cells CCR5 expression was enriched on CD49a+ 

NK cells (P=0.0039 and P=0.0078 respectively, Figure 4.11 C and D). A median of 56.8% of CD56bright 

CD49a+ cells expressed CCR5 compared to 30.9% of CD49a- cells. Similarly, 72% of CD56dimCD16- 

CD49a+ cells were CCR5 positive with only 47.3% of CD49a- expressing this chemokine receptor 

(Figure 4.11D). These results show that CCR5 is differentially expressed by CD49a positive NK cells 

and these cells may therefore be more sensitive to CCR5-based chemotaxis in the lungs. However, 

CCR5 expression was still greater on CD49a- lung NK cells compared with CD49a- peripheral blood 

NK cells (CD56bright P=0.0078 and CD56dimCD16- P=0.0039) showing that CCR5 is generally increased 

on lung NK cells, including the non-resident populations. Taken together these results suggest that 

CCR5 might play a role in NK cell homing to the lung and could represent a potential mechanism for 

CD49a+ NK cell retention in this organ. 

 

4.2.6 The Lung NK cell Phenotype in COPD 

COPD is a chronic inflammatory disease of the lung, during which lung NK cell cytotoxicity increased 

[361, 461]. COPD is a common comorbidity of lung cancer and 15 of the lung tissue donors had been 

diagnosed with this disease. Therefore, to investigate whether the NK cell phenotype is altered in 

COPD, phenotyping data was stratified based on a diagnosis of COPD (Table 4.2). In section 4.2.5 

unique CD49a+ NK cell populations were identified in the human lung which may have as yet 

undiscovered roles in pulmonary health and disease. To explore this aspect of lung NK cell biology 

in COPD the expression of CD49a on lung NK cells were also stratified based on COPD status.  

 

Within the lung tissue donors diagnosed with COPD, four individuals had been diagnosed with mild 

disease, ten with moderate COPD and one with severe COPD, based on GOLD classifications (Table 

4.2). Lung donors with COPD had reduced lung function compared to those without COPD, with a 

FEV1% value of 70 ± 16.5 compared to 89 ± 21 in non-COPD donors (P=0.001, Table 4.2). The COPD 

cohort also had increased donor smoking, including a greater pack year history (COPD; 45 ± 22.5 vs 

non-COPD; 20 ± 35, P=0.0087, Table 4.2) and more current and ex-smokers at the time of resection 

(P=0.0337, Table 4.2). Otherwise lung tissue donors with and without COPD were equivalent in 

terms of age, gender and location of resection surgery (P=0.6575, P=0.7051 and P=0.2230 

respectively, Table 4.2). 
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Table 4.2: Cohort demographics for lung tissue donors with and without COPD.  Median values 

and italicised interquartile range are shown. * indicates additional locations of resection surgeries. 

COPD severity was classified based on GOLD recommendations; Mild COPD where FEV1% > 80%, 

Moderate COPD with FEV1% between 50 and 80 and severe disease with FEV1% < 50. NA = Data 

not available. FEV1% = FEV1 / (FEV1/FVC) x 100. FVC= Forced Vital Capacity. ICS = Inhaled 

corticosteroids.  1 Two-tailed Mann Whitney Test 2 Fisher’s Test 3 Chi-square Test. 

 

Analysis of the proportion of NK cells in the lung lymphocytes did not show any difference between 

COPD and non-COPD lung donors (P=0.3686), nor in the proportion of lung CD56bright, CD56dimCD16+ 

or CD56dimCD16- NK cells (P=0.6094, P=0.3105 and P=0.01413 respectively, Figure 4.12). 

Furthermore, the expression of CD49a by both CD56bright and CD56dimCD16- NK cells was equivalent 

between donors with and without COPD (P=0.7938 and P=0.6948 respectively, Figure 4.12 E and F).  

 

FEV1% predicted, a measure of lung function is used to diagnose COPD, with a cut off of 80% 

indicating disease in association with an obstructed FEV1/FVC ration of <0.7. Further reduction in 

FEV1% predicted enables the categorization into mild, moderate and severe disease. Therefore, NK 

cell phenotypes were analyzed based on donor FEV1% predicted within the whole cohort of lung 

tissue donors, as shown in Figure 4.13. As with the categorical distinction of COPD and non-COPD 

(Figure 4.12) there was no significant correlation between FEV1% and the proportion of NK cells 

(P=0.3042, Figure 4.14 A). However, there was a moderate negative correlation between the 

proportion of CD56bright lung NK cells and lung function (R= -0.5459, P=0.0020, Figure 4.14 B). 

Likewise, these was a corresponding trend for an increased proportion of CD56dimCD16+ with donor 

FEV1%, but this did not reach significance (R=0.3089, P=0.0623, Figure 4.13 C). However, no 

relationship was found between donor FEV1% and the proportion of CD56dimCD16- NK cells 
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(R=0.1779, P=0.1923, Figure 4.13 D). Interestingly, the percentage of CD49a+ CD56bright NK cells was 

also found to negatively correlated with FEV1% (R=-0.4107, P=0.0322 Figure 4.13 E) whilst CD49a+ 

CD56dimCD16- NK cells did not (R=-0.2536, P=0.1288, Figure 4.13 F). 

 

 

Figure 4.12: Total lung NK cells and NK cell subset proportions are not affected by COPD. (A) The 

proportion of NK cells as a percentage of CD45+ lymphocytes in donors with (N=15) and without 

COPD (N=13). (B, C, D) Proportions of CD56bright, CD56dimCD16+ and CD56dimCD16- NK cell subsets in 

donors. (E, F) Proportions of CD56bright CD49a+ (E) and CD56dimCD16- CD49a+ (F) NK cells with (N=13) 

and without COPD (N=9). Statistical analysis by two-tailed Mann-Whitney U test. Lines describe 

medians. 
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Figure 4.13: The NK cell phenotype of lung tissue donors correlated with FEV1%. (A) The 

proportion of NK cells as a percentage of CD45+ lymphocytes correlated with FEV1%. FEV1% = FEV1 

/ (FEV1/FVC) x 100 (B, C, D) CD56bright and CD56dim NK cell subsets correlated with FEV1%. (E, F) 

Percentage of CD49a expression on CD56bright (E) and CD56dimCD16- (F) lung NK cells correlated with 

FEV1%. Spearman’s correlation coefficient and significance are reported (N=26). 
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The results of Figure 4.13 demonstrate some phenotypic distortion of NK cells in donors with 

worsening lung function. Therefore, lung tissue donors with COPD were stratified based on disease 

severity, including donors with mild and moderate disease (Figure 4.14). Mild COPD is defined 

based on an FEV1% value greater than 80% and moderate COPD between 50 and 80. In this analysis 

the proportion of NK cells in CD45+ lung lymphocytes were unaltered between mild and moderate 

COPD (P=0.1588, Figure 4.14 A). However, there was an increased proportion of CD56bright NK cells 

with increased disease severity (mild; 4.4% vs moderate; 19.4%, P=0.0120, Figure 4.14 B) and a 

corresponding reduction in CD56dimCD16+ NK cells (mild; 86.25% vs moderate; 64.85%, P=0.0360, 

Figure 4.14 C). The proportion of lung CD56dimCD16- NK cells was equivalent between mild and 

moderate COPD lung donors (mild; 5.3% vs moderate; 8.75%, P=0.3177, Figure 4.14 D). 

Interestingly, CD49a expression on CD56bright NK cells was increased from 20.6% in mild disease to 

43.4% in moderate COPD (P=0.0042, Figure 4.14 E). In addition, CD49a+ CD56dimCD16- NK cells were 

also increased to 25% of NK cells in moderate COPD from 8.3% in mild disease (P=0.0318 

respectively, Figure 4.14 F).  

 

The results in Figure 4.13 and 4.14 indicate that both CD49a expression and the proportion of NK 

cell subsets are altered in worsening COPD. However, other factors could be responsible for these 

changes, such as the use of inhaled corticosteroids and donor smoking status as both parameters 

were statistically different between the two cohorts (P=0.0337 and P=0.0069 respectively, Table 

4.2). Stratification of the COPD cohort based either on ICS use or smoking status did not generate 

any statistically significant differences in the proportion of NK cells, NK cell subsets or CD49a 

expression (Figures 4.15 and 4.16). Therefore, neither of these variables explained the increase in 

CD56bright NK cells or CD49a+ expression observed in Figures 4.13 and 4.14.   

 



Chapter 4 

94 

 

Figure 4.14: The proportion of total lung NK cells and NK cell subsets stratified by COPD severity. 

(A) The proportion of NK cells as a percentage of CD45+ lymphocytes in donors stratified by COPD 

severity (Mild COPD N=4, Moderate COPD N=10). Mild COPD was classified where FEV1% > 80%, 

and moderate COPD with FEV1% between 50 and 80 (B, C, D) Proportions of CD56bright and 

CD56dimCD16- NK cell subsets in mild and moderate COPD. (E, F) Proportions of CD56brightCD49a+ 

(E) and CD56dimCD16- CD49a+ cells (F) in COPD disease (Mild COPD N=3, Moderate COPD N=9). 

Statistical analysis by two-tailed Mann-Whitney U test. Lines describe medians. 
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Figure 4.15: Proportions of total lung NK cells and NK cell subsets based on donor corticosteroid 

(ICS) use. (A) The proportion of NK cells as a percentage of CD45+ lymphocytes in COPD donors that 

were using ICS (N=7) versus those that weren’t (N=8). (B, C, D) Proportions of CD56bright and 

CD56dimCD16- NK cell subsets in ICS using and non-using COPD lung. (E, F) Proportions of CD49a 

expression on CD56bright (E) and CD56dimCD16- (F) lung NK cells (donors not using ICS N=7). Statistical 

analysis by two-tailed Mann-Whitney U test. Lines describe medians. 
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Figure 4.16: Total NK cell and NK cell subsets proportions are not affected by smoking status. (A) 

The proportion of NK cells as a percentage of CD45+ lymphocytes in COPD donors that were current 

(N=4) or ex-smokers (N=10). (B, C, D) Proportions of CD56bright and CD56dimCD16- NK cell subsets in 

current and ex-smokers with COPD. (E, F) Proportions of CD49a expression on CD56bright (E) and 

CD56dimCD16- (F) NK cells (Current smokers N=3, ex-smokers N=10). All statistical analysis by Mann-

Whitney U test. Lines describe medians. 
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4.3 Discussion 

4.3.1 Isolating NK cells from the Lung Parenchyma 

In this chapter NK cells were successfully isolated from human lung parenchyma by a process of 

washing, resting and collagenase digestion [428, 429, 460]. NK cells were defined as CD45+CD3-

CD56+ cells, a gating strategy designed to exclude lung ILC populations which do not express CD56 

(Figure 2.3) [463]. Although 50% of the NCR+ ILC3s are CD56 positive the total human lung ILC3 

population comprise less than 0.025% of CD45+ cells and would therefore CD56+NCR+ILC3s would 

make a minimal contribution to this analysis [463, 464].  

 

Collagenase digestion of the lung parenchyma was favoured to allow analysis of the NK cells most 

adherent within the lung tissue. Even so, as the lungs are a highly vascularised organ we expect to 

find some circulating NK cells within the collagenase-digested lung tissue. Indeed, the lung NK cell 

phenotype closely mirrored that of the peripheral blood (Figures 4.4 and 4.5) [465]. CD56bright and 

CD56dim NK cell subsets were largely preserved by collagenase digestion with a slight increase in 

CD56dimCD16- NK cells and decrease in CD56dimCD16+ NK cells indicating a small amount of NK cell 

activation (Figure 4.3). Enzymatic digestion is harsher and more damaging to tissue, potentially 

providing stressed and activated cells as targets for NK cell activation. CD56dimCD16+ NK cells are 

expected to be the most susceptible to activation during tissue processing, as these are the most 

terminally differentiated, cytotoxic NK cells and may take on a CD56dimCD16- phenotype following 

activation and prior to cell death [314, 316, 317, 320, 449]. Despite this, digestion of lung tissue is 

essential to isolating NK cells that may be resident in this tissue, as has been observed in the human 

liver [301]. Preserving cellular phenotypes during the process of isolating primary cells is an issue 

when working with human tissues and is explored in Chapter 3. There is a balance to be struck 

between harvesting cells efficiently and maintaining their phenotype, a particular problem with 

innate immune cells given their plasticity [466, 467]. However, the focus of this thesis was to 

investigate how NK cells are shaped by the pulmonary environment and to do this a source of 

human lung NK cells was required. To obtain this we accept that some change in phenotype is 

possible following extraction from the body and have made efforts to understand how culture 

conditions and isolation procedures affect the phenotypes of interest. In general, the methods used 

in this thesis were found to largely preserve NK cell phenotype and function (as discussed in Chapter 

3). 
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4.3.2 Lung NK cells are phenotypically similar to the Peripheral Blood 

NK cells were found to make up a substantial proportion (10.9% ±13.25, N=22) of lung-associated 

lymphocytes and were found at a similar proportion in matched peripheral blood (11.1% ± 4.65, 

Figure 4.4). This differs from the findings in Marquardt et al 2016 which reported increased 

proportions of NK cells in human lung tissue (15% of lung CD45+ cells vs 10% in the blood) [362]. 

This might reflect differences in sample size between studies, as Marquardt et al. measured the NK 

cell phenotype in 84 lung donors [362]. Given the positive skew in the percentage of lung NK cells 

presented in this thesis, it may be that a greater sample size would be required to replicate this 

finding by Marquardt et al [362].  

 

In terms of CD56 and CD16 expression, NK cells isolated from the lung were phenotypically similar 

to blood from the same donor. 69.3% ± 27.15 of lung-associated NK cells were the most mature 

CD56dimCD16+ (stage 5) NK cell, the largest subset found in the blood (88.8% ± 15.45, P=0.8311 

Figure 4.4 E). CD56dimCD16- NK cells were also found in similar proportions between the blood and 

lung (14.6% vs 9.55%, P=0.5029 Figure 4.4 F). These data confirm the results of Marquardt et al. 

which described a predominantly CD56dimCD16+ human lung NK cell phenotype, much like the 

blood [362]. Given the high degree of vascularisation in this tissue these findings may reflect a high 

degree of circulating NK cells within the lung parenchyma.  

 

The proportion of lung CD56bright NK cells was increased from 3.3% in the blood to 10.86% in the 

lung (P<0.0001, Figure 4.4 C) with a trend towards decreased CD56dimCD16+ cells (P=0.0522, Figure 

4.4 E) corroborating previous findings [362]. Although CD56bright NK cells are enriched in the lung 

relative to the blood, they are still at a relatively small proportion compared to other organs such 

as the liver where 50% of the NK cells are CD56bright [301]. Therefore, the CD56bright:CD56dim ratio in 

the lungs is much closer to that found in the peripheral blood. Furthermore, lung and blood NK cells 

were equivalent in terms of their overall maturity and receptor expression. As discussed in section 

1.4.2 and described in Figure 1.3 NK cell maturation is accompanied by the gradual acquisition of 

inhibitory and activating receptors. The distribution of CD57, CD158b, NKp46 and NKG2D on 

CD56bright and CD56dim subsets of the peripheral blood in this thesis is consistent with reports from 

the literature [266]. The expression of CD57, CD158b, NKp46 and NKG2C were all found to be 

equivalent between the lung and blood (Figures 4.5 and 4.6). The dominant NK cell phenotype in 

both the lungs and blood is CD56dimCD16+CD57+, a phenotype that is potently cytotoxic and 

strongly IFN-γ producing (Figure 4.5 and Figure 4.4) [275]. Taken together these results 
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demonstrate that the majority of lung NK cells are terminally differentiated, mature and potentially 

highly cytotoxic [266, 275]. Only NKG2D was differentially expressed between the blood and lung 

(P=0.0488) due to an increased expression of NKG2D on CD56dimCD16- lung NK cells (Figure 4.6 C 

and D). Otherwise lung NK cells are phenotypically similar to the peripheral blood. Thus, it appears 

that the bulk of NK cells found in lung tissue are likely to be circulating NK cells. 

 

In apparent contrast with the lung NK cell phenotype reported here and by Marquardt et al, lung 

NK cells are commonly reported as hypofunctional [362, 364-366]. Both the BAL and alveolar 

macrophages have been shown to reversibly repress NK cell function and therefore may be 

responsible for inhibiting NK cell functionality in the lung [265, 364, 365]. Interestingly, an altered 

expression of inhibitory and activating KIR was found on NK cells isolated from the lung by 

Marquardt et al, which may be responsible for the limited function of lung NK cells [362]. In the 

work presented in this thesis there was a small non-significant trend for increased CD158b 

expression on lung NK cells compared to the blood (P=0.0742, Figure 4.5C), suggesting that some 

KIR receptors may be differentially expressed between blood and lung. However, an increased 

sample size in this data would further corroborate this assessment. Furthermore, the CD158b 

antibody is not specific for one KIR allele but binds KIR2DL2, KIR2DL3 and KIR2DS2, therefore future 

analyses of KIR expression could use antibodies designed to distinguish between these alleles. The 

expression of individual KIR alleles was beyond the scope of this study but would be an interesting 

avenue of further investigation. How NK cell receptor expression may be modulated in the lungs is 

unknown but is likely to be induced by soluble mediators in the pulmonary environment [265, 364, 

365]. Cytokines can alter the NK cell receptor expression, fine-tuning the integration of inhibitory 

and activating signalling pathways [468]. 

 

Strict regulation of NK cell activation in the pulmonary environment may act to preserve the unique 

structural architecture of the lung, on which much of gas exchange depends. If dysregulated the 

presence of potent cytotoxic NK cells could compromise tissue integrity and therefore gas exchange 

across the alveolar spaces. In support of this theory, lung NK cell cytotoxicity has been associated 

with COPD and emphysema in the mouse [86, 361, 469, 470]. Therefore, the extent of lung NK cell 

reactivity will be explored in Chapter 5. 

 



Chapter 4 

100 

4.3.3 A Resident Population of CD49a+CD103+CD69+ NK cells exist in the Human Lung  

Lung NK cells were investigated for CD49a and CD103 expression, integrins associated with NK cell 

residency in the liver and uterus (Figure 4.7) [299-301, 340]. A minority of CD56bright and 

CD56dimCD16- lung NK cells were found to express both CD49a and CD103 (Figure 4.7). However, 

these proteins are not found in the peripheral blood, suggesting that NK cells positive for these 

proteins are resident within the lung parenchyma. Interestingly CD49a expression in the lung was 

much greater than the reported expression in the liver [301]. CD49a+ liver-resident NK cells were 

identified in only 12/29 liver perfusates and made up 2.3% of total liver NK cells [301]. In contrast 

all lung samples in this study possessed CD49a+ NK cells, with a median proportion of 13.3 ± 11% 

CD49a+ cells (Figure 4.7 A). CD69, another putative marker of residency was also enriched on lung 

CD56bright NK cells [299-301, 340]. CD49a, CD103 and CD69 were strongly co-expressed on lung NK 

cell and CD49a+CD103+CD69+ made up one of the largest proportions of CD56bright NK cells (Figure 

4.8). However, there was a range of residency marker expression on lung NK cells as this thesis 

identified many cell populations that were single or double positive for residency markers. In 

contrast, the majority of peripheral NK cells were triple negative for residency markers, however 

some blood NK cells expressed CD69 (Figure 4.8 and 4.9). Triple negative and CD69 single positive 

cells were also identified in the lungs, further indicating that non-resident CD56bright NK cells may 

also be circulating through the lungs.   

 

Unexpectedly, CD56dimCD16- NK cells were also found to express CD49a and CD103 in the lungs 

(Figure 4.9) and CD56dimCD16- NK cells triple positive for CD49a, CD103 and CD69 were identified. 

CD56dimCD16- NK cells possessed the same triple positive, double positive and single positive 

populations as CD56bright NK cells (Figure 4.9 C and Figure 4.8 F) but CD49a+CD103+CD69+ cells 

made up a smaller proportion of total CD56dimCD16- lung NK cells (P=0.0234). Lung CD56dimCD16- 

NK cells were dominated by cells that were negative for all the assessed residency markers (34.2%) 

with strong expression of CD69 but not CD49a or CD103 (36%), much closer to the phenotype of 

the peripheral blood. Thus far the majority of identified rNK cells are CD56bright, CD56dimCD16dim 

resident NK cells have recently been identified in nasal lavage [322, 340]. CD56dimCD16- NK cells are 

increased in situations where NK cell viability is lowered or following activation [314, 316, 317, 320]. 

Therefore, based on reports in the literature and the results presented in section 3.2.1, CD49a+ and 

CD103+ CD56dimCD16- NK cells may be a result of activated or dying resident CD56bright NK cells 

undergoing CD56 and CD16 shedding [314, 316, 317, 320]. 
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CD49a and CD103 may have important functional roles in retaining NK cells within the lung 

environment [328, 329, 471]. CD49a, also known as integrin alpha 1, binds collagen IV and laminin, 

important components in the lung extracellular matrix [328, 329]. Whereas CD103 contributes to 

the integrin E protein and binds E-cadherin [471]. The localization of CD49a+ and CD103+ NK cells 

within the lung parenchyma remains to be explored but may be governed by this integrin 

expression. For instance CD49a+ CD8+ T cells have been shown to localize to basal membranes of 

the airway epithelium and vasculature, whereas the largely CD49a- CD4+ T cells are found within 

the interstitial spaces [331]. It is possible that the CD49a+ rNK cells identified in this thesis may also 

localize to basement membranes of the airway epithelium. In which case rNK cells would be well 

placed to respond to respiratory insult. The location of rNK cells within the lung parenchyma is 

therefore an important area for future research. 

 

The function of resident NK cell populations in human organs remains much of a mystery but are 

potentially shaped by the local microenvironment [293, 340]. Recent studies have suggested that 

salivary gland rNKs may prevent autoimmunity by eliminating activation T cells, whereas in the 

adipose tissue rNK cells may promote inflammation [342, 343]. Furthermore, hepatic CD49a+ NK 

cells produce TNF-α, GM-CSF and IL-2 more efficiently than circulating NK cells [301, 338, 341]. 

Therefore, rNK cells may contribute to organ homeostasis and moderate immune responses in the 

lungs. The presumably constant presence of resident NK cells in human organs may allow them to 

function in the initial innate barrier to infection [344]. Interestingly, liver resident NK cells have also 

been associated with NK cell memory responses including more potent secondary responses to 

hapten challenge [336, 345]. In addition human CD56brightCD49a+ NK cells possess an oligoclonal KIR 

repertoire and increased NKG2C expression in the liver, leading the authors to suggest that these 

CD49a+ NK cells may have undergone the selective expansion indicative of memory formation 

[301]. However, the connection between NK cell residency and memory is not well understood. 

 

In this chapter lung CD56bright CD49a+ NK cells were found to differentially express NKp46, NKG2D 

and NKG2C (Figure 4.10). NKp46 expression was reduced on CD49a+ NK cells (P=0.0254) whilst 

NKG2D and NKG2C were increased (P=0.0078 and P=0.0049 respectively). NKG2D expression was 

also increased on CD49a+ CD56dimCD16- NK cells with a similar trend for reduced NKp46 on 

CD49a+CD56dimCD16- NK cell which did not reach statistical significance (P=0.0420 and P=0.0640 

respectively). This altered expression of activating receptors by CD49a+ lung NK cells hints at an 

enhanced functional responsiveness to pathogens and is further explored in chapter 5. 
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4.3.4 CCR5 may play a role in NK Cell Trafficking to the Lungs  

The generation and homing of resident NK cell populations remains much of a mystery. Organ 

chemotactic signaling has been implicated in enforcing resident NK cell populations in the human 

liver and uterus [300, 332]. Unique chemokine receptor profiles have been identified on resident 

NK cells in these organs including CCR5, CXCR3 and CXCR6 [300, 332]. The nature of resident NK cell 

recruitment or generation within the lung environment is unknown and to investigate this the 

expression of CCR5 was measured in the lung and peripheral blood. 

 

As shown in Figure 4.11 CCR5 was expressed by a small proportion of peripheral blood NK cells, 

corroborating previous reports [472]. In the lung CCR5 expression was enriched on lung NK cells by 

13.2% when compared to the blood (P=0.002). The highest expression of CCR5 was on lung 

CD56dimCD16- NK cells (P=0.0046) with a trend for increased expression on CD56bright and 

CD56dimCD16+ NK cells which did not reach significance (P=0.1675 and P=0.7685 respectively). CCR5 

is involved in NK cell recruitment to inflammation, including infection in the liver, skin and CNS 

[473]. This may explain why the highest expression of CCR5 was found on NK cells exhibiting an 

activated (CD56dimCD16-) phenotype (see section 3.2 and Figure 4.9B). Interestingly, CCR5 

expression was found to be increased on CD49a+ NK cells compared to the CD49a- lung cells 

indicating that this chemokine receptor may also play a role in resident NK cell retention in the 

lungs (Figure 4.11 C and D CD56bright P=0.0039 and CD56dimCD16- P=0.0078). However, CCR5 

expression was also found to be increased on CD49a- lung NK cells compared to the blood (CD56bright 

P=0.0078 and CD56dimCD16- P=0.0039) suggesting that non-resident lung NK cells were also 

enriched for this chemokine receptor and sensitive to CCR5 ligand (CCL3 and CCL5) signaling.   

 

CCR5 ligands are associated with lymphocyte recruitment to the lungs during a number of 

inflammatory contexts [474]. For instance CCL3 is produced by the lung following respiratory 

syncytial virus (RSV), K. pneumonia, C. neoformans and respiratory herpes infection [475-478]. In 

addition CCL5 is upregulated following RSV infection and pneumococcal carriage [479, 480]. CCR5 

was strongly expressed by lung NK cells and therefore may be important in canonical NK cell homing 

to the lung during these infections. Interestingly this chemokine receptor has also been found to 

govern NK cell recruitment to the lungs during IAV infection in mice [168].  
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Lastly, it is not known whether lung CD49a+CD103+ NK cells are self-perpetuating or replenished 

from the circulation. Either way the micro-environment within the lungs must play a role in 

maintaining this population. The results presented here implicate CCL3 and CCL5 chemotactic 

signaling in this process. To investigate this further the basal expression of CCR5 ligands could be 

analyzed in resting lung tissue to determine whether the human lung might provide a unique niche 

for resident NK cells.  

 

Moreover, these findings should be interpreted cautiously as a CCL3-CCR5 axis has been implicated 

in the recruitment of leukocytes to murine lung tumors and CCL5 promotes lung cancer growth and 

metastasis [481, 482]. As all lung tissue was supplied from cancer resection surgeries we cannot 

exclude cancer as a cause for increased CCR5 expression on lung NK cells. Therefore, these results 

could be strengthened by analysis of an alternative source of lung tissue such as bullectomy surgery. 

 

4.3.5 Distorted NK Cell Phenotypes Correlate with COPD Severity 

NK cell function is dysregulated in human COPD, with increased NK cell cytotoxicity induced by 

priming from antigen-presenting cells [361, 461, 483, 484]. To understand how COPD status may 

affect the NK cell phenotypes reported in sections 4.4.2 and 4.2.5 the data was interrogated based 

on donor diagnosis of COPD and severity. The proportion of NK cells in the lungs was not found to 

be affected by COPD status or disease severity (Figure 4.13 and 4.14), in agreement with Hodge et 

al. and Freeman et al. [361, 483]. Hodge et al. (2013) previously found that a current smoking status 

was associated with increased proportion of NK cells regardless of COPD [483]. However, this was 

not reported in Freeman et al. (2014) and no difference in the proportion of lung NK cells in current 

and ex-smokers were found in our analysis of COPD donors (Figure 4.16) [361]. In addition, no 

differences were found in the proportion of NK cells or NK cell subsets when blood NK cells were 

stratified by smoking status (Figure 3.10). 

 

Although NK cells appeared unchanged between COPD and non-COPD lung tissue donors (Figure 

4.12) a distorted CD56bright and CD56dim ratio was observed these measures were correlated with 

FEV1% (Figure 4.13). COPD donors with moderate disease were found to have more CD56bright NK 

cells (P=0.012, Figure 4.14 B) and fewer CD56dimCD16+ NK cells (P=0.036, Figure 4.14 C). This change 

in CD56bright/ CD56dim ratio in moderate COPD could not be explained by ICS use or smoking status 

within the COPD cohort, indicating that it may well be a disease-related change (Figures 4.15 and 
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4.16). CD56bright NK cells have been shown to be more potent produces of IFN-γ and TNF-α than 

CD56dim NK cells, therefore donors with moderate COPD may also have a shift in the lung NK cell 

phenotype to one that is more cytokine producing [259, 295, 302-304, 308, 309]. The altered ratio 

of CD56bright and CD56dim NK cells could also result from proliferation of CD56bright NK cells or a loss 

of CD56dimCD16+ NK cells. As greater NK cell cytotoxicity is found in the lungs of COPD patients, this 

could result in increased apoptosis of activated CD56dim NK cells and may explain the skewed subset 

proportions presented in Figure 4.14 [361, 461, 483, 484].   

 

The results in Figure 4.14 contradict Freeman et al. 2014 which found equivalent CD56+CD16- and 

CD56+CD16+ NK cells in severe COPD lung tissue compared to mild COPD donors [361]. Although 

there are significant differences to the gating strategy between this thesis and Freeman et al. 2014, 

including identification of a CD56dimCD16- population. The small sample size of mild COPD donors 

in our cohort limits the strength of our conclusions, therefore increasing this number would 

increase the validity of these findings. 

 

In terms of CD49a expression, no differences were found between the lung NK cells of COPD and 

non-COPD donors (Figure 4.12 E and F). However, CD49a expression was increased in moderate 

COPD donors in both CD56bright and CD56dimCD16- NK cell subsets (Figure 4.14 E and F). Increased 

CD49a expression on CD56bright NK cells also correlated with reduced FEV1% and worsening lung 

function (Figure 4.14).  The increased proportion of CD49a+ NK cells in moderate COPD could 

indicate an expansion of the resident NK cell population. Alternatively, this may reflect a loss of 

non-resident NK cells through activation and apoptosis, although this would require differential 

activation of CD49a+ and CD49a- NK cells in COPD. Based on the parameters analyzed here it 

appeared that increased CD49a expression was solely correlated with worsening lung function. 

CD49a expression was unchanged between lung donors when stratified by ICS use or smoking 

status (Figure 4.15 and Figure 4.16). It is therefore interesting that CD49a expression was not 

initially found to be different between COPD and non-COPD lung tissue, a finding which suggests 

there could be non-COPD related expansions of this population. 

 

As discussed in section 1.4.6.3, some memory-like features have been described for CD49a+ NK 

cells and this protein is associated with lymphocyte residency [299-301, 344]. It is therefore possible 

that the inflammatory environment within the COPD lung might affect resident/memory NK cell 

formation.  There is some evidence to support this as smoke exposure has been shown to prime 
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the NK cell response to viruses through the upregulation of the stress molecules recognized by NK 

cell NKG2D [470]. Thus sustained inflammation might result in the acquisition of NK cell memory to 

inappropriate stimuli.  

 

In conclusion a distorted NK cell phenotype was observed in lung donors with moderate COPD, with 

more extreme changes correlating with worsening lung function. This likely reflects the 

dysregulation of NK cell cytotoxic function reported in the literature and may have implications for 

NK cell cytokine production in COPD. Furthermore, CD49a, a marker of NK cell residency was 

increased in donors with more severe disease. Therefore, these data suggest there may be 

dysregulation within the resident lung NK cell population which could have significant 

consequences for disease pathology. 

 

4.3.6 Summary 

The results presented in this chapter show that NK cells can be successfully identified within the 

human lung parenchyma and constitute a large proportion of lung lymphocytes. NK cells isolated 

from the lungs mirrored the CD56/CD16 phenotype of the circulation as well as activating receptor 

expression and differentiation state.  An expanded population of CD56bright NK cells was identified 

in the lungs and this was found to contain NK cells expressing CD49a, CD103 and CD69. These 

unique lung-resident NK cells may have significant implications for local innate immune function. 

Increased CD49a expression correlated with worsening lung function in lung donors with COPD and 

severity of disease was associated with distorted proportions of CD56bright and CD56dim NK cells. The 

function of NK cells, circulating and resident, remain poorly understood in the human lung, but may 

have important implications for antiviral immunity. Therefore, a functional analysis of lung NK cells 

is required to determine their roles in human respiratory infection. 
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Chapter 5 Human Lung NK Cells in Viral Infection 

5.1 Introduction 

IAV is a major cause of annual mortality, as well as a significant exacerbator of COPD [1, 485]. Innate 

immune responses have an important role in the control of this virus but the functional contribution 

of NK cells remains to be fully understood [64]. Peripheral NK cell activation been reported 

following human IAV vaccination and the activating receptors NKp46 and NKG2D have been 

implicated in binding IAV-infected human cells [254, 319, 376, 378, 379]. In Chapter 4 of this thesis 

NK cells were found to make up a substantial proportion of the human lung CD45+ leukocytes 

(10.9% ±13.25, section 4.2.2) and therefore may be well placed to contribute to anti-IAV immunity 

in this organ [200]. However, the function of NK cells in in vivo IAV is inconsistent, as animal models 

have implicated NK cells in both protective and detrimental roles [107-113, 227]. A greater 

understanding of the NK cell contribution to human IAV infection may benefit immunization 

strategies through increased knowledge of innate immune function during this infection. 

 

This chapter will investigate the immune responses of NK cells in ex vivo IAV-infected human lung 

parenchyma and explore the functional relevance of the NK cell phenotypes characterized in 

Chapter 4 [428]. We and others have shown that the human lung NK cell is highly differentiated, 

with a potently cytotoxic phenotype [362]. Despite this, or perhaps because of it, NK cells are 

inhibited by the resting lung environment [364-366]. This regulation of NK cell function may have 

important implications for pulmonary disease. Furthermore, in section 4.2.4 lung resident NK cell 

populations were identified for the first time. Resident NK cells strongly expressed CD49a, a protein 

associated with NK cell memory, as well as a distorted expression of IAV-recognition receptors 

[426]. CD49a+ liver NK cells were found to be protective in a murine model of IAV infection and we 

will investigate the function of human CD49a+ NK cells in the lung. We speculate that CD49a+ NK 

cells are shaped by lung insult and homeostasis and thus may represent a population of trained 

innate immune cells with recall to influenza infection [344, 486]. To investigate these aspects of IAV 

infection, macroscopically normal tissue, distal to lung tumors, was taken from lung resection 

surgeries at Southampton General Hospital. Lung tissue was infected with IAV virus as described in 

section 2.13 and infection characterized by flow cytometry and ELISA. Flow cytometric analyses of 

NK cell function were developed in this model and used to assess NK cell subsets and CD49a+ cell 

function.  
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5.2 Results 

5.2.1 Infecting Human Lung Tissue with Influenza A Virus 

Human lung parenchyma was cut into 4-6mm2 fragments and washed as described in section 

2.12.1. Lung explants were then infected with 200,000 PFU/mL of live or UV-irradiated H3N2 X31 

influenza. Extracellular influenza virus was removed 2 hpi and lung tissue incubated for a further 

22h to allow viral replication. Infected lung parenchyma was digested by collagenase treatment and 

interrogated by flow cytometry as shown in Figure 5.1 A and described in section 2.12.2. Lung cells 

were distinguished based on expression of CD45, HLA-DR and EpCAM [54, 428, 429, 487]. 

Macrophages were defined as CD45+HLA-DR+ cells, epithelia as CD45-EpCAM+ cells (Figure 5.1 A) 

and lymphocytes based on size and CD45 expression (Figure 2.1). 

 

X31 infection was quantified through the detection of intracellular IAV nucleoprotein-1 (NP-1) 

(Figure 5.1 B and C).  22.3% of airway macrophages and 7.1% of the epithelia were infected with 

IAV (P=0.0078 and P=0.0078 respectively, Figure 5.2 A and B). Increased NP-1 was also detected in 

CD45-EpCAM- cells and CD45+HLA-DR- cells (P=0.0156 and P=0.0391), however the relative amount 

of NP-1 expression, as shown by MFI, was minimal in these cell types (Figure 5.2 C). Thus airway 

macrophages and epithelia are the major sites of X31 replication in this model, with an infection 

level consistent with McKendry et al and Nicholas et al [428, 429]. Likewise, UV-irradiated X31 (UV-

X31) was also not found to replicate in macrophages (P=0.3891, Figure 2.5 A), with a negligible 

decrease in NP-1+ epithelia compared to uninfected (NT) controls (UV-X31; 1.25% vs NT; 1.7%, 

P=0.0391, Figure 5.2 B) [428, 429]. In addition, macrophage, epithelial cell and lymphocyte viability 

was assessed in infected tissue explants (Figure 5.2 D, E and F). In this case cell types were defined 

prior to the live/dead gating shown in Figure 5.1 A.  Cellular viability was largely preserved in the 

explant model, as epithelial and lymphocyte viability was unaffected by live X31-infection (P=0.3438 

and P=0.0781, Figure 5.2 E and F). However, macrophage viability was reduced from 43% to 29% 

by live X31-infection (P=0.0071, Figure 5.2 D) and might reflect the high burden of virus in these 

cells (Figure 5.2 A and C). 
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Figure 5.1: X31 IAV infection of human lung explants.  (A) Representative gating strategy to define 

lung explant cells. Macrophages were defined as CD45+HLA-DR+ cells and epithelial cells as CD45-

EpCAM+ cells. (B, C) Representative flow cytometry plots of IAV NP-1 expression in macrophages 

(B) and epithelial cells (C) either infected with UV-irradiated X31 (blue line), live X31 (red line) or 

not treated (NT, black line).  
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Figure 5.2: Influenza infects the airway epithelia and macrophages. Lung explants were infected 

with live or UV-irradiated X31 IAV for 2h before extracellular virus was removed and explants 

incubated for a further 22h. Lung explants were then digested and interrogated by flow cytometry 

(A, B) Percentage of NP-1+ macrophages (A) and epithelial cells (B) following IAV infection. (C) X31 

infection measured by NP-1 MFI in CD45+HL-DR+ (Macrophages), CD45+HLA-DR- cells, CD45-

EpCAM+ (Epithelial cells) and CD45-EpCAM- cells. (D, E, F) Cellular viability following X31 infection 

of macrophages (D), epithelia (E) and lymphocytes (F). Lymphocytes were defined based on size 

and CD45 expression as described in Figure 2.3. Cell types were defined prior to gating on cellular 

viability. Statistical analysis by Wilcoxon signed-rank test. Lines describe medians, N=7. 
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Airway epithelia and macrophages both showed signs of cellular activation following IAV infection, 

as antigen presenting pathways were upregulated by both cells (Figure 4.3).  HLA class I expression 

was strongly increased on macrophages 24h post IAV infection (P=0.0156, Figure 4.3 A) with greater 

expression of HLA-A/B/C on macrophages infected with the virus compared to those that were not 

infected (P=0.0078, Figure 5.3 B). Likewise, increased HLA-A/B/C was detected on epithelial cells 

positive for IAV NP-1 protein (P=0.0078 Figure 5.3 F), although this did not reach significance on the 

whole epithelial cell population (P=0.1481, Figure 5.3 E). A smaller proportion of the epithelial cells 

are infected compared to macrophages (7.1% vs 22.3% respectively, Figure 5.2 A and B) and thus 

IAV-induced change may not be detected when observing the whole epithelial population.  

 

5.2.2 Anti-Viral Molecules are produced by IAV Infected Lung Explants 

Gzm-B and IFN-γ are key anti-viral molecules associated with NK cell activation and were used to 

assess the kinetics of lymphocyte activation during IAV infection of lung explants. The production 

of extracellular IFN-γ and Gzm-B was investigated by ELISA over a 30 h time course (N=3, Figure 5.4) 

[200]. Extracellular IFN-γ was not detected in untreated (NT) or UV-irradiated X31 treated tissue 

(Figure 5.4 A). However, around 250 pg/mL of basal Gzm-B was detected in NT explants and did not 

differ between NT and UV-irradiated X31 treated lung tissue (24h; P=0.5, Figure 5.4 B and D). During 

live IAV infection both IFN-γ and Gzm-B were increased in culture supernatants between 16 and 24 

h of infection, with IFN-γ plateauing at 30 hpi (Figure 5.4 B). At 24 hpi both IFN-γ and Gzm-B were 

significantly increased in live X31-infected explants compared to UV-irradiated controls (P=0.0039 

and P=0.0078 respectively, Figure 5.4 C and D). Taken together these results demonstrate a 

successful model of IAV infection in the human lung, through which infected cells are activated and 

anti-viral molecules produced within 24 h of infection. 
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Figure 5.3: X31-infected cells upregulate antigen presenting molecules. HLA-ABC expression on 

macrophages (A) and epithelial cells (C) from tissue explants infected with UV-irradiated X31, live 

X31 or not-treated (NT), N=7. (B, D) Macrophages (B) or epithelial cells (D) from live-X31 treated 

tissue were stratified based on infection with virus, as determined by intracellular NP-1 expression. 

HLA-A/B/C expression in X31+ and X31- cells are shown. Statistical analysis by one-tailed Wilcoxon 

signed-rank test. Lines describe medians. 
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Figure 5.4: Anti-viral molecules are produced by X31-infected human lung explants. (A, B) Time 

course of extracellular IFN-γ (A) and Gzm-B (B) detection in explant supernatants following UV-

irradiated or live X31 infection compared to non-treated (NT) explants (N=3, except 6h N=2). 

Medians are plotted alongside the interquartile range. (C, D) Extracellular IFN-γ (C) and Gzm-B (D) 

24h post-infection (N=9). 

 

5.2.3 IAV Infection of Human Lung Explants does not affect the NK cell Phenotype 

As lung NK cell activation will be assessed in this model, the effect of IAV infection on the proportion 

of NK cells, CD56/CD16 phenotype and CD49a expression were analysed as shown in Figure 5.5. NK 

cells were defined as shown in Figure 2.1 and discussed in Chapters 3 and 4. The proportions of NK 

cells and NK cell subsets was stable over time in the resting explant and during live influenza 

infection (Figure 5.5 A, B and C). Interestingly, PMA/I stimulation dramatically altered the 

proportion of CD56bright and CD56dim NK cell with a marked increase in CD56dimCD16- NK cells and 

reduction in other subsets. This phenotypic change most likely reflects the strong NK cell activation 

induced by these molecules [314, 316, 317, 320]. Finally, CD49a expression on the lung NK cells was 

unaffected by IAV infection or time (Figure 5.5 D).  
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Figure 5.5: The NK cell phenotype is stable during explant infection. (A) The proportion of NK cells 

within CD45+ lung lymphocytes in uninfected (NT) lung and explants infected with UV-irradiated 

X31 and live X31 (N=3, except 6h N=2).  (B) The proportion of CD56bright and CD56dim NK cells in lung 

tissue during 30h of culture. (C) CD56bright and CD56dim NK cell subpopulations in lung explants 

infected with X31 and PMA/I for 24h. (D) The proportion of CD56bright CD49a+ NK cells in NT, UV-

irradiated X31 and live X31 treated lung tissue over time (N=3, except 6h N=2). Medians are plotted 

alongside the interquartile range. Error bars are not shown where they are smaller than the height 

of the symbol. 

 

5.2.4 Measuring Lymphocyte Activation in Lung Explants by Flow Cytometry 

To assess the response of NK cells to IAV infection, flow cytometry measures of NK cell activation 

were developed in the explant tissue. NK cell activation was measured by IFN-γ production and NK 

cell surface expression of CD107a was used as an indirect measure of killing (Figure 5.6) [185]. 

Following 24 h stimulation by PMA/I, the lung tissue was digested by collagenase, filtered and 

stained for lymphocyte markers, CD107a and IFN-γ. Lung T cells were defined as CD45+CD3+ cells 

as shown in Figure 2.1 
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CD107a was found to be increased three-fold on both NK cell and T cell surfaces (P=0.0313 and 

P=0.0313 respectively, Figure 5.6 A and B). This fits with previous reports, as T cell CD107a has been 

detected previously in lung explants [429]. To capture intracellular IFN-γ, 2μM monensin was added 

to lung explants 1h after PMA/I stimulation and incubated for a total of 24 h (Figure 5.6 D and F). 

The speed of lymphocyte IFN-γ production was also investigated with a 6 h stimulation with PMA/I 

(Figure 5.6 C and E). Interestingly, IFN-γ was not detected in NK cells after 6 h of PMA/I stimulation 

but was at 24 h post-stimulation, with a two-fold increase in MFI (NT; 48 MFI vs PMA/I; 90 MFI, 

N=3, Figure 5.6 C and D). These results indicate that a long exposure to PMA/I and monensin are 

required to detect intracellular IFN-γ in NK cells. However, intracellular IFN-γ could be detected in 

T cells much sooner after PMA stimulation, with a two-fold increase in MFI 6 h post-stimulation 

(Figure 5.6 E). T cell IFN-γ production was further increased following a 24 h incubation with PMA/I 

and monensin (Figure 5.6 F) to double that seen for NK cells (NK cell; 90 MFI, vs T cell; 206 MFI). 

Therefore, PMA/I appeared to be a much stronger stimulator of lung T cells than NK cells. Together, 

these results demonstrate a successful method for measuring lymphocyte activation and cytokine 

production in human lung tissue which can be applied during IAV infection.  

 

5.2.5 Human Lung NK cell Activation in response to IAV Infection 

As described in section 5.2.1, lung explants were infected with either live X31 IAV, UV-irradiated 

X31 or left untreated. Lymphocytes were isolated by collagenase digestion and activation measured 

by flow cytometry. The ELISA data shown in Figure 5.4 indicates that lymphocyte activation most 

likely occurs between 16 and 24 hpi. To investigate the activation kinetics specifically in NK cells, 

NK cell surface CD107a was measured over a 30 h time course of X31 infection. Live IAV infection 

of human lung parenchyma resulted in increased surface expression of CD107a by NK cells, as 

shown in Figure 5.7 A. Average CD107a levels rose on NK cell surfaces early in infection with a small 

rise 6 hpi, which continued over 24 h before plateauing 30 hpi (Figure 5.7 B N=3, except 6h N=2). 

NK cell CD107a expression was most variable at the 16h time point and most consistent 24 hpi, thus 

the 24 h time point was taken forward to analyze NK cell degranulation (Figure 5.7 C). At 24 hpi NK 

cell surface CD107a expression was significantly increased in live-X31 infection relative to UV-

irradiated controls (P=0.0469, N=6, Figure 5.7 D) and unchanged in untreated and UV-irradiated 

controls (P=0.0938, Figure 5.7 D).  
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Figure 5.6: PMA/I stimulation of human lung explants activates lymphocytes. (A, B) Lung explants 

were stimulated with PMA/I for 24h and surface CD107a measured on NK cells (A) and T cells (B). 

Statistical analysis by one-tailed Wilcoxon signed rank test. (C, D, E and F) Intracellular IFN-γ 

production was measured following 6h (C, D) and 24h (E, F) stimulation of tissue explants with 

PMA/I. Monensin was added to lung explants 1 h after the addition of PMA/I to capture intracellular 

IFN-γ. Lung NK cell (C, E) and T cell (D, F) IFN-γ production is shown. Lines describe medians. 
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Figure 5.7: NK cell activation following X31-infection of human lung explants. (A) Representative 

flow cytometry plot of NK cell CD107a expression in IAV infected explants. (B) Median NK cell 

CD107a expression over time. Bars show interquartile range (N=3, except 6h N=2). Error bars are 

not shown when smaller than the height of the symbol. (C) NK cell CD107a expression over time in 

three individual X31-infected explants. Lines denote individual donors. (D) NK cell CD107a 

expression following 24 h infection of human lung explants with UV-irradiated or live X31 or no-

treatment (NT). Lines describe medians, statistical analysis by one-tailed Wilcoxon signed-rank test.  

 

A major function of NK cells is to provide early IFN-γ during infection [200]. To detect the 

intracellular accumulation of this cytokine monensin was added to cell cultures, but this was shown 

to inhibit X31 replication (Figure 5.8). The percentage of infected macrophages dropped from 26% 

to 5.3% with monensin treatment and from 7.1% to 3.4% of infected epithelial cells (N=3, Figure 

5.8 A and B). monensin blocks traffic from the golgi apparatus and most likely inhibited IAV protein 

movement prior to virion assembly [488]. It was therefore necessary to allow IAV infection to occur 

before capturing lymphocyte IFN-γ production. The greatest rise in IAV-induced extracellular IFN-γ 

occurred between 16 and 24 hpi, as shown by ELISA in Figure 5.4. Therefore, lung explants were 

infected with IAV for 2 h, extracellular virus washed off, and lung tissue incubated for a further 14 

h, for a total infection time of 16 h. X31 replication was still detectable at this time point, but with 
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fewer cells infected relative to 24 hpi (7.5% of macrophages and 5% of epithelia, N=3, Figure 5.8 

and Figure 5.2). Monensin was added to lung explants 16 hpi and incubated for another 24 h before 

tissue digestion and intracellular staining, thus resulting in a total infection time of 40 h. These 

timings were chosen as a 24 h exposure to stimulation and monensin was required to detect NK 

cell IFN-γ (as shown in Figure 5.6).  The extent of IAV infection was not measured in the tissue 40 

hpi but as monensin efficiently inhibited the capacity for IAV to replicate (Figure 5.8 A and B) it is 

unlikely that it would be greater than that seen for the 24h time point (Figure 5.2). Monensin may 

affect cellular function within the tissue explant, but blocking golgi transport is required to detect 

the accumulation of intracellular cytokine by flow cytometry. Using this method, increased 

intracellular IFN-γ was detected in the NK cells of IAV infected tissue relative to UV controls 

(P=0.0156, Figure 5.8 E and F). As with CD107a expression, NK cell IFN-γ production was also found 

to be equivalent between UV-irradiated X31 treatment and untreated explants (P=0.1563, Figure 

5.8 F) thus indicating that UV-irradiated X31 is not stimulating NK cell activation. For all experiments 

measuring lymphocyte IFN-γ 3.15x107 IU/mL of a 2017 stock of X31 was used. This viral dose was 

titrated to give the same infection of macrophages and epithelia as seen for the 2012 X31 stock of 

virus used to measure lung NK cell CD107a (see Figure 2.5). 
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Figure 5.8: Detecting intracellular IFN-γ in X31-infected lung explants. (A, B) The addition of 

monensin to explants to detect intracellular molecules prevents influenza replication. IAV 

replication was determine by intracellular NP-1 expression in both airway epithelial cells (A) and 

macrophages (B) 24 hpi, N=3. (C, D) IAV replication is detectable in both the epithelial cells (C) and 

macrophages (D) of infected lung explants 16 hpi, N=3 (E, F) NK cell intracellular IFN-γ measured 

by flow cytometry following 16h infection with X31 IAV and 24h incubation with monensin. (E) 

Representative image of NK cell intracellular IFN-γ in IAV infected lung explants. 
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5.2.6 CD56bright and CD56dim NK cell Activation in IAV Infected Lung Tissue 

CD56bright and CD56dim NK cells have been suggested to play different roles within the body, with 

CD56dim NK cells thought to possess a greater cytotoxic potential and CD56bright NK cells producing 

more cytokines [189, 259, 295, 302-304, 308-312]. However, these results mainly come from 

artificial stimulation with cytokine and cancer cell lines and can depend on the stimulation [189, 

259, 295, 302-304, 308-312]. To assess whether CD56bright and CD56dim NK cells respond differently 

during a viral infection, NK cell CD107a and IFN-γ production was measured on CD56bright, and 

CD56dim NK cell subsets.  

 

In terms of degranulation both CD56bright and CD56dim NK cells increased surface CD107a in response 

to IAV infection (P=0.0156 for all, Figure 5.9 A). Interestingly, CD56dimCD16- NK cells expressed more 

CD107a in untreated lung explants (Figure 5.9 B) than basal CD56bright and CD56dimCD16+ NK cells 

which fits with the description of CD56dimCD16- as more activated NK cells [189, 259, 295, 302-304, 

308-312]. However, when the basal level of CD107a expression was factored in, NK cell 

degranulation during IAV infection was not dominated by either CD56dimCD16+ or CD56dimCD16- NK 

cells. All NK cell subsets had an equivalent (approximately five-fold) upregulation of surface CD107a 

(Figure 5.9 A). Furthermore, analyses of CD56bright and CD56dim intracellular IFN-γ showed that all 

subsets produced IFN-γ in response to IAV infection (CD56bright; P=0.0156, CD56dimCD16+; P=0.0469, 

CD56dimCD16-; P=0.0156, Figure 5.9 C). Furthermore, the IFN-γ MFI was comparable between 

CD56bright and CD56dim NK cell subsets. Taken together, these results show an equivalent response 

from lung CD56bright and CD56dim NK cells to IAV infection. 
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Figure 5.9: CD56 bright and CD56dim NK cell activation to IAV infection. Lung explants were infected 

with X31 for 24 h prior to measurement of NK cell surface CD107a. (A) CD107a expression on 

CD56bright and CD56dim NK cell subsets following live and UV-irradiated X31 infection. Uninfected 

(NT) background CD107a expression was subtracted from all values. (B) NK cell subset expression 

of CD107a in non-treated explants. (C) Intracellular IFN-γ in CD56bright and CD56dim NK cell subsets. 

Uninfected (NT) background IFN-γ expression was subtracted from all values.  Lung tissue was 

infected for 16 h before incubating with monensin. Lines describe medians, statistical analysis 

performed by one-tailed Wilcoxon-signed rank test, N=6. 
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5.2.7 CD49a+ NK cell Function in IAV Infected Human Lungs 

CD49a+ NK cells expression has been linked to memory response in hapten challenge and viral 

infections [346-350, 426]. Multiple influenza infections are experienced throughout life and we 

hypothesised that human lung CD49a+ NK cells may possess an enhanced responsiveness to IAV 

infection. Thus degranulation and IFN-γ production of CD49a+ and CD49a- NK cells were analysed 

in IAV infected lung tissue. When measuring surface CD107a expression, CD56brightCD49a+ NK cell 

degranulation was found to be slightly increased during live X31 infection when compared with 

CD56bright CD49a- NK cells (P=0.0313, Figure 5.9 A). Interestingly, this trend was not found when 

lung explants were stimulated with PMA/I, during which CD56bright CD49a+ and CD49a- cells 

degranulate equivalently (P=0.5). CD107a was also assessed on CD56dimCD16- NK cells, which were 

also found to express CD49a (Figure 4.7). However, there was no difference in CD107a expression 

between CD56dimCD16- CD49a+ and CD49a- cells in IAV infected tissue (P=0.1563, Figure 5.9 B).  

 

When comparing CD49a+ and CD49a- IFN-γ production, there no difference between 

CD56brightCD49a+ and CD56brightCD49a- IFN-γ in live IAV infection (P=0.1563, Figure 5.9 C). Whereas 

CD56dimCD16- CD49a+ NK cells produced more intracellular IFN-γ compared to CD49a- cells 

(CD49a+; 352 MFI vs CD49a-; 163.5 MFI, N=6, P=0.0469, Figure 5.10 E H). This trend was not found 

in PMA/I stimulated lung explants where CD56dimCD16- CD49a+ and CD49a- cells responded 

equivalently (P=0.3135, Figure 5.10 E). Taken with the measures of NK cell degranulation this data 

indicates a slightly enhanced function of CD49a+ lung NK cells to IAV infection but with differences 

in the response of CD56bright and CD56dim NK cells. However, the physiological relevance of these 

changes remains to be seen. 



Chapter 5 

123 

 

Figure 5.10: Activation of CD49a+ and CD49a- NK cells in IAV infected lung tissue. Lung explants 

were infected with X31 or treated with PMA/I for 24h before measurement of NK cell degranulation 

(A, B) CD49a+ and CD49a- NK cell surface CD107a in CD56bright (A) and CD56dimCD16- (B) NK cells, 

N=5. (C, D) Intracellular IFN-γ was measured in both CD49a+ and CD49a- cells in CD56bright (C) and 

CD56dimCD16- (D) NK cell subsets (N=6, except PMA N=5). For IFN-γ detection the lung tissue was 

infected for 16 h before incubation with monensin for a further 24h. Lung explants were stimulated 

with PMA/I for the same total time as IAV infection. Lines describe medians. Statistical analysis by 

one-tailed Wilcoxon signed-rank test. 
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5.2.8 NK cells and T cells share Effector Function in IAV Infected Lung Tissue 

T cells have also been shown to secrete IFN-γ during infection and some subsets demonstrate 

significant cytotoxicity against infected cells [489]. To investigate the likelihood that T cells 

contributed to the rise of extracellular IFN-γ and Gzm-B in IAV infected tissue (Figure 5.4) T cell 

degranulation and IFN-γ production was measured by flow cytometry (Figure 5.11). This found that 

T cell expression of CD107a and IFN-γ were both significantly increased in IAV infected lungs and 

indicates that these cells may also contributed to the release of Gzm-B and IFN-γ in human IAV 

infection (P=0.0156 and P=0.0156 respectively, Figure 5.11 A and C). In addition, as CD49a is 

expressed on lung T cells, the function of CD49a+ T cells was assessed in this study [331]. CD49a 

has been associated with differential localisation of T cells within the lungs and thus may be 

important in T cell residency [331]. 53.8 ± 12.8% of lung explant T cells expressed CD49a in this 

study and the functional response of these cells was explored relative to CD49a- lung T cells. CD49a+ 

T cell CD107a expression was equivalent to CD49a- cells in live-IAV infected lung tissue and PMA/I 

stimulation (P=0.0781 and P=0.3125 respectively, Figure 5.11 B). However, IFN-γ production in 

CD49a+ T cells was enhanced relative to CD49a- T cells during live IAV infection (P=0.0156, Figure 

5.11 D) but not in PMA/I stimulated tissue or UV-X31 treated controls (P=0.0625 and P=0.1250 

respectively, Figure 5.11 D). This might indicate that CD49a expression on T cells may be associated 

with greater cytokine production, as seen for CD56dimCD16- NK cells.  
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Figure 5.11: Human lung T cell activation to IAV infection. (A, B) Lung explants were infected with 

UV-irradiated or live IAV for 24 h. Explants were then digested and CD107a measured on T cell 

surfaces by flow cytometry. (C, D) To detect IFN-γ, lung explants were infected with IAV for 16h 

before the addition of monensin and further incubation for 24 h.  (B, D) CD49a+ and CD49a- T cell 

CD107a expression (B) and IFN-y production (D) following live influenza infection and PMA/I 

treatment. Lines describe medians. Statistical analysis by one-tailed Wilcoxon signed-rank test, 

N=6. 

  



Chapter 5 

126 

5.3 Discussion 

5.3.1 Ex Vivo Influenza Infection of Lung Explants are consistent with previous reports 

This chapter reports the successful infection of human lung explants with IAV virus (Figures 5.1 and 

5.2) with an equivalent infection to that reported previously [428, 429]. Live X31 infection was 

compared against UV-irradiated X31, which is inert and does not replicate within human lung tissue 

(P=0.2891, Figure 5.2 A and B). UV-irradiated X31 was used to control for the effects of PRR 

stimulation by initial exposure to viral particles. This allowed us to discern the effects of viral 

invasion and replication on lung immune function. UV-irradiated X31 did not stimulate activation 

of any of the cell types investigated in this study, including lung epithelia, macrophages, T cells or 

NK cells. 

 

IAV infection was measured by intracellular expression of NP-1, which is only produced during viral 

replication (Figure 5.2) [488]. Airway macrophages and epithelia were the dominant cell types 

infected with influenza (22.3% and 7.2% respectively, Figure 5.2). Substantial increases in IAV, 

determined by NP-1 MFI, were found in both these cell types with a small amount of NP-1 

expression in CD45-EpCAM- cells and CD45+HLA-DR- cells (Figure 5.2 C). These results suggest that 

a small amount of X31 is able to infect non-epithelial structural cells and leukocytes, a feature that 

may be due to the high levels of extracellular virus required to infect airway tissue (500,000 PFU/mL 

2012 X31 stock). However, significant viral tropism for the airway epithelia and macrophages is 

observed in this model, as previously reported in the literature [45, 490]. 

 

A greater proportion of airway macrophages were infected compared to airway epithelia (22.3% vs 

7.1%). This may reflect greater accessibility of macrophages to IAV virus in the culture media than 

the epithelia. Alternatively, it may reflect greater IAV uptake by airway macrophages, possibly 

though macrophage phagocytosis [140, 491]. The enhanced expression of IAV NP-1 could also be 

explained if macrophages provided a better resource for viral replication, although this is unlikely 

given the macrophage’s role as an early sentinel and antigen presenting cell [45]. Rodgers et al. also 

reported a 20% infection of human alveolar macrophages by H3N2 IAV but without viral exit to the 

culture media. Abortive replication of H1 and H3 IAV in alveolar macrophages has since been 

corroborated by a number of studies, suggesting that IAV accumulates, but is not able to 

disseminate from these cells [45]. Interestingly in this model, macrophage viability was reduced in 

IAV infected lung explants (P=0.0071, Figure 5.2), possibly reflecting the higher burden of IAV 
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infection as IAV has also been shown to increase macrophages phagocytosis and apoptosis [140, 

491, 492]. Increased macrophage death in IAV-infected tissue might also reflect lymphocyte-

mediated destruction as both NK cells and T cells were activated by IAV infection (Figures 5.7, 5.8 

and 5.11).  

 

The effect of IAV on infected cells was further characterized in terms of antigen presenting 

molecules. These results demonstrate the activation of IAV-infected cells, with increased 

expression of class I HLA molecules on infected airway epithelial cells and macrophages (Figure 5.3). 

These results suggest that antigen presentation may be increased in IAV-infected explants. 

Furthermore, strong anti-viral responses were detected in IAV infected lung tissue with significantly 

increased extracellular IFN-γ and Gzm-B 24 hpi (P=0.0039 and P=0.0078 respectively, Figure 5.4 C 

and D). Both IFN-γ and Gzm-B rose in explant supernatants between 16 and 24h of infection (Figure 

5.4 A and N). The timing of this response indicates that the secretion of these molecules is a 

secondary response to initial inflammatory signalling by cytokines such as IFN-α and IFN-β [493, 

494]. Interestingly extracellular Gzm-B appeared to be reduced in control conditions at the 6 h time 

point compared to 2 h (Figure 5.4 B). At 2 hpi culture supernatant was collected and explants 

washed to remove extracellular virus. Thus the increased basal expression of Gzm-B in untreated 

and UV-irradiated X31 controls at the initial two-hour time point may indicate a small amount of 

Gzm-B release following explant removal from the body. This is probably reduced at the six-hour 

time point due to tissue washing. Taken together these results demonstrate that ex vivo lung 

infection provides reliable infection of airway macrophages and epithelia as well as immune cell 

activation. Thus this model was used to explore the lung NK cell response to IAV infection. 

 

5.3.2 NK Cells are Activated during Influenza Infection of Human Lung 

Infection of human lung explants was carried out in 0.5% FCS RPMI as described in section 2.13 as 

FCS protein may inhibit viral infection and replication [495, 496]. However, FCS was found to be 

important for NK cell survival and maintenance, as shown in Figure 3.3 and discussed in section 

3.3.1. Removal of FCS from culture media increased the proportion of peripheral blood 

CD56dimCD16- NK cells (Figure 3.3). Thus the NK cell phenotype may have been affected by the lack 

of FCS in the culture medium. Indeed, the proportion of CD56dimCD16- NK cells in untreated lung 

explants was slightly higher in untreated explants in 0.5% FCS-RPMI compared to 10% FCS RPMI 

(13.8% vs 8.7%, Figure 5.5B and Figure 4.4 F). Although lung explants were cultured in 0.5% FCS-

RPMI for 24 h longer, which could contribute to this difference in CD56dimCD16- NK cells.  
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Functional responses of human lung NK cells to IAV infection were characterized by flow cytometry 

and the kinetics of NK cell activation explored. This included the development of a novel method to 

detect intracellular cytokine within the human lung tissue. NK cells were strongly activated during 

IAV infection of lung tissue with a rapid CD107a response beginning 6 hpi and peaking at 24 hpi 

(Figure 5.7 B). In an in vivo setting of influenza infection, peak NK cell response occurs 3 days after 

infection [112, 364, 372, 382, 393, 394]. However, the speed of response seen in this thesis most 

likely reflects the fact infection was ex vivo and with a high titre of virus. Nevertheless, these data 

support the concept of NK cells as early responders to viral infection. Interestingly, lung T cells were 

found to respond at a similar rate despite a reported week long delay in the T cell response in the 

mouse lung (Figure 5.11) [497]. T cells isolated from human lung parenchyma have been shown to 

be predominantly memory T cells with little to no presence of naïve T cells, which might explain an 

equivalent response time with NK cells [460]. As H3N2 is a current circulating strain of IAV we would 

expect T cells possessing memory to IAV antigens to be present in the lung parenchyma [486]. 

 

The timing of NK cell degranulation during IAV infection appeared highly variable between 

individual donors (Figure 5.7 C). For instance, NK cell CD107a expression was increased in two of 

three lung tissue donors at the 16 h time point, whilst no CD107a expression was seen in the other 

donor. This variation may arise from the quality of tissue received or differences in disease state, 

co-morbidities, medication, age or commensal microbiota of donors. It might also reflect 

heterogeneity in immune responses and viral replication within individual humans, which are 

rooted in both genetic and environmental variability [498]. However, this experiment is at a small 

sample size due to a limited availability of the tissue size required to repeat this work. Increasing 

the sample size would give more information on the degree of variability between NK cell responses 

in individuals.  

 

In the three individuals analyzed the 24 h time point was the most consistent for measuring NK cell 

CD107a expression, thus this time point was subsequently used. Lung NK cells demonstrated 

increased evidence of degranulation 24 h post live IAV infection (P=0.04969, Figure 5.8 A), 

indicating the release of NK cell cytotoxic granules towards target cells and suggesting possible 

clearance of infected cells [185, 499]. IAV infection also stimulated significant upregulation of NK 

cell IFN-γ production (P=0.0156, Figure 5.9 E). IFN-γ is an important anti-viral cytokine, upregulating 

anti-viral machinery in neighbouring cells and strongly stimulating many arms of the immune 

response [500]. Thus, lung NK cells may promote anti-viral immunity within the lung tissue through 

this inflammatory signalling pathway. These findings fit with reports of NK cell activation following 
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IAV vaccination in the blood and against IAV-infected monocyte-derived dendritic cells and suggest 

that human NK cells may contribute to anti-IAV responses in the human lung [254, 319]. 

 

Importantly, this data demonstrates that NK cells are not hyporesponsive during IAV infection but 

rather are strongly activated and may play an important role in viral control. The mechanisms by 

which NK cells are released from their inhibited state during IAV infection are largely unknown. 

However, NK cell activation may be stimulated by inflammatory cytokine signalling, or by change 

to the balance of activating and inhibitory ligand expression on infected cells [199, 468]. For 

instance NKG2D, NKp46 and a number of KIR have been implicated in NK cell recognition of infected 

cells [254, 376, 378, 379, 384, 385]. Understanding NK cell regulation during respiratory infections 

may have important implications for human lung diseases where inflammation is chronic and could 

result in dysregulated NK cell function [86].  

 

5.3.3 CD56bright and CD56dim NK Cells respond equivalently to IAV Infection 

Many studies have described CD56bright NK cells as cytokine producing and CD56dim NK cells as 

cytotoxic [259, 295, 302-304, 308, 309]. However, “cytotoxic” CD56dim NK cells can also release 

large-amounts of cytokines upon receptor ligation and CD56bright NK cells become cytotoxic 

following cytokine stimulation [189, 310-312]. To assess the function of CD56bright and CD56dim NK 

cells in the ex vivo lung model the degranulation and IFN-γ production of NK cell subsets were also 

analysed (Figure 5.9). CD56bright and CD56dim NK cells were both found to degranulate and 

upregulate IFN-γ production equivalently in live IAV infected lung tissue (Figure 5.9).  Thus it 

appears that the mechanism determining NK cell activation to IAV infection may be shared by 

CD56bright and CD56dim NK cells, despite differences in receptor expression on the subsets [296]. NK 

cell activation to IAV-infected cells may involve increased activating receptor ligation or KIR 

engagement from infected cells, as has been suggested by the literature [254, 376, 378, 379, 384, 

385].  However, IAV-induced pro-inflammatory cytokine signalling may also play a role in 

stimulating NK cell activity [114, 378]. In fact, the pro-inflammatory environment of IAV-infected 

lungs may enable the activation of both CD56bright and CD56dim NK cells as cytokine treatment can 

modulate NK cell subset function in vitro [189, 310-312]. 

Unfortunately, from this data it is not possible to conclude that NK cell subsets kill equivalently 

during IAV infection as CD107a is an indirect measure of NK cell killing. CD56bright cells have been 

shown to express more Gzm-K and less Gzm-B than CD56dim NK cells which might result in a different 
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capacity for cellular killing [501, 502]. In future, measuring intracellular accumulation of granzyme 

molecules within lung lymphocytes may shed more light on the differences between the cytotoxic 

potential of CD56bright and CD56dim NK cells in the lungs. This question could also be investigated 

more directly by cytotoxicity assays against IAV-infected target cells following sorting of CD56bright 

and CD56dim NK cells.  

 

5.3.4 Lung CD49a+ NK Cells may be more Functionally Responsive to Respiratory Virus 

CD49a, an integrin associated with both NK cell residency and memory was identified on lung NK 

cells in section 4.2.5 [340, 344, 348-350, 426]. Both CD56bright and CD56dimCD16- lung NK cells 

strongly expressed CD49a, as shown in Figure 4.8 and 4.9. As IAV is a common respiratory pathogen 

which humans experience multiple times throughout their lifetime, this virus may stimulate the 

generation of innate immune memory as well as adaptive memory [486, 503]. Thus, the hypothesis 

is that CD49a+ lung NK cells may possess enhanced recall responses to IAV. To investigate this, the 

surface CD107a and intracellular IFN-γ expression of CD49a+ and CD49a- NK cells were analysed 

(Figure 5.10).  

 

A greater proportion of CD56bright CD49a+ NK cells were found to degranulate in response to IAV 

infection compared to CD56bright CD49a- NK cells (P=0.0313, Figure 5.10 A), an effect not seen with 

PMA/Ionomycin stimulation (P=0.5, Figure 10 A). This suggests that CD56bright CD49a+ NK cells might 

have an enhanced degranulation response that is specific to viral infection, as the total potential of 

the lung NK cells to express CD107a was unchanged. However, this difference did not extend to 

cytokine production as CD56bright CD49a+ IFN-γ production was equivalent to CD56bright CD49a- cells 

(P=0.1563, Figure 5.9 G). In section 4.2.5 the activating receptor profile of CD49a+ NK cells was 

different to CD49a- NK cells, including enhanced NKG2D expression on CD56brightCD49a+ NK cells 

(Figure 4.10 B). NKG2D has been implicated in releasing NK cell cytotoxicity towards IAV infected 

cells which may explain the increased degranulation of these cells in IAV infected lung [254]. 

Increased NKG2D expression was also found on CD56dimCD16-CD49a+ lung NK cells (P=0.0420, 

Figure 4.10 E). Likewise, there was a trend towards increased CD107a expression on CD56dimCD16-

CD49a+ cells in IAV infected lungs, although this did not reach significance (P=0.1563, Figure 5.10 

B). Interestingly IFN-γ upregulation was found to be greater in CD56dimCD16- CD49a+ cells relative 

to CD49a- cells (P=0.0469, Figure 5.10 D), contrasting with CD56brightCD49a+ cells (P=0.1563, Figure 

5.10 C). It is unclear why there would be differences between the response of CD56bright CD49a+ 

and CD56dimCD16- CD49a+ cells but could reflect the more activated state of CD56dimCD16- cells 
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[189, 259, 295, 302-304, 308-312]. However, the small sample size in these experiments may inhibit 

the detection of statistical significance, particularly given the heterogeneity within human 

immunological data. For instance, in some individuals there were large differences in the IFN-γ 

expression of CD56brightCD49a+ and CD56brightcCD49a- cells, but not in others. Sample quantity and 

availability are limiting factors in our capacity to carry out these experiments however repetition of 

this work would better confirm any functional differences in CD49a+ and CD49a- lung NK cells and 

would be an important aspect of further work. 

 

Taken together, these results suggest an enhanced function of CD49a+ lung NK cells to IAV and 

indicate that NK cell memory of influenza infection might exist within the adult human lung. 

However, corroboration of CD49a+ cell transcription factor expression and epigenetic state is 

required to fully conclude this. In murine studies, liver CD49a+ NK cells from mice infected with IAV 

were protective following adoptive transfer and subsequent influenza challenge [426]. However, 

rather confusingly, murine lung CD49a+ NK cells were not protective in this model [426]. The 

authors suggest that lung CD49a+ NK cells may be inhibited by the high degree of lung inflammation 

caused by mouse-adapted IAV [426].  The work of Li et al demonstrates that the training of CD49a+ 

NK cells may make significant contributions to clearance of infection in vivo [426]. However, the 

physiological relevance of CD49a+ cells to human infections remains to be seen. The resident NK 

cell localisation within the lung structure remains a mystery but may be similar to that observed for 

T cells [331]. CD49a+ T cells are found to localise to the collagen-IV rich basement membranes in 

human lung and skin [331]. 

 

The generation of resident local mucosal immunity in humans could have important implications 

for interventions in lung disease and IAV vaccine design, offering a possibility for increasing strain 

cross-reactivity and effectiveness [344]. Furthermore, immune signalling from resident NK cell 

populations has not been investigated in human infection and may be an important mechanism of 

coordination between different arms of the immune system. Interestingly CD49a expression was 

found to be increased on CD56bright lung NK cells during worsening COPD (Figure 4.13), which may 

indicate dysregulation of this cell population during chronic lung disease. However, the full 

functional role of human CD49a+ lung NK cells and their contributions to lung disease remain be 

elucidated.  
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5.3.5 T cell CD49a Expression is also associated with Enhanced Function 

As described by previous reports, T cell degranulation could also be measured in lung explants 

following IAV infection, indicating that these cells may also contribute to Gzm-B release and 

infected cell clearance (P=0.0156, Figure 5.11 A) [429]. In addition, for the first time this study 

reports the detection of increased IFN-γ production by T cells in IAV infected explants (P=0.0156, 

Figure 5.11 C). Thus, lung T cell and NK cells share this effector function. The T cells analysed in this 

study are predominantly memory T cells, which might explain why the speed of IFN-γ production 

was equivalent to that of the NK cells [429, 460].  

 

CD49a expression is also associated with T cell residency and memory and therefore CD49a+ T cell 

responses were analysed as a control for our observations in the NK cell population [504]. In this 

study CD49a was found on approximately half (53.8 ± 12.8%) of the CD3+ T cell population. 

Unfortunately, an analysis of CD49a expression on CD4 and CD8 T cells was beyond the scope of 

this study due to restraints on the number of flow cytometry channels available. In the murine lung, 

Richter et al found that CD49a was expressed on 70% of CD8 lung cells and 28% of CD4 T cells [331]. 

Interestingly CD49a defines a population of Trm cells and is associated with a more activated T cell 

phenotype in the skin, gut, cervix and lung with increased production of IFN-γ and TNF-α [331, 505]. 

CD3 engagement of by CD8+CD103+CD49a+ Trm in the skin was shown to increase IFN-γ production 

relative to CD49a- T cells [505]. Indeed, IAV stimulates IFN-γ production primarily from CD4+ 

CD49a+ and CD8+CD49a+ T cells [506, 507]. This fits with our findings demonstrating increased IFN-

γ production in CD49a+ T cells in IAV infected lung (P=0.0156, Figure 5.11 D). However, surface 

CD107a was not found to be different between CD49a+ and CD49a- T cells (P=0.0781, Figure 5.11 

B) thus CD49a expression may not be related to changes in T cell degranulation and thus cytotoxic 

potential, although this would require further analysis.  
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Blocking CD49a function was shown to reduce virus-specific CTLS in the lung, indicating that CD49a 

plays a role in the retention of Trm cells [506]. As discussed in section 1.4.6 CD49a binds collagen 

IV, a component of the lung epithelia basement membranes [331]. This explains the localisation of 

the predominantly CD49a+ CD8 T cells around basement membranes of airways or blood vessel, 

with most CD4+ T cells found in the interstitial space [331]. It has also been suggested that CD49a 

contact with the extracellular matrix causes anti-apoptotic signalling within T cells, thus maintaining 

Trm populations in the organs [506, 508]. A mechanism that may be important in preserving Trm 

cells following T cell population collapse during infection resolution [506, 509]. The anchorage of 

Trm cells to organ extracellular matrices may retain a population of T cells tailored to control 

recurrent infection [505, 506, 508, 509]. It is possible that a similar mechanism maintains resident 

NK cell populations in the lung, allowing NK cell surveillance of this mucosal surface. 

 

5.3.6 Benefits and Limitations of the Ex Vivo Infection Model 

The model of ex vivo influenza infection presented in this chapter presents a number of advantages 

compared to murine models including the ability to assess human immune responses in a 

physiologically relevant model of IAV infection. It also allows investigation into the function of cell 

populations unique to human lungs, whose responses may be shaped by individual immune history. 

Thus investigating the function of organ-resident NK cells in infection in animal models is 

challenging, particularly if their function revolves around differential expression of germ-line 

encoded receptors as these are not well shared between species [510]. However, analysis of human 

lung tissue is limited by a restricted availability of this resource as well as a high heterogeneity in 

cohort genetics and environmental exposure. Furthermore, as all lung cell types are included in this 

model it can be challenging to dissect out specific NK cell stimulating signals and to distinguish 

between the effects of other immune cells. To further investigate mechanisms of NK cell activation 

and functional responses, a more reductionist model is required and this is explored in Chapter 6. 
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5.3.7 Summary 

In this chapter flow cytometric methods analyzing NK cell activation were developed in human lung 

tissue. An ex vivo model of IAV infection was used to explore the kinetics of NK cells responses, 

including lymphocyte CD107a expression and Gzm-B and IFN-γ production. Lung NK cells were 

shown to be highly responsive to IAV infection, with significant upregulation of CD107a and IFN-γ 

production. Thus human lung NK cells do not appear to hyporesponsive during viral infection. 

Furthermore, NK cell subsets were shown to respond equivalently to IAV infection, demonstrating 

that CD56bright and CD56dim NK cells share effector functions in human lung tissue. Finally, this 

chapter assessed the functional response of resident NK cells identified in chapter 4. Lung CD49a+ 

NK cells showed enhanced degranulation potential and IFN-γ production compared to CD49a- NK 

cells, although differences in the function of CD56brightCD49a+ and CD56dimCD16-CD49a+ cells were 

observed. Further investigation of the mechanisms of NK cell activation are required to better 

understand how these cells are regulated in the lungs and will be explored in chapter 6. 

  



Chapter 6 

135 

Chapter 6 Modelling NK Cell Activation to IAV-Infected 

Cells 

6.1 Introduction 

In this thesis lung NK cells were shown to both degranulate and produce IFN-γ upon IAV infection, 

indicating that NK cells may have important anti-viral functions within human lungs (section 5.2.5). 

Unfortunately, the complexity of the ex vivo infection model limits exploration of mechanisms of 

lung NK cell activation and regulation. Therefore, the mechanisms driving NK cell activation were 

also explored in co-culture models of blood-derived NK cells with either IAV-infected PBECs or 

MDMs. 

 

Airway epithelia and macrophages are infected by IAV, as shown in Chapter 5. Both of these cell 

types provide early innate inflammatory signaling during IAV infection which may activate NK cell 

function [105, 511]. Airway macrophages have also been shown to inhibit NK cell function during 

steady-state lung conditions [366]. Given, the strategic location and production of pro-

inflammatory cytokines by macrophages, and their repressive effect on NK cell function, there may 

be an important interplay between airway macrophages and NK cells in the lungs [105, 364-366, 

512]. Investigating this intercellular interaction is therefore an important aspect in understanding 

pulmonary NK cell regulation [366]. On a more mechanistic level, NK cell activation is controlled by 

the integration of inhibitory and activating signalling from germ-line encoded NK cell receptors 

[199, 200]. Two activating receptors, NKp46 and NKG2D and have been implicated in NK cell 

recognition of IAV infected cells [254, 376, 378, 379]. In addition, some KIR alleles have been 

associated with IAV severity, however there is a great deal of conflict in the literature and receptor 

binding has not been modelled with physiologically relevant cell types, as discussed in section 1.5.2 

[384, 385]. Pro-inflammatory cytokine signalling has also been shown to stimulate NK cell activation 

and therefore both these facets of NK cell biology are explored in this chapter [513, 514]. 

 

To do this, submerged lung epithelial cultures were grown out of bronchial brushings and MDMs 

were differentiated by 12 day GM-CSF culture of peripheral blood monocytes. MDMs cultured this 

way provide a well-established model of the in vivo human alveolar macrophage [85, 423, 431, 432]. 

PBECs and MDMs were then infected with X31 influenza prior to culture with autologous peripheral 
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NK cells (as shown in Figure 6.1). These models allowed the flow cytometric analysis of NK cell 

activation, however receptor expression and cytotoxic function was primarily investigated in the 

MDM-NK co-culture model. Furthermore, the effect of direct cell contacts with NK cells with target 

cells were investigated in a transwell system and by blocking specific receptor ligation. Cytokine 

signalling was also analysed from both MDMs and NK cells analysed by Luminex assay.  

 

 

Figure 6.1: Diagrammatic representation of NK cell culture with autologous infected cells. (A) NK 

cell and monocyte-derived (MDM) co-cultures. Monocytes and NK cells were extracted from blood 

of healthy volunteers using density gradient centrifugation and MACS. Monocytes were identified 

through positive selection for CD14 and NK cells by negative selection. Purified NK cells were stored 

at -80⁰C until use. Meanwhile monocytes were cultured over 12 d in GM-CSF to promote 

differentiation to MDMs. (B) NK cell and PBEC co-culture. Epithelial cells were isolated from 

bronchial brushings of healthy donors and grown out into submerged PBEC cultures. Previously 

frozen PBMCs were defrosted and NK cells isolated by MACS negative selection. (A, B) Both MDMs 

and epithelial cells were infected with X31 H3N2 IAV virus for 24h prior to 6h culture with NK cells.
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Results 

6.2.1 Optimizing Co-Culture Conditions 

The protocol for autologous MDM-NK cell co-culture is summarised in Figure 6.1 A, with further 

detail in section 2.2. In brief, autologous monocytes and NK cells were isolated from the blood of 

healthy donors (REC 13/SC/0416) by density gradient centrifugation followed by MACS. Monocytes 

were isolated based on a CD14+ sort and NK cells by negative selection. Monocytes were then 

cultured in 2 ng/mL GM-CSF for 12 days, allowing differentiation into MDMs. Meanwhile, freshly 

isolated NK cells were frozen in 10% DMSO/FCS and stored at -80°C until use. Neither MACS 

purification or cryopreservation were found to affect the proportions of CD56bright or CD56dim NK 

cells (Figure 3.3).  

 

Prior to culture with NK cells, MDMs were infected with 500 PFU/mL of H3N2 X31 IAV for 24 h to 

allow sufficient IAV infection of the monolayer [433]. As reported previously, at 24 hpi a median 

29% of the MDM monolayer was NP-1 positive with a lack of viral replication in UV-X31 treated 

controls (Figure 6.2A) [433]. In addition, this timing fits with findings from the ex vivo lung explant 

model of infection where optimal NK cell activation was observed 24 hours post influenza infection 

(Figure 5.7). MDMs were found to upregulate the expression of NK cell ligands including class I HLA 

(P=0.0313, Figure 6.2 B) and ligands for NKG2D and NKp46 24 hpi with H3N2 IAV (P=0.1563 and 

P=0.0313 respectively, Figure 6.2 C and D). UV-irradiated X31 did not induce any change in either 

MDM class I HLA, NKG2D ligands or NKp46 ligands (P=0.1875, P=0.1563 and P=0.3125 respectively 

Figure 6.2 B, C and D). NKG2D has been shown to bind both MIC-A/B and ULBP proteins in humans 

[251-254]. MIC-A/B expression on X31-infected MDMs was also analyzed by flow cytometry but 

was not detected on MDM surfaces (0.26% on IAV-infected MDMs N=5). This suggests that some, 

or all of the ULBP proteins may be responsible for increased NKG2D-Fc construct binding [251-254]. 
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Figure 6.2: MDM surface proteins change with IAV infection. MDMs were infected with UV-

irradiated or live X31 IAV or untreated (NT) for 24 h. (A) IAV replication was measured by 

intracellular NP-1 expression. (B, C) HLA-A/B/C expression on infected MDMs. (D, E, F, G) Ligands 

for the NK cell activating receptors NKG2D (D, E) and NKp46 (F, G) were detecting through binding 

of Fc-receptor chimera constructs and measured by flow cytometry. Lines show medians. Statistical 

analysis by two-tailed Wilcoxon signed-rank test. 

 

Following 24 h infection with live-X31, MDMs were cultured with autologous NK cells and NK cell 

activation measured by flow cytometry. NK cells were cultured with MDMs at a number of E:T ratios 

to determine the optimal conditions to measure NK cell function, as shown in Figure 6.3 A. NK cell 

activation was detected by expression of intracellular IFN-γ following 6 h of co-culture. Target cells 

were X31-infected MDMs, however a PMA/I stimulation of a 1:1 co-culture was used as a control 

for NK cell activation. The greatest NK cell IFN-γ production was found at an E:T of 1:5 with minimal 

NK cell activation detected at a 1:1 and a 1:10 ratios (Figure 6.3 A). Therefore, an E:T of 1:5 was 

taken forward and used in all subsequent MDM-NK co-culture experiments. 

 

The kinetics of NK cell activation in this model were assessed with time points of 2 and 6h co-culture 

with MDMs. Increased IFN-γ was detected in both 2 and 6h co-cultures relative to UV-X31 controls 

(P=0.0313 and P=0.0156 respectively, Figure 6.3 B and C) as was NK cell surface CD107a (P=0.0156 

and P=0.0313 respectively, Figure 6.3 C and D). However, a 6 h co-culture time was preferred as 

this gave a greater increased in median IFN-γ expression to the 2 h time point (6h live-X31; 214 vs 

2h; 171.5, Figure 6.3 D) and thus better detection of NK cell activation. NK cell culture with NT 

MDMs was found to maintain NK cell viability (Figure 6.4 G) and did not affect the proportion of 

either CD56bright, CD56dimCD16+ or CD56dimCD16- NK cells (P=0.625, P=0.0625, P=0.0625, Figure 6.4 

A, B and C). NK cell subsets were also stable in IAV-infected co-cultures (CD56bright; P=0.4378, 

CD56dimCD16+; P=0.4375 and CD56dimCD16-; P=0.8125, Figure 6.4 D, E and F). A statistically 

significant small (median 0.4%) reduction in NK cell viability was observed in IAV-infected co-

cultures (P=0.0156, Figure 6.4 H) however NK cell viability was largely maintained during contact 

with infected cells.  



Chapter 6 

140 

 

Figure 6.3: Determining the Effector : Target cell (E:T) ratio in NK-MDM co-cultures. (A) NK cells 

were cultured with IAV-infected MDMs for 6 h at a range of E:T ratios. 125, 000 MDMs were seeded 

per well in a 96-well plate. Co-cultures were also treated with PMA for 6h as a control. Monensin 

was added one hour after the addition of NK cells and NK cell activation was measured through the 

accumulation of intracellular IFN-γ. Background IFN-γ MFI was subtracted from all values. (B, C, D, 

E) Co-cultures were performed as described in A with 500 000 MDMs seeded per well in a 48-well 

plate. Untreated (N)T and UV-irradiated X31 treated MDM controls are shown. (B, C) NK cell 

intracellular IFN-γ following 2h and 6h co-culture at an E:T of 1:5, N=6.  (D, E) NK cell surface CD107a 

during 2h and 6h co-culture at an E:T of 1:5, N=5. Statistical analysis by one-tailed Wilcoxon-signed 

tank test, lines show medians.  
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Figure 6.4: Culturing NK cells with autologous MDMs does not affect the NK cell phenotype. NK 

cells were cultured with mature MDMs for 6h at an E:T 1:5 and the expression of CD56 and CD16 

measured by flow cytometry. Monensin was added to co-cultures for 5h prior to staining. (A, B, C) 

The proportions of CD56bright (A), CD56dimCD16+ (B) and CD56dimCD16- (C) NK cells were 

unchanged when cultured with MDMs or on their own. (D, E, F) CD56bright (D) CD56dimCD16+ (E) 

and CD56dimCD16- (F) NK cell proportions in uninfected and IAV-infected co-cultures.  (G, H) NK 

cell viability was measured by flow cytometry in culture alone or with MDMs (G) and in IAV-

infected co-cultures (H). Connecting lines show individuals. Statistical analysis by two-tailed 

Wilcoxon signed-rank test.  
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6.2.2 NK Cell Activation during Culture with IAV Infected MDMs is Contact Dependent 

Peripheral blood NK cells were found to increase expression of both CD107a and IFN-γ upon culture 

with IAV-infected MDMs (P=0.0313 and P=0.0156 6.5 A and D), corroborating findings from ex vivo 

IAV infection of human lung tissue. IFN-γ production in the co-cultures was further analyzed by 

ELISA (Figure 6.5 F). Extracellular IFN-γ was detectable only when IAV-infected MDMs were cultured 

with NK cells (P=0.0078, Figure 6.5 D) indicating that NK cells are the most likely source of this 

cytokine. In addition, NK cell intracellular Gzm-B was also raised during culture with IAV-infected 

cells and there was a non-significant trend towards increased extracellular Gzm-B (P=0.0156 and 

P=0.0547 respectively Figure 6.5 C and E). However, there was high individual variability in this 

measure with a large range in Gzm-B expression even in NT co-cultures.  

 

To determine the significance of cellular contact in stimulating NK cell activation, MDM-NK cell co-

cultures were also performed in a trans-well system. This allowed the physical separation of NK 

cells from infected MDMs whilst still allowing cytokine signaling between the cells. Transwell 

separation of the co-cultures abrogated NK cell CD107a, IFN-γ and Gzm-B upregulation in IAV-

infected co-cultures (P=0.2188, P=0.3438 and P=0.3438, Figure 6.5 A, C and D). This was confirmed 

by ELISA as extracellular IFN-γ could not be detected when NK cells were physically separated from 

IAV-infected MDMs (Figure 6.5 F). These results indicate that direct contact between NK cells and 

infected cells are essential to NK cell activation. However, NK cell viability was reduced by 15% in 

the transwell system along with a three-fold reduction in background extracellular Gzm-B and a 

five-fold increase in CD107a expression, which confounds the interpretation of some of these 

results. The lack of CD107a upregulation in IAV infected transwell co-cultures may not be due to 

the physical separation of NK cells from a stimulus but due to increased NK cell activation and 

fratricide using this transwell system [494, 515]. However, basal production of IFN-γ was unaffected 

by NK cell culture in transwells and more confidence can be given to these results. Taken together 

these results indicate that cell contact with infected cells are important in NK cell activation to IAV 

infection but further analysis is required to confirm this. 
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Figure 6.5: NK cells activate and produce anti-viral molecules following contact with IAV-infected 

macrophages. Prior to culture with NK cells MDMs were infected with either UV-irradiated or live-

X31 for 24 h. NT=non-treated. MDMs were then cultured directly with autologous NK cells or 

physically separated by transwells for 6 h. NK cell co-cultures were treated with monensin for 5h. 

(A) Surface CD107a expression on NK cells (N=5). (B) NK cell viability when cultured free with MDMs 

and when separated in a transwell system (N=5). (C, D) Accumulation of intracellular IFN-γ (D) and 

Gzm-B (C) detected by flow cytometry (N=6). (E, F) Extracellular IFN-γ (F) and Gzm-B (E) detected 

by ELISA in co-culture supernatants (N=8). Lines describe medians. Statistical analysis by one-tailed 

Wilcoxon signed-rank test.  

 

6.2.3 CD56bright and CD56dim NK Cell Activation to IAV-Infected MDMs 

CD56bright and CD56dim NK cells have been assigned different roles by some studies but were found 

to respond similarly during the ex vivo lung model of IAV infection presented in section 5.2.5 [259, 

295, 302-304, 308, 309]. To corroborate these findings CD56bright and CD56dim degranulation, IFN-γ 

and Gzm-B production were analyzed following culture with IAV-infected macrophages (Figure 6.6).  

CD56bright and CD56dim NK cells were defined as shown in Figure 2.1. NK cell CD107a, IFN-γ and Gzm-

B expression were all increased on CD56bright, CD56dimCD16+ and CD56dimCD16- cells in IAV-infected 

co-cultures (Figure 6.6). However, the degree of upregulation in all three measures of NK cell 

activation appeared to be equivalent between the three NK cell subsets in IAV-infected co-cultures. 

Thus these results appear consistent with those reported in section 5.2.5 and suggest that CD56bright 

and CD56dim NK cells upregulate surface CD107a and produce IFN-γ and Gzm-B equivalently during 

IAV infection.  All measures of activation are shown relative to the NT and thus take into account 

differences in expression between the NK cell subsets in unstimulated conditions. For instance Gzm-

B is differentially expressed by CD56bright and CD56dim NK cells (Figure 6.6 D) [189, 304, 516].   
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Figure 6.6: CD56bright and CD56dim NK cell activation to IAV infected MDMs. (A, B, C) Surface CD107a 

expression (A), IFN-y (B) and Gzm-B production in NK cell subsets following 6h culture with IAV 

infected macrophages. Baseline non-treated values were subtracted from all data sets. Statistical 

analysis was performed by one-tailed Wilcoxon signed-rank test. (D) Baseline Gzm-B expression in 

NK cells cultured macrophages. Lines describe medians.  

 

6.2.4 NK Cells are Cytotoxic towards IAV-Infected MDMs 

Thus far, CD107a has been consistently upregulated by NK cells in response to IAV infection of lung 

tissue and macrophages (Figure 5.7 and 6.5 A). CD107a is trafficked to the cell surface during NK 

cell activation and is commonly used as an indirect measure of cytotoxicity [185]. Increase in both 

expression and release of the cytotoxic molecule, Gzm-B has also been observed in IAV-stimulated 

NK cells, further indicating an enhanced cytotoxic function of these cells (Figure 6.5 C and 6.6 C). 

However, to directly corroborate whether these changes result in increased target cell killing, 

macrophage viability was measured during culture with and without NK cells (Figure 6.7). MDM 

viability was measured by flow cytometry with an amine binding dye, with viability gates set from 

heat killed and unstained controls (Figure 6.7 A). This method found that MDM viability was slightly 

reduced (by 9%) in IAV infection (P=0.0098) but was further reduced by 14% when NK cells were 

present (P=0.042, Figure 6.7 B). However, NK cell culture was not found to affect MDM viability in 
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UV-X31 treated controls (P=0.2158 and P=0.3438 respectively, Figure 6.7 B). Therefore, these 

results suggest an NK cell-mediated cytotoxic effect on MDMs when they are infected with IAV.  

 

To assess the importance of physical contact with MDMs on NK-cell mediated killing, MDM viability 

was also measured in the transwell system, as shown in Figure 6.7 C. For clarity, only IAV-infected 

MDM viability is shown. Unfortunately, the high variability in this measure make it difficult to 

interpret the effect of transwell co-culture on MDM viability. For instance, IAV-infected MDM 

viability was slightly reduced in transwell cultured compared to MDMs alone (59% viability vs 65.9% 

respectively, P=0.2129, Figure 6.7 C). However, it is possible that NK cell culture in transwells slightly 

improves the survival of infected MDMs as the median MDM viability in transwell cultures was 

slightly higher than in co-culture that allowed free movement of NK cells, although this was not 

found to be a statistically significant difference (59% vs 52.3%, P=0.2158). Thus transwell MDM 

viability was statistically similar to both MDMs culture alone and with NK cells, despite reduced 

MDM viability in the NK cell culture (P=0.042, Figure 6.7C). Thus it is not possible to conclude how 

the physical separation of NK cell in the transwell affected MDM viability during infection using this 

method. 

 

Cellular viability was also measured by LDH activity in culture supernatants. Cytosolic LDH is 

released upon degradation of the plasma membrane during cell death, and as this is proportional 

to the number of lysed cells, thus extracellular LDH can be considered a relative measure of cell 

viability [517]. LDH activity was measured through the reduction of NAD+ to NADH and colorimetric 

change as described in section 2.10 [517]. Total cell numbers were different in cultures of MDMs 

alone or with NK cells (500 000 vs 600 000 respectively), therefore to control for cell number effect, 

LDH release was measured in NK cells cultured alone. However extracellular LDH was below 

detectable limits in NK cell only culture medium and therefore would make a minimal contribution 

to the analysis. Using this method, IAV infection was found to reduce total cell viability with 

increased LDH activity in IAV-infected MDM culture medium (P=0.0313, Figure 6.7 D) and the 

presence of NK cells did not affect culture viability in UV-X31 treated controls (P=0.4219, Figure 6.7 

D). However, there was no difference in extracellular LDH when NK cells were cultured with IAV-

infected MDMs relative to MDMs alone (P=0.4219, Figure 6.7 D). In addition, NK cell transwell co-

culture was not found to alter MDM viability by LDH assay (P=0.2813, Figure 6.7 E). Thus different 

methods of measuring cell viability report different effects of NK cell on IAV-infected macrophages, 

making it difficult to draw conclusions from these results and requiring further investigation.  
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Figure 6.7: NK cell cytotoxicity towards IAV-infected macrophages. (A, B, C) MDM viability was 

measured by amine-binding dye and detected by flow cytometry. (A) Representative gating to 

determine MDM viability. Viability gates were set using heat killed and unstained controls. (B) MDM 

viability when cultured alone and with NK cells. (C) IAV-infected MDM viability when cultured alone, 

with NK cells and when physically separated from NK cells by a transwell system (TW) (N=10). (C, 

D) Cellular viability within cultures measured by extracellular LDH levels. (D) MDM viability when 

cultured alone and with NK cells. (E) IAV-infected MDM viability when cultured alone, with NK cells 

and in TW (N=6). Lines describe medians, statistical analysis by one-tailed Wilcoxon signed-rank 

test.  
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6.2.5 NK cell Activating Receptor Expression is altered by Culture with IAV-Infected Cells 

Two NK cell activating receptors, NKG2D and NKp46 are thought to facilitate NK cell binding to IAV-

infected cells [254, 376, 378, 379]. NKG2D binds molecules upregulated during cellular stress and 

NKp46 ligands has been found to bind viral HA but also binds unknown ligands on tumor cells [240, 

241, 251-254, 381]. Ligands for both these receptors were found to be expressed on IAV-infected 

MDMs (Figure 6.2 C and D). Therefore, the expression of both these receptors was analyzed on NK 

cells during culture with IAV-infected MDMs (Figure 6.8). Receptor expression is presented as sMFI 

as NKp46 and NKG2D are constitutively expressed by NK cells [241, 249, 381].  

 

CD56bright NK cells were found to express more NKG2D (P=0.0156) and NKp46 (P=0.0313) receptors 

than CD56dim NK cells (Figure 6.8 A and B), a finding consistent with the literature [267, 518]. Thus 

activating receptor expression was analyzed on each NK cell subset. Interestingly, NKp46 expression 

was increased on CD56bright NK cells (P=0.0156, Figure 6.8 C) during culture with IAV infected cells 

but unchanged on CD56dim subsets (CD56dimCD16+ P=0.1484 and CD56dimCD16- P=0.0781, Figure 

6.8 D and E). In contrast NKG2D expression was reduced on CD56bright NK cells after IAV-infected co-

cultures with a slight increase in NKG2D expression on CD56dimCD16+ NK cells (P=0.0313 for both, 

Figure 6.8 F and G). No difference in NKG2D expression was found on CD56dimCD16- NK cells 

(P=0.1094, Figure 6.8 H). Taken together these results show small changes to IAV-binding activating 

receptor expression when exposed to IAV infection, indicating that receptors may be involved in 

the NK cell response to IAV infected cells. However, the mechanism governing these changes and 

their physiological relevance remain to be understood. 
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Figure 6.8: Activating receptor expression on NK cell surfaces following culture with IAV-infected 

MDMs. (A, B) Baseline NK cell subset expression of NKp46 (N=6) (A) and NKG2D (N=5) (B). Lines 

show medians. (C, D, E) NKp46 expression on CD56bright (C), CD56dimCD16+ (D) and CD56dimCD16- (E) 

NK cells following culture with uninfected (NT) or X31-infected MDMs (X31). (F, G, H) NKG2D 

expression on CD56bright (F), CD56dimCD16+ (G) and CD56dimCD16- (H) NK cells following culture with 

NT or X31-infected MDMs. Lines denote individuals, statistical analysis by two-tailed Wilcoxon 

signed-rank test. 
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6.2.6 NKG2D and NKp46 Signaling does not affect NK cell Activation to IAV-Infected MDMs 

To further investigate the role of NKp46 and NKG2D in controlling NK cell activation to IAV infected 

cells the ligation of these receptors were blocked in IAV-infected co-cultures. Both NKG2D and 

NKp46 provide activating signals to NK cells, breaking NK cell inhibition, therefore blocking ligation 

of these receptors is expected to reduce NK cell activation to IAV-infected cells [199, 200]. As both 

of these receptors can recognize a number of different ligands, some of which are unknown, 

chimeric receptor constructs were used to block all receptor binding molecules [240, 241, 251-254, 

381]. These protein chimeras consisted of the ligand binding region of either NKG2D or NKp46 

bound to the constant region of human antibodies. To determine the concentration of receptor 

constructs required to saturate MDM ligands, the receptor constructs were first titrated against 

X31-infected MDMs, with construct binding detected by flow cytometry (Figure 6.9 A and B). 

NKG2D and NKp46 fusion constructs were found to saturate X31-infected cells even at low 

concentrations. However, to be certain of ligand blocking the highest concentration 10 µg/mL of 

NKG2D and 5µg/mL of NKp46 was used to block MDM surfaces.  

 

To block receptor ligands, MDMs were incubated with the fusion constructs at 37°C, 5% CO2, for 20 

min prior to culture with NK cells. NK cell activation was measured by flow cytometry and off-target 

effects of the fusion constructs (Fc) were excluded by the use of a non-binding Fc construct control. 

The non-binding Fc was not found to differentially affect NK cell expression of CD107a or IFN-y 

production (P=0.4063, Figure 6.9 G and H). In addition, the addition of receptor constructs was not 

found to affect NK cell activation in unstimulated co-cultures (Figure 6.9 I and J). MDMs were 

blocked with either NKp46 or NKG2D or both receptor Fc as shown in Figure 6.9. For clarity, blocking 

is only shown in IAV-infected co-cultures for Figures 6.9 C - H. NK cell surface CD107a was not 

altered by blockade of NKG2D of NKp46 ligands on IAV-infected MDM surfaces (P=0.3711 and 

P=0.4688 respectively, Figure 6.9 C and E). NK cell IFN-γ production was also found to be consistent 

between cultures blocked with NKG2D and NKp46 receptor constructs and controls (P=0.3438 and 

P=0.5, Figure 6.9 D and F). Furthermore, combination of NKG2D and NKp46 ligand blockade did not 

affect NK cell activation to IAV-infected macrophages (CD107a; P=0.1563, IFN-γ P=0.4063, Figure 

6.9 G and H). Thus it appears that neither NKG2D nor NKp46 were essential to NK cell activation to 

IAV infected MDMs.  

 

As described in Figure 6.8, CD56bright and CD56dim NK cells express different levels of NKG2D and 

NKp46 receptors [267, 518]. Therefore, the effect of blocking was analyzed individually on 
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CD56bright, CD56dimCD16+ and CD56dimCD16- NK cells with surface CD107a reported in Figure 6.10 

and intracellular IFN-γ production present in Figure 6.11. However, this analysis did not show any 

differences in either CD107a or IFN-γ upregulation in any of the NK cell subsets as a result of NKG2D 

and NKp46 ligand blocking.  
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Figure 6.9: Blocking macrophage ligands for NK cell activating receptors NKG2D and NKp46 with 

receptor-Ig fusion constructs (Fc) during IAV-infected co-cultures. (A, B) Titration of NKG2D and 

NKp46 Fc constructs on X31-infected MDMs as detected by flow cytometry. (C, D, E, F, G, H, I, J) NK 

cell surface CD107a (C, E, G, I) expression and intracellular IFN-γ (D, F, H, J) production in X31-

infected cultures. (C, D) MDMs were blocked with NKG2D Fc or non-binding Fc constructs 20min 

prior to NK cell culture and NK cell activation measured by flow cytometry. (E, F) MDMs were 

blocked with NKp46 Fc or non-binding Fc. (G, H) MDMs were blocked with both NKp46 and NKG2D 

Fc or non-binding Fc (I, J) Baseline NK cell surface CD107a and IFN-γ when in culture with resting 

(non-infected) MDMs treated with Fc constructs. Lines describe medians. Statistical analysis by one-

tailed Wilcoxon signed-rank test. 
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Figure 6.10: NK cell subset CD107a expression following blocking of NKG2D and NKp46 ligands on 

IAV-infected MDMs. MDMs were blocked with Fc constructs for 20 min prior to NK cell culture. NK 

cell activation was measured by change in surface CD107a. For clarity only IAV infected co-cultures 

are shown. (A, B, C) CD56bright (A), CD56dimCD16+ (B) and CD56dimCD16- (C) activation following 

blocking of NKG2D ligands. (D, E, F) CD56bright (D), CD56dimCD16+ (E) and CD56dimCD16- (F) activation 

following blocking of NKp46 ligands. (G, H, I) CD56bright (G), CD56dimCD16+ (H) and CD56dimCD16- (I) 

activation following blocking of both NKG2D and NKp46 ligands.  Lines describe medians. Statistical 

analysis by one-tailed Wilcoxon signed-rank test.  
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Figure 6.11: NK cell subset IFN-γ production following blocking of NKG2D and NKp46 ligands of 

IAV-infected MDMs. MDMs were blocked with Fc constructs 20 min prior to NK cell culture. NK 

cell activation was measured by change in intracellular IFN-γ. IAV infected co-cultures are shown. 

(A, B, C) CD56bright (A), CD56dimCD16+ (B) and CD56dimCD16- (C) activation following blocking of 

NKG2D ligands. (D, E, F) CD56bright (D), CD56dimCD16+ (E) and CD56dimCD16- (F) activation following 

blocking of NKp46 ligands. (G, H, I) CD56bright (G), CD56dimCD16+ (H) and CD56dimCD16- (I) 

activation following blocking of both NKG2D and NKp46 ligands.  Lines describe medians. 

Statistical analysis by Wilcoxon signed-rank test.  
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6.2.7 Inhibiting NK Cell Contact with HLA class I during IAV Infection Increases NK cell 

Activation 

NK cell recognition of class I HLA molecules, and in particular HLA-C have important roles in 

controlling NK cell activation [199, 200]. NK cells are strongly inhibited by contacts with HLA on 

neighboring cell surfaces and release of this inhibition is required for NK cell activation, as described 

in section 1.2.1 [199, 200]. Interestingly, IAV-mediated HLA class I upregulation has been shown to 

inhibit NK cells in a mouse model of infection [227]. In this work, upregulated HLA class I molecules 

were confirmed on human airway macrophages, epithelia and MDMs following IAV infection 

(Figures 5.3 A and 6.2 B). To investigate whether IAV-mediated HLA upregulation is inhibiting NK 

cell function, class I HLA on MDM surfaces were blocked with a pan HLA-A/B/C antibody for 20 min 

prior to culture with NK cells. NK cell activation was then measured through the expression of 

surface CD107a and intracellular IFN-γ as shown in Figure 6.12.  

 

Figure 6.12: Blocking macrophage HLA class I during IAV infected co-cultures. (A, B) NK cell surface 

CD107a expression (A) and intracellular IFN-γ (B) production in X31-infected cultures. MDMs were 

blocked with αHLA-ABC or an isotype control antibody 20 min prior to culture with autologous NK 

cells. For clarity only live-X31 infected MDM-NK cell co-cultures are shown. (C, D) Baseline 

expression of NK cell surface CD107a and intracellular IFN-γ expression when cultured with non-

infected MDMs treated with αHLA-ABC or isotype control. Statistical analysis by one-tailed 

Wilcoxon signed-rank test, lines describe medians. 
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NK cell activation in αHLA-ABC blocked co-cultures was compared to an isotype control antibody to 

control for non-specific effects of adding antibody to the co-cultures. Incubation of IAV-infected 

macrophages with the isotype control antibody was not found to affect NK cell activation relative 

to untreated co-cultures (CD107a; P=0.0625, IFN-γ; P=0.4063, Figure 6.12 A and B). In contrast prior 

incubation of macrophages with αHLA-A/B/C was found to stimulate a further two-fold increase in 

NK cell surface CD107a during culture with IAV-infected macrophages (P=0.0313, Figure 6.12 A). 

Inhibiting NK cell ligation with class I HLA increased surface CD107a in both CD56bright and 

CD56dimCD16+ subsets (P=0.0313 for both, Figure 6.13 A and B). However, CD56dimCD16- NK cells 

were unaffected by this treatment (P=0.1563, Figure 6.13 C). Interestingly a HLA class I effect was 

not found on NK cell IFN-γ production following contact with IAV-infected MDMs (Isotype control; 

370 MFI vs αHLA-A/B/C 575 P=0.0938, Figure 6.12 B). This finding was consistent across CD56bright 

and CD56dim subsets (CD56bright; P=0.0938, CD56dimCD16+ P=0.1563 and CD56dimCD16-; P=0.4378, 

Figure 6.13 D, E and F). 

 

One mechanism by which NK cells become cytotoxic towards target cells is by ADCC [519]. Whereby 

antibody binding to target cells stimulates NK cell cytotoxicity through Fc binding receptors such as 

CD16 [519]. However, we can exclude ADCC from these experiments as incubation of αHLA-A/B/C 

with uninfected MDMs did not stimulate NK cell activation, thus binding of this antibody to MDM 

surfaces has not increased the antigenicity of these cells for NK cells (CD107a; P=0.3125 and IFN-γ; 

P=0.4063, Figure 6.12 C and D). 98.7% of uninfected (NT) MDMs express class I HLA molecules NT 

macrophages and would therefore still have been labelled by αHLA-A/B/C. Taken together these 

results demonstrate that during IAV infection the gross effect of MDM HLA class I is inhibitory to 

NK cell function, affecting both CD56bright and CD56dim NK cell CD107a expression. Interestingly IFN-

γ production may be regulated by different mechanisms as NK cell intracellular IFN-γ was 

unaffected by a disrupted HLA class I signaling to the NK cell. 
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Figure 6.13: NK cell subset activation when HLA class I was blocked on IAV-infected MDM 

surfaces. MDMs were blocked with αHLA-ABC or an isotype control antibody 20min prior to culture 

with autologous NK cells. For clarity only X31-infected MDMs are shown. (A, B, C) NK cell surface 

CD107a expression on CD56bright (A), CD56dimCD16+ (B) and CD56dimCD16- (C) NK cells. (C, D, E) NK 

cell IFN-γ production by CD56bright, CD56dimCD16+ and CD56dimCD16- NK cells. Statistical analysis by 

Wilcoxon-signed rank test. Lines denote individuals. 

 

6.2.8 MDM – NK Cell Crosstalk is Altered by IAV Infection 

IFN-γ is the archetypal cytokine secreted by NK cells during infection and disease but NK cells also 

secrete a wide range of cytokines depending on inflammatory context [197, 520, 521]. With the 

exception of IFN-γ, the cytokine profile of NK cells responding to IAV infection is unknown. To 

investigate this, the production of 28 cytokines, chemokines and other NK effector molecules were 

measured in culture mediums of IAV-infected MDMs alone and with NK cells. Uninfected controls 

including unstimulated MDMs and UV-X31 treated MDMs were also included. Molecules from the 

interleukin family and TNF-α are presented in Figure 6.14, chemokines in Figure 6.15 and Matrix 

Metalloproteinase-1 (MMP-1) and differentiation factors in Figure 6.16. This data is summarized in 

Table 6.1. MDMs were infected with X31 for 24 h, prior to replacement of culture media and NK 

cell co-culture for a further 6h. Culture supernatants were stored at -80°C until analysis by 23-plex 

ELISA, as described in section 2.11.  
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Table 6.1: Summary of extracellular molecule release from MDMs alone and in co-culture with 

NK cells. Statistical analysis by Friedman’s test with Dunn’s multiple comparison, P-values are 

shown italicized and in brackets. N = none, or a fold change less than 1. 
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At rest MDMs were found to express many different cytokines, some of which were detected at 

high concentrations, including IL-8, IL-17E and IL-22 (479.2pg/mL, 66.11 pg/mL and 42.38 pg/mL 

respectively, Figure 6.14 E, K and M). Low levels of IL-12 and IL-16 were also released from 

uninfected MDMs (23 pg/mL and 12.59 pg/mL, Figure G and I respectively) as were numerous 

chemokines, including CXCL1, CCL22, XCL1 (68.9 pg/mL, 1747 pg/mL and 24.9 pg/mL Figure 6.15 A, 

E, F). In addition, both Leukaemia Inhibitory factor (LIF) and MMP1 were found to be secreted by 

resting MDMs (155 and 112.1 pg/mL respectively, Figure 6.16 A and C). A small basal expression 

below 10 pg/mL was detected for many of the other molecules analyzed, as summarized in Table 

6.1.  

 

Substantial pro-inflammatory cytokine release was detected from MDM following infection with 

live X31 virus (Table 6.1). Notable increases included IL-1α (P=0.061, Figure 6.14 B), IL-17E 

(P=0.0923, Figure 6.14 K), IL-22 (P=0.0030, Figure 6.14 M) and TNF-α (P=0.0021, Figure 6.14 N). 

However, IL-6, IL-10, IL-16, IL-17 A and TNF-α were also all found to be secreted by IAV-infected 

MDMs (summarised in Table 6.1 and Figure 6.14). Furthermore, key NK cell stimulating cytokines 

IL-12, IL-15 and IL-18 were upregulated by IAV-infected MDMs (P=0.0164, P=0.0101 and P=0.0061 

respectively, Figure 6.14 G, H and L). In contrast neither IFN-β, IL-8, IL-16, IL-17A or IL-17E secretion 

were significantly altered by IAV infection at this time point (Table 6.1). 

 

IAV-infected macrophages also possessed a significantly different chemokine expression profile, 

with increases in CXCL1, CCL5 and CCL7 release (P=0.0122, P=0.0021 and P=0.0156, Figure 6.15 A, 

C and D). Interestingly, macrophage production of CCL22 was reduced in IAV-infected culture 

supernatants (P=0.0164, Figure 6.15 E). However, CCL2 and XCL1 production were unaffected by 

infection (P=0.0923 and P=0.4280 respectively, Figure 6.15 B and F). Unfortunately, CCL7 was 

outside the maximum range of detection in IAV-infected co-cultures in three individuals and thus it 

was not possible to draw conclusions about how NK cell culture affected the production of this 

chemokine (Figure 6.15 D). In addition, high concentrations of both MMP1 and the growth factor 

LIF were found in resting MDM cultures, but only MMP1 was found to be increased following IAV 

infection (P=0.0261 and P=0.9476 respectively, Figure 6.16 A and C). Finally, a significant rise in GM-

CSF was also found post-IAV infection (P=0.0012, Figure 6.16 B).  
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Figure 6.14: Cytokine expression in NK-MDM co-culture supernatants. MDMs infected with X31 

IAV for 24h were cultured with or without NK cells for a further 6 h. Culture supernatants were 

harvested and analyzed by Luminex, N=6. Statistical analysis by Friedman’s test with Dunn’s 

multiple comparison correction, lines describe medians. 
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Figure 6.15: Chemokines in co-culture supernatants. MDMs infected with X31 IAV for 24h were 

cultured with or without NK cells for a further 6 h. Culture supernatants were harvested and 

analyzed by Luminex. Statistical analysis by Friedman’s test with Dunn’s multiple comparison 

correction except CCL7 expression which was analyzed by Wilcoxon signed-rank test. N=6, except 

CCL22 (E) N=5. Lines describe medians. 

 

 

Figure 6.16: Extracellular signaling molecules in co-culture supernatants. MDMs infected with 

X31 IAV for 24h were cultured with or without NK cells for a further 6 h. Culture supernatants 

were harvested and analyzed by Luminex, N=6. Lines describe medians. Statistical analysis by 

Friedman’s test with Dunn’s multiple comparison correction. 
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To assess NK cell cytokine production during IAV infection, NK-MDM co-cultures were compared to 

MDM cultures alone. Unfortunately, due to high inter-donor variability and small sample size there 

were no statistically significant differences in cytokine secretion when NK cells were present. 

However, there was a three-fold increase in the median amount of extracellular IL-6 (P=0.6511, 

Figure 6.14 D) and a two-fold increase in CCL2 (P=0.6511, Figure 6.15 B). Furthermore, a smaller 

1.5-fold increase was identified in both TNF-α and IL-16 secretion following NK cell culture 

(P>0.9999 and P=0.134 respectively, Figure 6.14 N and I). IL-16 was also found to be increased in 

uninfected co-cultures, indicating that basal expression of this cytokine may be altered simply by 

the presence of NK cells (NT MDM alone; 12.59 pg/mL vs NT MDM+NK; 45 pg/mL, Figure 6.14 I). 

There was also a slight (two-fold) rise in basal GM-CSF during NK cell culture but this was not found 

to be differentially expressed during IAV infected co-cultures compared to MDMs alone (P>0.9999, 

Figure 6.16 B). 

 

To corroborate the findings in Figure 6.5 E and to act as an external control for the Luminex 

experiments, Gzm-B expression was also analysed. Gzm-B is primarily expressed by CD56dim NK cells 

(Figure 6.6 D) whereas CD56bright NK cells express more Gzm-A [189, 304, 516]. Therefore, the 

secretion of both these granzyme molecules was assessed. As MDMs do not express granzyme 

molecules (Figure 6.17) the effect of live-IAV infection on NK cell co-cultures was compared to 

uninfected UV-X31 treated co-cultures and is summarized in Table 6.2. Like the ELISA data 

presented in Figure 6.6 D luminex analysis reported a trend towards increased Gzm-B secretion by 

NK cells but did not reach statistical significance (P=0.0625, Figure 6.17B, N=5). One individual was 

excluded from the Gzm-B analysis due to anomalous values. Interestingly extracellular Gzm-A, was 

found to be slightly reduced (1.3 fold) in IAV-infected co-cultures, although this did not reach 

significance (UV-X31; 1174 pg/mL, live-X31; 902 pg/mL P=0.1094 Figure 6.17 B). 
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Table 6.2: Summary of Gzm-A and Gzm-B release in MDM-NK cell co-cultures. Statistical analysis 

by Friedman’s test with Dunn’s multiple comparison, P-values are shown in italicized and in 

brackets. N = none, or a fold change less than 1 

 

 
Figure 6.17: NK cell effector molecules in co-culture supernatants. MDMs infected with X31 IAV 

for 24h were cultured with or without NK cells for a further 6 h. Culture supernatants were 

harvested and analyzed by Luminex. Statistical analysis by Friedman’s test with Dunn’s multiple 

comparison. (A) Gzm-A N=6 (B) Gzm-B N=5. Lines describe medians. 

  



Chapter 6 

165 

6.2.9 IAV Infected Lung Epithelia activate Autologous NK Cells 

The majority of this chapter has explored the relationship between macrophages and NK cells 

during an IAV infection, as macrophages play an important role in regulating NK cells and in the 

initial anti-IAV pro-inflammatory signaling [105, 364-366, 512]. However, in vivo the majority of IAV-

infected cells are epithelia [118, 490]. In IAV-infected lung explants NK cells were found to strongly 

respond to IAV infection but it was not possible to directly identify the cells they were responding 

to (as discussed in section 5.2.4). To confirm epithelial-mediated activation of NK cells in IAV 

infection, lung epithelial cells were grown out of bronchial brushings taken from healthy controls 

(MICA II REC 15/SC/0528) and cultured with autologous blood NK cells, as shown in Figure 6.1 B. 

Submerged cultures of primary bronchial epithelial cells (PBEC) were infected with X31 H3N2 IAV 

as described in section 2.5. 

 

X31 virus was initially titrated in PBEC cultures to reproduce a level of infection similar to the MDM 

model (Figure 6.18 A). Following 24 h infection with 57, 000 IU of the 2017 stock of X31, 35% of the 

PBEC monolayer were infected with IAV, as detected by intracellular NP-1 (N=4, Figure 6.18 B). PBEC 

viability was slightly reduced by viral infection, falling from 92.4% viable cells in UV-X31 treated 

monolayers to 86.8% in live-IAV infection (N=4, Figure 6.18 B). However, PBEC viability was still high 

enough for use in a co-culture model. Following expansion and infection of PBEC cultures, PBMCs 

previously isolated from the same donors were thawed and NK cells isolated by negative selection 

MACS, as described in section 2.6. Autologous NK cells were then cultured with PBECS infected with 

live-X31, or uninfected UV-X31 treated or non-treated controls. Two E:T ratios were tested in this 

co-culture system, however NK cell IFN-γ production was only detected at an E:T of 1:10, lower than 

that seen for culture with macrophages (N=3, Figure 6.18 D). Interestingly background NK cell 

CD107a was much higher in non-treated PBEC co-cultures compared to MDMs (PBEC; 28.6% vs 

MDM; 5.1%) indicating that resting autologous PBECs were stimulating some NK cell activation. At 

an E:T of 1:10 NK cell CD107a and IFN-γ expression were both increased when PBECs were infected 

with IAV (N=3, Figure 6.18 E and F). Surface CD107a was increased on 24.6% of NK cells in IAV-

infected co-cultures relative to UV-X31 treated co-culture and IFN-γ MFI increased three-fold.  

Intracellular Gzm-B was also measured in NK cells but no difference in expression was detected 

during IAV-infected cultures (Figure 6.18 G). Thus these results demonstrate potent NK cell activity 

towards both IAV-infected macrophages and epithelial cells. Further analysis of the mechanisms 

governing activation towards IAV infected epithelia is required to illuminate the similarities and 

differences in the NK cell response to these two cell types. 
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Figure 6.18: Autologous NK cells respond to IAV infected lung epithelia. Primary bronchial 

epithelial cultures were grown from basal cells collected from bronchial brushings of healthy 

donors. PBECs were infected with UV-irradiated X31, live X31 or not-treated (NT) for 24 h prior to 

culture with autologous peripheral blood NK cells. (A) X31 titration in PBECs, intracellular staining 

of IAV NP-1 was used to determine degree of IAV infection. (B) NP-1 expression in PBECs infected 

with 57, 000 IU of X31. (C) PBEC viability 24 hpi with X31 IAV, determined by flow cytometry. (D) 

Intracellular IFN-γ production in NK cells cultured with X31-infected PBECs at different effector : 

target ratios. (E) NK cell surface CD107a following culture with IAV-infected epithelial cells. (F, G) 

NK cell intracellular production of IFN-γ and Gzm-B following culture with X31-infected PBECs. 

Values are normalized to NT cultures. Lines describe medians. 
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6.3 Discussion 

6.3.1 Culturing Autologous NK Cells with IAV-Infected Macrophages and Epithelial Cells 

Airway macrophages (AM) were one of the major sites of IAV replication in human lung tissue 

(Figure 5.2) and are essential to generating anti-IAV immune responses [53, 126-134]. To further 

explore NK cell interactions with infected macrophages, a model of autologous MDM-NK cell co-

culture was developed using peripheral blood from healthy donors (Figure 6.1 A). The use of 

autologous cells in these experiments was essential to generate physiologically relevant data as 

specific KIR-HLA interactions within an individual are important for NK cell education and function 

[522]. The class I HLA and KIR genes are some of the most polyallelic sequences in the human 

genome and thus there is a great deal of heterogeneity between HLA-KIR interactions in individuals 

[522]. Therefore NK cells taken from one individual may respond differently when exposed to the 

HLA class I of another individual and this has been a major caveat in measuring human NK cell 

responses in the literature [522]. 

 

Peripheral blood monocytes were isolated and differentiated into macrophages through extended 

culture with GM-CSF [85, 423, 431, 432]. In recent years the stimulus used to differentiate 

monocytes has been shown to generate a wide range of macrophage phenotypes and 

transcriptional profiles [523-525]. In this study GM-CSF differentiation was chosen because this 

growth factor has been shown to generate MDMs most phenotypically similar to alveolar 

macrophages [85, 431, 523, 524, 526]. GM-CSF has an essential role in governing human alveolar 

macrophage physiology in vivo, as GM-CSF deficiency results in impaired macrophage maturation 

and severe lung disease [527]. Therefore GM-CSF derived MDMs have a similar scavenger receptor 

profile to alveolar macrophages, including the expression of CD204, CD206, CD163, CD169, 

CD200R1 and CD80 [432, 526]. AM and GM-CSF derived MDMs also share a similar phagocytic 

capacity and cytokine production [85, 431]. Furthermore, GM-CSF derived MDMs can be infected 

with IAV in vitro (P=0.0156, Figure 6.2) and undergo similar changes to the expression of antigen 

presenting molecules (P=0.0313, Figure 6.2 B) [433].  

 

It should be noted that there are some differences between GM-CSF derived MDMs and AM 

infection, for instance most studies report that H3N2 IAV replication is abortive in AMs but 

productive in MDMs [45]. This suggests that IAV might have a different capacity to co-opt cellular 

machinery in AMs and MDMs [45]. In addition, there are some phenotypic differences as GM-CSF-



Chapter 6 

168 

derived MDMs have been found to express higher levels of CD64 and CD36 receptors relative to 

AMs [526]. However, given the strong resemblance to airway macrophages and susceptibility to 

IAV infection, the blood-derived macrophages used in this study provided a relevant physiological 

model of the IAV-infected airway macrophage and the best in vitro method to study the interactions 

with NK cells [85, 431, 523, 524, 526].  

 

IAV-infected MDMs were cultured with NK cells at E:T ratios ranging from 1:1 and 1:10 (Figure 6.3). 

This range was chosen based on a similar published co-culture between monocyte-derived DCs and 

NK cells [254]. A ratio of 1:5 was selected as it was found to produce the greatest NK cell activation 

following contact with X31 infected cells (Figure 6.3). Minimal IFN-γ production was detected at a 

1:1 and 1:10 E:T ratios. The reasons for this lack of detection at higher and lower E:T is unclear, 

however there may be too few NK cells in the 1:10 ratio for accurate measurement and IFN-γ may 

peak at a different time in the 1:1 ratio than assessed here. The timing of NK cell IFN-γ production 

and CD107a expression were explored in the co-culture model and both CD107a and intracellular 

IFN-γ were upregulated 2h and 6h after culture with infected MDMs, indicating a rapid NK cell 

response to infected cells (Figure 6.3). However, a much greater difference in IFN-γ could be 

detected after 6h of co-culture and a longer co-culture time was considered better to detect any 

effects on MDM viability (6.3 B and C). The speed of NK cell activation to IAV-infected MDMs 

suggests that NK cells may be stimulated by early “alarm” molecules following PRR detection of X31 

in the MDM [64, 134]. This may be in the form of early pro-inflammatory and anti-viral cytokines 

such at IFN-α/β/λ, which primes NK cell activation in other models of infection [402, 512, 528, 529]. 

As discussed previously in section 5.3.1 blood-derived macrophages were also treated with UV-

irradiated X31 (UV-X31). UV-X31 did not replicate in MDMs, nor stimulate changes to MDM surface 

proteins (Figure 6.2). Likewise, no NK cell response was detected in response to these cells. These 

results demonstrate that resting MDMs do not provide activating signals to NK cells as NK cells do 

not release IFN-γ and have minimal CD107a expression when cultured with resting MDMs (Figure 

6.5). 

 

Interestingly the E:T required to detect optimal NK cell activation in MDM-NK co-cultures (1:5) was 

lower than that described for autologous DC-NK cell interactions, which required an E:T of 1:1 [254]. 

This could indicate that NK cells are more sensitive to IAV-infected macrophages, although it might 

also reflect differences in IAV infection between the cells, including strain and co-culture time used 

in these two studies [254]. The E:T required to measure NK cell activation to IAV-infected human 

cells is lower than that for cancer cell lines such as K562, which typically range from 5:1 to 50:1 
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[530-533]. This difference in E:T ratios may be because NK cells are more sensitive to the autologous 

target cells used in this work and by Draghi et al [254]. However the lower ratio might also reflect 

the nature of macrophage interactions with NK cells, as these cells are found spaced throughout 

the airway epithelium and elicit strong immune responses following detection of pathogen [54].  

 

To complement the analysis of NK cell function described in whole lung tissue and directly for IAV-

infected macrophages, a co-culture model was also developed between autologous peripheral NK 

cells and lung epithelia. Submerged PBEC cultures were grown out of bronchial brushings from 

healthy donors, infected with X31 IAV and cultured with autologous peripheral blood NK cells, as 

shown in Figure 6.1B. These experiments demonstrate that lung epithelia are also capable of 

stimulating NK cell CD107a and IFN-γ expression (Figure 6.18 E and F). Interestingly a smaller E:T 

was required to detect NK cell activation, which could indicate that IAV infected epithelia are more 

capable of stimulating NK cell activation (Figure 6.18 D). The mechanisms of NK cell activation to 

IAV-infected epithelia are largely unknown, although NKG2D signaling has been implicated in 

mouse models [470]. In recent years structural cells have been proposed to have significant roles 

for controlling innate immune activation [534, 535]. This may be particularly relevant in IAV 

infection where the majority of infected lung cells are the airway epithelium [118, 490]. Thus this 

remains an important subject for further work. 

 

6.3.2 NK cells respond to IAV Infected MDMs in a Contact-Dependent Manner 

Given the importance of airway macrophages in the regulation of NK cell function and control of 

IAV, the cellular crosstalk between these cells and mechanisms of NK cell activation were further 

explored. Having optimised the MDM-NK cell co-culture conditions in section 6.2.1, IAV-infected 

macrophages were shown to increase surface CD107a on NK cells (P=0.0313, Figure 6.5 A) and 

increase NK cell expression of the antiviral molecules Granzyme-B and IFN-γ, as detected by flow 

cytometry (P=0.0156 for both, Figure 6.5 C and D). IFN-γ release during IAV infected co-culture was 

further confirmed by ELISA (P=0.0078, Figure 6.5 F). IFN-γ was below detectable limits in uninfected 

co-cultures and when MDMs were cultured alone, indicating the NK cells released this cytokine only 

following interaction with infected MDM (Figure 6.5 F). In addition, there was a non-significant 

trend towards increased extracellular Granzyme-B in X31-infected co-cultures (P=0.055, Figure 6.5 

E). These results suggest both cytokines and cytotoxic molecules are released by NK cells following 

contact with influenza infected macrophages. These findings corroborate those of Siren et al and 

Kronstad et al who observed IFN-γ production from the NK-92 cell line in response to IAV infected 
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MDMs or autologous monocytes and NK cells respectively [375, 378]. Draghi et al also 

demonstrated NK cell activation to IAV-infected monocyte-derived dendritic cells [254]. Taken 

together these results demonstrate a potentially important anti-role for NK cells during IAV 

infections and confirm findings from the ex vivo explant model of infection discussed in Chapter 5. 

 

To explore the contribution of NK cell contact with infected cells, co-cultures were also performed 

using a transwell system. Both Gzm-B and IFN-y production were abrogated when NK cells were 

physically separated from infected MDMs (P=0.3438 for both, Figure 6.5 C, D). IFN-release was also 

inhibited by transwell culture with IAV-infected MDMs with no detectable IFN-γ in culture media 

(P=0.25, Figure 6.5 F). Likewise, no rise in extracellular Gzm-B was detected in transwell culture 

(P=0.2734, Figure 6.5 E). These results corroborate that of Draghi et al and Kronstad et al and 

indicate that both cytotoxic effector and cytokine release from NK cell depend on direct physical 

contacts with MDMs [254, 375]. Interestingly these molecules are not trafficked by the same 

endosomal pathways [536]. NK cell lytic granules undergo targeted polarised release whereas 

cytokine vesicles do not [536]. Therefore, these data demonstrate that cellular contacts with IAV-

infected cells converge to stimulate the release of both types of compartments, whether this occurs 

by the same cellular contact is unknown. Unfortunately, it was not possible to conclude whether 

NK cell CD107a expression was also dependent on contact with IAV-infected macrophages as 

increased background expression was observed in transwell culture, possibly reflecting the reduced 

NK cell viability in this culture setting (Figure 6.5 B). However, targeted NK cell cytotoxicity has been 

extensively shown to require cellular contacts [200, 254]. 

 

CD56bright and CD56dim NK cells have been suggested to play different functional roles within the 

body but both subsets were found to respond equivalently in the ex vivo model of IAV infection 

presented in Chapter 5 (Figure 5.9) [271, 304-306, 308, 309]. To confirm these findings, the CD107a, 

IFN-γ and Gzm-B expression of CD56bright, CD56dimCD16+ and CD56dimCD16- NK cells were measured 

in the MDM-NK cell model of IAV infection and are presented in Figure 6.6. As before, NK cell 

surface CD107a and intracellular IFN-γ and Gzm-B were distributed equally throughout the 

CD56bright and CD56dim NK cells (Figure 6.6). This is interesting considering IFN-γ and Gzm-B 

upregulation was totally dependent on cell contacts and suggests that there is a mechanism of 

contact-dependent stimulation that is shared between both CD56bright and CD56dim NK cells. CD107a 

expression was comparable between NK cell subsets but CD56bright and CD56dim NK cells express 

different Gzm molecules and therefore may have different mechanisms of triggering target cell 

apoptosis [189, 304, 516]. Direct contributions of CD56bright and CD56dim NK cells to target cell killing 
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would require further corroboration through flow cytometry sorting prior to culture with target 

cells. 

 

Jost et al reported that IAV infection reduced numbers of peripheral blood CD56bright NK cells in 

infected PBMCS [374]. However, no phenotypic changes were observed on NK cells either following 

culture with uninfected macrophages or following IAV infection (Figure 6.4). This finding fits with 

the work of Long et al. who described stable CD56bright and CD56dim populations in PBMCs of IAV 

vaccinated individuals [537]. The discrepancy with Jost et al may be due to differences in infection 

protocol as cells infected by influenza in vivo are not found in the peripheral blood, therefore NK 

cells may have been activated by different mechanisms in whole PBMCs compared to MDMs [374]. 

From the results presented here NK cell subsets were stable during contact with IAV-infected cells 

with no difference in the types of responses exhibited. 

 

6.3.3 NK cells may exert a cytopathic effect on infected macrophages 

Robust NK cell responses during IAV infection of human lungs and MDMs have been described in 

this work (section 5.2.4 and Figure 6.5). Here, we have measured NK cell degranulation through 

surface expression of CD107a, a protein trafficked to the cell surface following granule exocytosis 

[499]. This is an established method of measuring NK cell degranulation and an indirect measure of 

NK cell cytotoxicity [185]. To further investigate NK cell cytotoxicity in IAV infections MDM viability 

was measure alone and in culture with NK cells. When MDM viability was assessed by flow 

cytometry NK cell culture was found to increase MDM cell death when MDMs were infected by IAV 

(P=0.042, Figure 6.7 B) but not during UV-X31 treated co-cultures (P=0.3438). However, no 

difference was found in extracellular LDH between IAV-infected MDMs cultured alone or with NK 

cells (P=0.4129, Figure 6.7 D). This may be due to higher detection of extracellular LDH in IAV-

infected MDMs alone (P=0.0313, Figure 6.7 D). Measuring LDH is considered to be a weaker 

measure of cellular viability as this is a relative measure and a less sensitive test [538]. Extracellular 

LDH may also be affected by changes to cellular metabolism, which may be occurring in MDMs 

during IAV [539]. However, as results from flow cytometry and LDH analysis do not agree, further 

analysis of MDM viability is required, potentially through the more sensitive Terminal 

deoxynucleotidyl  transferase (TdT) dUTP Nick-End Labelling (TUNEL) assay, which detects DNA 

damage [540, 541]. 
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6.3.4 Signalling through NKG2D and NKp46 Receptors is Redundant to the NK cell response 

to IAV-Infected Macrophages  

NKp46 and NKG2D activating receptors have both been implicated in NK cell recognition of 

influenza-infected dendritic cells and therefore may provide the contact-dependent signals to IAV 

infection identified in Figure 6.5 [254]. Ligands for both these receptors were identified on IAV-

infected MDMs by chimeric receptor constructs (NKG2D; P=0.0469 and NKp46; P=0.0313, Figure 

6.2). NKG2D binds cellular “stress” ligands including MIC-A/B and ULBP1-6 [542]. Siren et al.2004 

reported increased MIC-B mRNA in influenza-infected MDMs, however neither MIC-A nor MIC-B 

proteins were expressed on X31-infected MDMs in the results presented here [378]. Therefore the 

NKG2D ligands detected in Figure 6.2 C are most likely from the ULBP family of proteins, which have 

been shown to be expressed on influenza-infected DCs [254]. Therefore, further investigation into 

MDM expression of ULBP proteins is required. NKp46 ligands detected on IAV-infected MDM 

surfaces in Figure 6.2 D could be viral HA, as has been suggested by Mandelboim et al., however 

NKp46 also has unknown ligands which cannot be excluded without further investigation [241, 376, 

379, 381]. 

 

NKp46 expression was increased on CD56bright NK cells and NKG2D increased on CD56dimCD16+ NK 

cells following culture with X31-MDMs (Figure 6.8 C and G). It is unclear what significance 

upregulation of NKp46 and NKG2D on the NK cell subset would have on the NK cell response to 

influenza in vivo. Increased expression of these activating receptors would presumably make 

CD56bright NK cells more sensitive to NKp46 ligands and CD56dim NK cells to NKG2D ligands. These 

results again contrast with the work of Jost et al 2011, which described reduced NKp46 expression 

on NK cells in influenza infected PBMCs [543]. However, the NKp46 downregulation observed by 

Jost et al may be a result of the cross talk with other leukocytes present in the PBMC fraction which 

are not included in the model of IAV infection presented here.  NKG2D and NKp46 receptor 

upregulation may be due to increased signalling through these receptors within the NK cell and 

together with the observed expression of receptor ligands infected cell surfaces (both here and by 

Draghi et al) these data support a role for these receptors in triggering NK cell activation [254]. 

However, fusion construct binding of NKG2D and NKp46 ligands did not affect either NK cell 

degranulation or IFN-y either in total NK cells, or NK cell subsets (Figures 6.9, 6.10 and 6.11). 

Furthermore, the differential expression of NKp46 and NKG2D receptors on CD56bright and CD56dim 

NK cells did not lend any greater sensitivity to IAV infection (Figure 6.6). This contrasts with the 

work of Draghi et al, which successfully blocked IAV-induced NK cell IFN-γ production with NKG2D 

receptor constructs, despite a comparable methodology and high concentration of fusion 
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constructs [254]. Interestingly Kronstad et al. did not identify NKG2D ligands in H3N2 infected 

MDMs and blocking NKG2D did not diminish the NK cell response to H1N1 IAV-infected monocytes 

[375]. Therefore, NKG2D ligands may not be important in macrophage stimulation of NK cells in IAV 

infection. This suggests macrophages and dendritic cells use different mechanisms to stimulate NK 

cell function during IAV infection. Interestingly, virally infected epithelial cells strongly upregulate 

stress ligands capable of binding NKG2D, however it remains to be seen how important this 

interaction is in NK cell targeting of structural cells [544]. Macrophage surface protein is extensively 

modulated during IAV infection, it may be that there is greater redundancy in signalling to NK cell 

than has been observed for dendritic cells [54].  

 

The data presented in Figure 6.9, 6.10 and 6.11 suggests that the increase in macrophage ligands 

for NKp46 and NKG2D are redundant in stimulating NK cell activation. Thus, other ligand-NK cell 

receptor pairs are implicated in controlling NK cell responses to IAV infection in macrophages. A 

recent mass cytometry study on IAV infected monocytes by Kronstad et al showed that CD95:Fas-L 

and CD111:CD96 monocyte:NK cell interactions were predictive of an NK cell response to H3N2 

infection [375]. CD48:2B4 was also identified by Kronstad et al. as 2B4 acts as a co-receptor for 

NKp46, this might explain why NKp46 has been associated with NK cell responses to IAV in humans 

and mice[373, 375, 377, 382]. However, in this study NKp46 signalling from macrophages was found 

to be redundant to NK cell activation (Figure 6.9). 

 

NK cells respond to a number of soluble mediators including IFN-α/β, IL-12, IL-15 and IL-18 [468, 

494, 514]. Kronstad et al. demonstrated an important role for IFN-α signalling in generating an NK 

cell IFN-γ response to IAV infection as blocking IFN-α in monocyte-NK cell culture supernatants 

reduced NK cell production of IFN-γ [375]. Interestingly cell contacts were also found to be essential 

to NK cell activation as transwell culture also abrogated IFN-γ production and CD107a expression 

[375]. This suggests that dual stimuli are required to activate NK cells in IAV infection, including 

both early type I IFN from infected cells as well as contact with cell surfaces. Thus it appears that 

NK cell function during IAV infection may rely on initial cytokine priming, altering the sensitivity of 

NK cells to the activating signals that trigger NK cell cytotoxicity and cytokine production [375, 468]. 

Therefore, combinatorial blockade of all activating ligands as well as IFN-α may be required to 

abolish NK cell activation to IAV-infected macrophages. 
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6.3.5 IAV Manipulation of HLA Class I may represent a Mechanism of Viral Escape from NK 

Cell-Mediated Killing 

Direct contact between NK cells and MDMs was essential for NK cell activation as separation of the 

two cells in a transwell system abrogated both Granzyme-B production and IFN-γ release (Figure 

6.5). This suggests that changes to the MDM surface as a result of IAV infection may determine NK 

cell activation but neither NKG2D nor NKp46 signalling was not found to stimulate NK cell activation 

(Figure 6.9). However, another set of molecules important in regulating NK cell activation, the class 

I HLA, were upregulated on IAV-infected cells (Figure 5.2 and 6.2). To investigate the effect of this 

change in surface HLA, HLA class I ligands on human MDMs were blocked with anti-HLA-A/B/C prior 

to culture with NK cells. Blocking with αHLA-ABC or isotype control did not affect NK cell activation 

in response to uninfected MDMs, demonstrating that ADCC was not stimulated by the addition of 

antibody to co-cultures (Figure 6.12 C and D). However, blocking class I HLA increased NK cell 

CD107a expression during culture with X31-infected MDMs (P=0.0313, Figure 6.12 A). This result 

indicates that gross HLA class I signalling has an inhibitory effect on NK cell degranulation during 

influenza infection, consistent with the “missing self” mechanism of NK cell activation discussed in 

section 1.4.2. This effect was found on all CD56bright and CD56dim NK cell subsets (Figure 6.13). 

Interestingly IFN-γ production was not affected by antibody blocking of HLA-A/B/C molecules on 

macrophage surfaces (Figure 6.12 B and 6.13). Thus NK cell degranulation and cytokine production 

appear differentially regulated by contacts with the HLA class I. 

 

The class I HLA, and in particular HLA-C provide many inhibitory signals to NK cells, preventing NK 

cell activation to normal somatic cells [222]. In other infections  CMV, HSV and HIV class I HLA is 

reduced on infected cell surfaces, thus releasing NK cells from their inhibitory contacts and 

stimulating NK cell cytotoxicity towards infected cells [545-549]. However, HLA I molecules were 

found to be upregulated on both IAV infected macrophages and epithelial cells (Figure 5.2).  

Furthermore, the gross effect of the class I HLA on IAV infected cells was inhibitory to NK cells, 

suggesting that HLA upregulation might represent mechanism of immunomodulation by IAV (Figure 

6.12) [227, 550]. This type of immunomodulation has been observed for Zika virus which also 

induces HLA I upregulation [551]. Interestingly, despite the inhibitory effect of HLA I on NK cells 

(Figure 6.2), NK cells were still activated in response to influenza infected cells, indicating that 

infected cells do not totally evade the NK cell response. The upregulation of activating ligands from 

target cells could explain this phenomenon but two key IAV-binding receptors were shown to be 

redundant to NK cell activation to IAV infection (Figure 6.9). Another explanation for this NK cell 

activation is that IAV-infection causes such a strong release of pro-inflammatory cytokines (Figures 
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6.14, 6.15 and 6.16) which may stimulate NK cell function [375]. In fact this cytokine signalling may 

be important in amplifying intracellular activating receptor signals within the NK cell [375, 468].  

 

6.3.6 IAV Infection alters the Crosstalk between MDMs and NK Cells 

To investigate MDM-NK cell communication via soluble mediators a panel of pro-inflammatory 

cytokines, chemokines and growth factors were measured in co-culture supernatants by Luminex 

assay. IAV infection was found to strongly upregulate pro-inflammatory cytokine signaling from 

MDMs including IL-1α, IL-6, IL-16, IL-17A, IL-17E, IL-22 and TNF-α (Figure 6.14). This fits with the 

described role for macrophages in early innate signaling during infection and is consistent with 

previous reports [52, 54, 100, 134, 136, 142, 143, 552-554]. Macrophage inflammatory signaling 

may enhance NK cell signaling from NK cell activating receptors as has been suggested for IFN-α 

[375]. Unfortunately, it was not possible to include IFN-α in this Luminex format. However IFN-β, 

another type I IFN important in stimulating NK cell activation, was found to be upregulated by IAV-

infected macrophages 24 hpi [433, 494, 555]. In the Luminex data presented here there was a trend 

for increased extracellular IFN-β post-IAV infection but this did not reach significance (P=0.1922, 

Figure 6.14 A). These results represent culture supernatants 24 – 30 hpi and may therefore indicate 

a waning of the IFN-β response within this time. IL-10 and IL-22 were also found to be increased by 

IAV-infection of MDMs, as these cytokines are largely considered to be anti-inflammatory this could 

indicate a shift toward inflammation resolution in macrophage signaling at this later time-point 

[556, 557].  

 

Furthermore, IL-12, 15 and 18 were all found to be upregulated by IAV infection of MDMs, 

implicating macrophages in activating NK cell function during IAV infection [86, 468, 514]. 

Interestingly IL-15 has been implicated in priming NK cell cytotoxicity towards lung epithelial cells 

in COPD [86]. Influenza is a major exacerbator of COPD symptoms and enhanced pro-inflammatory 

signaling during IAV infection may further dysregulate NK cell function in the COPD lung [86, 558]. 

Interestingly a small amount of basal IL-12 secretion (22.6 pg/mL) was detected from MDMs 

suggesting that resting macrophages may provide small amount of NK cell survival signals in the 

lung [468, 514].  In contrast negligible amounts of IL-15 or IL-18 were secreted by resting 

macrophages. 
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IAV infection also strongly altered the MDM chemokine profile, with increased CXCL1 (GROα), CCL5 

(RANTES), CCL7 (MCP-3) and XCL1 (lymphotactin). These chemokines are important in recruiting a 

number of leukocytes including neutrophils, monocytes, eosinophils, dendritic cells and T cells to 

sites of inflammation [553, 559-562]. CCL5 has also been shown to recruit NK cells during IAV 

infection [168]. In addition receptors for CCL7 are expressed by NK cells and CCL7 transcripts are 

strongly upregulated by IAV-infected lungs [101, 563]. Therefore macrophages may also play an 

important role in recruiting NK cells to sites of influenza infection through the release of CCL5 and 

CCL7 [101, 563]. Interestingly CCR5, a receptor for CCL5, was strongly expressed on lung NK cells 

when compared to the blood and further enriched on resident NK cell populations (Figure 4.11), 

implicating that this molecule may have an important role in regulating NK cell trafficking to the 

lung.  

 

Interestingly MDM production of CCL22 (MCP-1) was reduced during IAV infection (P=0.0164, 

Figure 6.15 E). Macrophage CCL22 expression was previously shown to be upregulated by Th2 

cytokines and causes migration of dendritic cells and Th2 cells, thus regulating the Th2- related 

immune response [564]. Generation of a Th2 response enhances humoral and antibody mediated 

immunity against extracellular pathogens and is therefore inappropriate for an intracellular virus 

[565]. Thus the observed downregulation of macrophage CCL22 may indicate a shift towards the 

promotion of the anti-viral Th1 response from IAV-infected macrophages [564]. 

 

Direct analysis of NK cell function was assessed in these experiments through granzyme expression 

in the co-cultures. Measurement of NK cell Gzm-B release by Luminex assay confirmed findings 

from ELISA experiments (Figure 6.17 and 6.5 E), as a non-significant trend for increased extracellular 

Gzm-B was found in IAV-infected co-cultures by both methods, although Luminex reported an 

overall lower level of extracellular Gzm-B compared to ELISA. Furthermore, a small amount of Gzm-

B was detected in IAV-infected MDM culture media that was not found to be significantly increased 

relative to UV-X31 controls (P=0.5289). However, Gzm-B upregulation has been detected in 

monocytes following TLR8 stimulation, a similar mechanism may be occurring at low-level in X31-

infected MDMs [566]. In addition, high inter-individual heterogeneity was observed in extracellular 

Gzm-B by both techniques indicating that genetic or environmental variability in the cohort may 

affect this aspect of NK cell biology. Interestingly there was also a non-significant trend for reduced 

extracellular Gzm-A in IAV-infected co-cultures. Gzm-A is predominantly expressed by CD56bright NK 

cells, a subset which was also found to increase intracellular Gzm-B during contact with IAV infected 

MDMs, indicating that there may a shift in the type of Gzm molecules produced by NK cells during 
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infection (Figure 6.6 C) [189, 304, 516]. However, this may require further confirmation, possibly 

through flow cytometry. 

 

This study also investigated NK cell production of inflammatory molecules by comparing cytokine 

and chemokine concentrations in cultures of macrophages alone and with NK cells. This preliminary 

data suggests that IL-6, IL-16, TNF-α and CCL2 release could be increased when NK cells are present 

during IAV infection (Figure 6.14 D, H, N and Figure 6.15 B). Unfortunately, none of these trends 

reached statistical significance, which may be due to low sample size as multiple corrections 

increase the stringency of statistical testing. Therefore, these results require confirmation at a 

greater sample size, potentially through an alternative method such as ELISA. In addition, a longer 

NK cell incubation time may improve detection of these molecules. Increased detection of IL-1, IL-

16, TNF-α and CCL2 in IAV infected NK-MDM co-cultures could be explained by NK cell secretion of 

these molecules during IAV infection but could also result from a positive feedback on MDM 

cytokine production. For instance NK cell-produced IFN-y may upregulate macrophage cytokine and 

chemokine production [197]. Therefore, confirmation of the cellular origins of these molecules is 

required. This might include RT-PCR confirmation of gene expression in adherent (MDM) and non-

adherent (NK) cells in the co-culture. Alternatively, the production of intracellular cytokine could 

be assessed by intracellular flow cytometry in both the NK cells and MDMs. 

 

The results presented here demonstrate a significant pro-inflammatory role for macrophages 

during IAV infection, a finding that is consistent with the literature [54, 567]. Macrophages also 

upregulate a number of chemokines important in immune cell recruitment, including CCL5 and 

CCL7 which may drive NK cell recruitment to the lungs during IAV infection [101, 563]. From this 

preliminary data IL-6, IL-16, TNF-α and CCL2 may be produced by NK cells during contact with IAV 

infected cells but this does not exclude the possibility that macrophage production of these 

molecules is enhanced by interaction with NK cells. Confirmation of this data is required, but the 

findings may have important implications for our understanding of macrophage-NK cell interactions 

in the lungs and how this may impact the functioning of other immune compartments. 
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6.3.7 Summary 

In this chapter NK cell activation was measured in response to both autologous IAV-infected MDMs 

and lung epithelia. Increased NK cell CD107a and IFN-γ expression were stimulated by both sets of 

target cells, demonstrating that NK cells are capable of responding to all in vivo IAV infected cells. 

The production of Gzm-B and IFN-γ by NK cells was found to be dependent on contact with IAV-

infected cells. However, NKG2D and NKp46 signalling was redundant in contact-stimulated NK cell 

activation. Interestingly, IAV-infected MDM class I HLA was found to be inhibitory to NK cell 

degranulation. Given the increased expression of HLA-A/B/C on IAV-infected lung epithelia and 

macrophages, this inhibition of NK cell degranulation may represent an NK cell evasion strategy 

evolved by IAV. However, NK cell activation to IAV was still detected despite inhibitory HLA 

signalling indicating that infected macrophages provide as yet unidentified activating signals or loss 

of inhibitory receptor ligation. Infected MDMs upregulate a number of pro-inflammatory cytokine 

and this cytokine signalling may influence NK cell sensitivity to activating ligand expression on NK 

cell surfaces, releasing their inhibited state and allowing cytotoxicity and IFN-γ production. 

Furthermore, preliminary Luminex data implicates NK cells in the production of IL-6, IL-16 and TNF-

α in IAV infection, advancing our understanding of NK cell cytokine production in infection. 

Understanding how NK cells become activated in viral disease, their functions and regulation may 

allow the improvement of vaccination and intervention in exacerbations of chronic lung disease. 

For instance, modulating pro-inflammatory cytokine signalling might allow fine-tuning of NK cell 

responsiveness during inflammation. 
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Chapter 7 Discussion and Further Work 

7.1 Introduction 

Complicated NK cell biology is currently being elucidated in the liver and uterus, identifying tissue 

residency, memory responses and functional contributions to viral infections and chronic disease 

[293, 340, 344]. However, the role of NK cells in the lung is less well understood and resident NK 

cell populations have not been investigated in this organ [293, 362, 568]. Therefore, the aim of this 

thesis was to investigate the phenotype and function of lung NK cells during respiratory infection 

and disease, primarily focusing on IAV infection. 

 

Influenza is a major contributor to annual mortality, a pandemic risk and exacerbator of chronic 

lung disease [1, 17, 18]. Thus far, blood NK cells have been found to bind IAV-infected human cells 

in vitro, but the functional contribution of these cells to viral clearance and disease pathology in 

humans is unknown [241, 254, 373-377]. Many in vitro human studies use mixed PBMC infection 

models but influenza infection is rarely systemic and infects airway epithelium and macrophages in 

vivo [23, 54]. Therefore, this thesis extends knowledge of lung NK cell function by using ex vivo 

models of IAV infected human lung and PBECs. Furthermore, mechanisms of NK cell activation and 

cross-talk with airway macrophages were investigated in a blood-derived MDM-NK cell co-culture 

model. These data support the hypothesis that NK cells play a functional role in anti-influenza 

immunity and may have important implications for moderating immune function in vaccination and 

disease. In addition, human lung resident NK cells were characterized by multi-parameter flow 

cytometry, with evidence of unique receptor expression profiles and enhanced responsiveness to 

lung infection. This chapter will discuss the clinical implications of these findings, including wider 

implications for lung immunity to infection and disease. Outstanding questions will be outlined 

throughout, identifying key areas of interest for further research.  
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7.2 Lung NK Cell biology is different to other Human Organs 

In organs such as the liver and uterus, human NK cells possess a phenotype that is dramatically 

different from the circulation [293]. For instance, liver and uterine NK cells have a predominantly 

CD56bright phenotype with differential expression of surface proteins, including chemokine 

receptors and KIR [293]. Based on the findings in this thesis and data from Marquardt et al this 

situation is very different in the lungs [362]. In this thesis NK cells isolated from the human lungs 

and blood were analyzed by multi-parameter flow cytometry, enabling a comparison of cellular 

phenotypes. NK cells were defined as CD45+CD3-CD56+ cells, a commonly used gating strategy 

designed to exclude ILC populations [463]. Consistent with previous reports, CD56+CD3- NK cells 

made up a significant proportion (18.55%) of CD45+ lymphocytes in the human lung and were found 

to be predominantly mature, canonical NK cells, corroborating the work of Marquardt et al 2017 

[362, 364, 365]. Similar to the blood, lung NK cells were predominantly CD56dimCD16+ with strong 

expression of CD57 and activating receptors including NKG2D, NKG2C and NKp46. CD56dimCD16+ 

NK cells represent the most mature, cytotoxic-ready NK cell phenotype and cells expressing CD57 

show a further enhanced functional potential, including greater IFN-γ production [267, 270, 272, 

273, 569]. Thus it appears that the human lungs have a ready population of innate killer cells to 

draw upon during infection [293]. This predominance of mature NK cells in the lungs may have 

important functional implications for combating infections in this organ [362].  

 

The majority of lung NK cells described here and by Marquardt et al. are phenotypically similar to 

those of the peripheral blood. Although a small population of phenotypically distinct resident cells 

were identified in this thesis, this finding suggests that the bulk of lung NK cells may be travelling 

through the lung vasculature [362]. Unfortunately, due to various practical issues, investigating NK 

cell localization within the lung tissue was not possible in the timeframe of this thesis. Thus the 

extent to which NK cell extravasation and migration occurs in health and the nature of NK cell 

trafficking in the lungs remains unknown. However, respiratory infections such as IAV cause lung 

NK cell numbers to rise in animal models, during which time NK cells can be found between the 

structural cells of the lung [112, 364, 372, 382, 393, 394]. This suggests that circulating NK cells can 

be recruited into the lung interstitium when required, however the replication and trafficking of 

resident NK cell populations have not yet been explored and may also contribute to the observed 

rise in pulmonary NK cells [112, 364, 372, 382, 393, 394].  
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7.3 Characterization of Lung Resident CD49a+ NK Cells 

A key hypothesis of this thesis was that resident NK cells exist in the human lung. This hypothesis 

was confirmed through analysis of residency marker expression (CD49a, CD69 and CD103) on lung 

NK cells. A substantial proportion of CD56bright NK cells were identified as CD49a+CD69+CD103+ 

cells, consistent with findings in the liver and uterus [299-301]. CD49a and CD103 make up integrin 

complexes, anchoring lymphocytes to collagen IV and E-cadherin respectively, whilst CD69 blocks 

the action of S1P1 and tissue egress [323-327]. The lack of CD49a+CD69+CD103+ NK cells in the 

peripheral blood further suggested that these cells are resident within the lung tissue. Furthermore, 

lung CD56bright rNK cells were shown to possess distinct phenotypes, including enhanced expression 

of activating receptors NKG2D and NKG2C, increased CCR5 expression and reduced expression of 

NKp46 which may influence rNK function. Unexpectedly, CD56dimCD16- NK cells were also found to 

express markers of residency. As a CD56dimCD16- phenotype is induced upon NK cell activation and 

cell death, CD65dimCD16- CD49a+CD103+CD69+ cells may represent CD56bright NK cells post-

activation [314, 316, 317, 320]. Interestingly, residency markers have also recently been reported 

on CD56dimCD16dim NK cells in nasal lavage, confirming the findings in this thesis [322]. Therefore, 

the presence of “resident” CD56dimCD16- NK cells may be a lung-unique finding. It is possible that 

lung resident NK cells are more consistently activated as a result of the constant exposure to 

microbes, pollution, chemical irritants, dust and debris at this mucosal surface resulting in a 

CD56dimCD16- phenotype.  

 

CD49a expression can also be used as a distinguishing feature of ILC1 [301, 570]. However, as 

discussed in section 7.2 NK cells were classified through the expression of CD56 which is not 

expressed by non-cytotoxic ILC1 [463]. Although 50% of NCR+ ILC3 cells also express CD56, thus far 

these cells have not been reported to express CD49a [463]. Therefore, novel CD49a+ NK (CD3-

CD56+) cells were identified in this thesis. These classifications of ILC and NK cells were based on 

the most up to date information given by Spitz et al however there is a great deal of confusion and 

controversy in the literature in identifying ILC1s and NK cells [463]. This originates from the use of 

only a few surface proteins to delineate groups of cells which share similar functions and 

mechanisms of action [463]. For instance CD49a is an ECM anchoring protein found on memory T 

cells, resident NK cells and ILC1s [301, 505, 570]. 
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Both resident NK cells and circulating NK cells share many phenotypic similarities with ILCs, 

including NKp46, T-bet, the IL-12R and IFN-y production, making it difficult to distinguish between 

them [570]. Although extremely similar in phenotype, NK cells and ILC1 are considered separate 

cell types due to differences in transcription factor expression, function and surface protein [262, 

463, 571]. One method of distinguishing ILCs and NK cells is based on the expression of transcription 

factors, EOMES and T-bet, as ILC1s do not express EOMES [262, 336, 570]. However, resident 

CD49a+ NK cells are also EOMES negative [338, 340]. The main difference between NK cells and 

ILC1s is that ILC1s lack cytotoxicity [262, 336, 570]. In the model of IAV infection presented here 

rNK were shown to upregulate surface CD107a in response to IAV infection, indicating a putative 

cytotoxic function of this population [185]. Given the expression of CD56 and CD107a upregulation, 

these cells are therefore most likely to be rNK cells, consistent with the populations described for 

the liver and uterus [299-301].  

 

In recent years, a new appreciation for immune cell plasticity within the ILC subsets has emerged 

as only cytokine stimulation is required to change ILC phenotypes [571, 572]. Given the similarity 

of rNK cells to ILC1, a shared transcription factor profile and some evidence that rNK may develop 

from an ILC precursor, it may be more appropriate to consider resident NK cells as part of this ILC 

continuum [338, 340]. Although there are significant phenotypic and functional similarities 

between the ILC1 and circulating NK cells, cNKs seem to be more static in phenotype and function 

[571]. Therefore, circulating NK cells may represent a differentiated effector cell with pre-

determined function, whilst resident NK cells and the ILC families provide coordination of immune 

responses, adapting to environmental change through plasticity in functional phenotype  [571, 

572]. However, recent reports in mice have implicated TGF-β in switching cNK cells into an rNK / 

ILC1-like phenotype, challenging this view [573, 574]. Indeed, there are many outstanding questions 

regarding resident NK cell biology. At what point do resident NK cells seed organs? When do they 

take on a unique functional phenotype? How plastic are rNK cells and how do they influence human 

immunity?  

 

7.4  NK Cells Contribute to Anti-Influenza Immunity in the Human Lung 

One of the key hypotheses of this thesis was that NK cells contribute to anti-influenza immunity in 

the human lung. This was confirmed through the development of flow cytometric measures of NK 

cell activation in an ex vivo model of IAV-infected human lung. During IAV infection NK cells 

produced anti-viral molecules, with evidence of cytotoxicity provided by measures of 
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degranulation. Of note is that active IAV replication was essential to stimulating NK cell function as 

UV-irradiated X31 did not promote NK cell function. NK cells isolated from the lungs are often 

reported as hypofunctional, however this thesis reveals that IAV infected human lungs are capable 

of stimulating NK cell activity, indicating that lung NK cells are not inert but are tightly regulated by 

the pulmonary environment [362, 364-366]. This may be important given their cytotoxic nature and 

capacity to destroy somatic cells [86, 361]. Dysregulated NK cell cytotoxicity could result in the 

destruction of airway tissue, as has been suggested in COPD [86, 361]. 

 

NK cells were found to be significant early producers of IFN-γ during influenza infection, with 

substantial extracellular levels of this cytokine detected within 6h of meeting influenza-infected 

macrophages. IFN-γ is a pleiotropic cytokine, with multiple effects on both leukocytes and structural 

cells and is particularly important in generating Th1 responses [197]. Therefore, NK cell activation 

during IAV infection may stimulate immune cell function and play an important role in generating 

effective adaptive immunity [197]. Interestingly, rapid IFN-γ was also produced by lung T cells 

(within 24 hpi of ex vivo lung infection). All the lung T cells identified in this model have a memory 

phenotype (CD45RO+), with no reported naïve (CD45RO-) T cells [460]. Therefore, as H3N2 is a 

circulating strain of IAV, it is possible that X31 infection stimulated lung memory T cells capable of 

recognizing IAV infection. This would explain the rapidity of the T cell response, as in naive animals, 

T cell immunity is not produced until 5 -7 dpi [43, 101-104]. T cells, NK cells and NKT cells are 

predominant sources of IFN-γ in the body, however other immune cells may also contribute to this 

function [197]. For instance APCs have been found to produce IFN-γ following extensive IL-12 

stimulation [575]. However, the results of this thesis do not support macrophage production of IFN-

γ as MDMs were not found to secrete this cytokine, despite significant upregulation of IL-12. In 

addition, innate B cells have been found to produce IFN-γ in bacterial infections, however IFN-γ 

production in these cells has yet to be investigated in IAV infected lungs [576]. Thus, this thesis 

provides strong evidence that NK cells may be a major source of the early IFN-γ in immunologically 

naive lung, providing the initial priming of immune responses directed towards intracellular 

pathogens [197]. The extent to which this may be supported by DCs and innate B cells remains 

unknown.  

 

Interestingly, preliminary findings from a Luminex assay of infected MDM-NK cell co-cultures 

suggest that NK cells may also produce IL-6, IL-16, TNF-α and CCL2 during IAV infection. Both IL-6 

and TNF-α are pro-inflammatory, stimulating many different aspects of the immune system [577, 

578]. For instance  IL-16 is involved in T cell recruitment and modulation whilst CCL2 recruits 
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monocytes and macrophages, suggesting that NK cells may also be involved in cellular recruitment 

during IAV infection [520, 562, 579]. This Luminex data requires further investigation, but if 

corroborated may indicate greater NK cell contribution to pro-inflammatory signaling and immune 

cell recruitment than is currently understood. 

 

As well as pro-inflammatory cytokine production, measures of NK cell degranulation were found 

during IAV infection of lung tissue, epithelial cells and MDMs, indicating NK cell killing of infected 

cells [185]. Furthermore, flow cytometry detection of upregulated NK cell Gzm-B and a 

corresponding reduction in MDM viability detected by flow cytometry indicated substantial NK cell-

mediated cytotoxicity towards IAV infected macrophages. Further confirmation of MDM viability 

should be performed by more specific methods of apoptosis detection, but these results suggest 

that NK cells may also control IAV infection through destruction of infected cells. This follows given 

the described phenotype for lung NK cells, where the cytotoxic potential may be quite high [267, 

270, 272, 273, 569]. 

 

So far mouse models have provided inconsistent and contradictory reports for the effect of NK cells 

in IAV infection, with both detrimental and protective roles outlined [107-113, 227]. The data 

presented in this thesis suggests that human NK cell contact with IAV infected cells would promote 

NK cell cytotoxicity and IFN-γ release, potentially aiding immune control of this virus. However, it is 

not possible to conclude whether NK cell activation may help or hinder in vivo human IAV infection 

from this data. Nevertheless, co-evolution of both IAV proteins and NK cell receptors in humans 

suggest that NK cells have provided a selection pressure on IAV evolution and vice versa, indicating 

NK cell control of this virus [375, 580]. For instance cells infected with older strains of IAV H3N2 are 

lysed less effectively than cells infected with more recently emerged strains, suggesting that IAV 

may evolve to downregulate NK cell responses over time [580]. 

 

7.5 NK Cell Activation to IAV requires physical contact and therefore 

recruitment to sites of Infection 

Cellular contacts with target cells is crucial to determining NK cell activation and cytotoxicity [199]. 

The importance of direct cellular signalling on NK cell activation was explored in this thesis with an 

MDM-NK cell co-culture model. Physical contact with infected macrophages was essential to NK 
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cell production of cytotoxic molecules and release of IFN-γ, even in the strongly pro-inflammatory 

environment of infected MDMs. These findings demonstrate the specificity of NK cell activation; NK 

cells must physically encounter virally-infected cells to activate [199]. This implies that NK cell 

activation in human IAV infection must come from NK cells within sites of infection i.e. the epithelial 

barrier. Thus circulating NK cells would have to be recruited into the lung interstitium to respond 

to IAV infection. However, it is not known whether the same dependency on physical contacts is 

required for rNK cell activation to influenza infection, as it was not possible to model this with 

peripheral NK cells. If physical contact is required for rNK cell activation these cells may be more 

strategically located to respond to influenza infection than their circulating counterparts [293, 340].  

 

In mice circulating NK cells have been shown to be recruited to IAV infection through CCR5 and 

CXCR3 mediated chemotaxis [168]. This may be prompted by epithelial and macrophage 

chemotactic signalling as these cells have been shown to produce ligands for CCR5 and CXCR3 

during IAV infection [145-148]. In agreement with this finding, this thesis reports greater CCR5 

expression on human lung NK cells compared to matched peripheral blood. Interestingly, there was 

an even greater expression of CCR5 on lung rNK cells, suggesting that lung rNK cells may have 

increased sensitivity to chemotactic signalling through this receptor and could be recruited to sites 

of influenza infection through this mechanism. Airway macrophages may be a key contributor to 

NK cell recruitment through CCR5 as these cells have been previously shown to express CCR5 

ligands; CCL3 and CCL4 [145, 147, 148]. This thesis also provides evidence that airway macrophages 

may secrete another CCR5 ligand, CCL5, during IAV infection (Figure 6.15 C). In addition to NK cell 

recruitment airway macrophages may also enhance NK cell activation and survival during IAV 

infection through IL-12, 15 and 18 signalling, as the secretion of these cytokines was upregulated 

by IAV-infected MDMs.  

 

7.6 Mechanisms of NK cell Activation to Influenza-Infected Cells 

NKp46 and NKG2D receptor ligation on NK cell surfaces have been linked to recognition of IAV-

infected DCs and PBMCs in vitro and have been associated with IAV immunity in mouse models 

[254, 373, 379, 382]. However, in vivo IAV infects human airway epithelium and macrophages and 

is rarely systemic [23]. Therefore, the contribution of NKp46 and NKG2D ligation by IAV-infected 

macrophages was explored in this thesis. The interplay between NK cell and macrophages is an 

important mechanism of innate immunity in a number of inflammatory contexts, particularly at 

mucosal surfaces [409, 410]. Ligand-receptor interactions were blocked between MDM and NK cell 
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contacts by incubation with chimeric receptor constructs. However, NK cells were still found to 

produce IFN-γ and upregulate surface CD107a. Thus the findings in this thesis suggest that 

macrophages and dendritic cells do not share a common mechanism of NK cell activation to H3N2 

IAV [254].  This was an unexpected result as NKp46 and NKG2D ligands were both detected on the 

surface of IAV-infected MDMs. In addition, altered receptor expression was measured on CD56bright 

and CD56dim NK cells during contact with infected cells; indicating modulation of receptor signalling 

in the NK cell subsets. These findings suggest that there is substantial redundancy in the capacity 

of macrophages to stimulate NK cell activation. This redundancy may enable macrophages to 

stimulate NK cell activation in a number of contexts, limiting viral evasion of the immune response 

[409, 410]. Unfortunately, the nature of NK cell activating stimuli presented by IAV-infected 

macrophages remain unknown. However, CD95:Fas-L, CD111:CD96 and CD48:2B4 interactions 

were recently identified in a mass-cytometry study of IAV-infected monocyte interactions with NK 

cells [375].  These ligand-receptor interactions could therefore be responsible for stimulating NK 

cell cytotoxicity towards IAV infected MDMs [375]. 

 

So far, detection of viral HA and non-specific cellular stress have been implicated in NK cell 

recognition of IAV infection [254, 376, 378, 379]. However, numerous HLA I binding molecules on 

the NK cell surface play an integral role in controlling NK cell activation, the most well-known of 

which are the KIR family of receptors [199]. The gross-effect of these interactions were analyzed in 

this thesis by blocking all interaction with the class I HLA. These results demonstrate a significant 

inhibitory role for the combined signaling from HLA I in IAV infection. Given the upregulation of HLA 

I on the surface of IAV infected cells, this might represent evasion of the NK cell response by the 

IAV virus [203, 227]. Evasion of NK cell killing has been described for a number of viruses, which 

typically try to enhance the inhibitory signals NK cells receive through HLA I engagement [546, 551, 

581]. Given the long co-evolution time of humans and IAV, this type of viral immunomodulation is 

certainly possible [582]. A number of inhibitory KIR have been associated with IAV severity in 

humans, but with inconsistent results between studies [384, 385]. Unfortunately, surveying and 

analyzing the contribution of the many different HLA-binding receptors to NK cell activation was 

beyond the scope of this study but this remains an important area for further investigation.  

 

In addition to physical contacts, IAV-related pro-inflammatory signaling is likely to be important in 

stimulating NK cell function as this promotes NK cell survival and cytokine production, in some cases 

by reducing the threshold for intracellular activating signaling [375, 404, 514]. IAV-infected MDMs 

produce a number of NK cell activating cytokines including IFN-β IL-12, IL-15 and IL-18, as shown by 
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this thesis and previous work [433]. In addition, IL-1β, IL-6, IL-10 have also been found to affect NK 

cell cytokine production and cytotoxicity and were all produced by IAV infected MDMs [433, 583-

586]. A summary of the main cytokine and receptor interactions investigated in this study are 

presented in Figure 7.1. It remains to be seen whether blocking pro-inflammatory cytokines could 

reduce the NK cell response to influenza. Interestingly, the most pathogenic strains of IAV such as 

the avian H5 strains induce massive cytokine release from airway macrophages [587]. It is thought 

that hypercytokinemia in IAV overstimulates immune cells, increasing destruction of the epithelial 

barrier which leads to bacterial invasion, pneumonia and death [587]. Whether this cytokine storm 

affects NK cell function remains to be explored, however increased NK cell activation has been 

found for the most pathogenic strains of IAV [588]. Finally, the mechanisms by which NK cells 

respond to IAV infected epithelial cells are currently unknown but represent an important area for 

research. Elucidating the mechanisms by which NK cells respond to infected airway epithelium is 

essential to understanding NK cell contribution to cellular clearance in infection and may have 

implications for understanding chronic disease [86]. 

 

 

Figure 7.1: Summary diagram of the proposed relationship between MDMs and NK cells during 

IAV infection. 
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7.7 CD56bright and CD56dim NK cell Contributions to Anti-Influenza 

Immunity 

Interestingly CD56bright and CD56dim NK cells were found to respond equivalently to IAV infection in 

all three of the human models explored in this thesis. All NK cell subsets produced IFN-γ upon 

contact with infected cells and showed similar upregulation of cytotoxic markers including surface 

CD107a and Gzm-B production. Thus these results suggest that the whole NK cell population, 

including more immature NK cells are recruited to anti-viral responses and do not agree with a 

number of studies which have found distinct roles for CD56bright and CD56dim NK cells [259, 295, 302-

304, 308, 309]. However, the reported distinction in NK cell subset function is usually based on one 

type of in vitro stimulation, which is either through culture with cytokines, PMA/I or cancer cell lines 

[259, 295, 302-304, 308, 309]. In contrast some in vitro  stimuli has been shown cause CD56dim NK 

cells to produce cytokines (such as NKG2D and 2B4 engagement) and CD56bright NK cells to kill (IL-2, 

12 and 15 treatment) [189, 310-312]. As IAV has been shown to initiate both these types of stimuli, 

it is therefore possible that the combined signaling NK cells receive from IAV infected cells triggers 

both CD56bright and CD56dim effector responses [377, 406, 407, 589]. This aspect of NK cell function 

could be investigated further by direct investigation into CD56bright and CD56dim cytotoxicity and the 

production of cytokines not assessed in this work such as TNF-α. 

 

7.8 Functional Relevance of Resident NK cells to IAV Infection 

The concept of organ-resident NK cell populations is a relatively recent one and the functions of 

these cells in health and disease are only just being discovered. So far, a range of functions have 

been suggested including limiting autoimmunity in the salivary gland, promoting inflammation in 

adipose tissue and injury in the kidneys [340]. One of the aims of this thesis was to investigate lung 

rNK cell function in the context of respiratory virus. Resident NK cells were found to activate in 

response to IAV infection with increased markers of degranulation and IFN-γ production. The full 

functional contribution of resident NK cells to IAV infection remains to be seen, however the 

strategic location of rNK may enable a more rapid IFN-γ release and cytotoxic response than their 

circulating counterparts. As rNK are already present within the lung tissue rNK may be able to act 

as first responders to infection [168]. The precise localization of rNK within the lung remains to be 

explored however there is some evidence that CD49a expression anchors CD8+ T cells to the basal 

membrane of the lung epithelium and a similar mechanism may well be used by rNK cells [331].  
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One of the earliest functions suggested for rNK cells was of memory to infection and inflammatory 

stimuli [301, 345]. Therefore, one of the hypotheses of this thesis was that lung rNK cells would 

have an enhanced response to IAV infection. This was investigated by ex vivo infection with X31, a 

H3N2 virus, comparable to IAV strains currently circulating in the population [1]. Confirming this 

hypothesis, lung CD56brightCD49a+ NK cells had a greater upregulation of CD107a and CD56dimCD16- 

CD49a+ NK cell produced more IFN-γ during ex vivo IAV infection. Furthermore, an enhanced 

functional response was not found for rNK cell populations when lung tissue was stimulated with 

PMA/I, indicating that there may be a virus-specific effect on the activation of rNK populations. This 

may be mediated by the enhanced expression of activating NKG2D receptors on rNK cells, as NKG2D 

has been shown to recognize IAV-infected dendritic cells. However, this thesis has shown that 

NKG2D interactions are redundant for NK cell recognition of MDMs. It therefore remains to be seen 

if NKG2D ligands facilitate NK cell recognition of IAV-infected epithelial cells. The nature of direct 

NK cell memory to antigens is controversial and is most likely a feature of innate cell training 

through either altered surface protein, signaling pathways or epigenetic state [344]. For instance 

“memory” NK cells have been found to have a more open IFN-γ locus which may enable the more 

potent cytokine response seen in the liver [338, 341, 590, 591]. Therefore, further confirmation of 

a memory-like phenotype in lung rNK cells could be provided by analysis of the epigenetic profile 

relative to circulating NK cell. 

 

7.9 NK Cell Function in COPD 

In the COPD lung NK cell function has been shown to be dysregulated, with enhanced cytotoxicity 

of lung epithelial cells, a phenomenon that has been linked to the onset of emphysema [86, 361, 

470]. It is thought that NK cells may initiate epithelial cell killing through the recognition of stress 

ligands by the NKG2D receptor, as MIC-A is upregulated on the COPD epithelium [469, 470]. In this 

thesis, significant changes to the NK cell phenotype were observed during worsening COPD. For 

instance, more severe disease was found to correlate with a significant enhancement in the 

proportion of CD56bright cells, with a corresponding reduction in CD56dimCD16+ NK cells. 

CD56dimCD16+ NK cells demonstrate significant cytotoxicity in other areas of the body and therefore 

may be strongly activated during COPD [200, 295, 302, 304, 308, 309]. Sustained NK cell activation 

ultimately results in NK cell apoptosis which might explain the distorted CD56bright:CD56dim ratio 

seen in COPD lung tissue [86, 314, 316, 317, 320, 361].  
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The increase in NK cell cytotoxicity in COPD has been suggested to be caused by dendritic cell 

priming of NK cells through trans-presentation of IL-15 on the dendritic cell surface [86]. However, 

it remains unclear why dendritic cells are providing such stimulation to NK cells. Finch et al suggest 

that this distorted DC activity may originate from inflammatory epithelial signaling following 

damage and stress, but this has not yet been shown [86]. Interestingly macrophage function is also 

dysregulated in COPD, with reduced phagocytosis and altered inflammatory cytokine production 

[85, 592]. It is therefore possible that macrophage-mediated inhibition and regulation of respiratory 

NK cells may also be affected in COPD and represents an important area of research into COPD 

pathology. 

 

IAV is a major exacerbator of COPD, and as discussed in section 7.3 this thesis has demonstrated 

substantial anti-viral effector functions of NK cells in human IAV infection. However, the NK cell 

contribution to viral exacerbation in COPD is unknown and should be investigated further. Based 

on the results of this thesis, IAV infection in a COPD patient may further increase NK cell cytotoxicity 

by increasing the number of target cells for NK cell destruction. In addition, the extensive pro-

inflammatory signaling initiated upon IAV infection may increase NK cell sensitivity towards cellular 

stress [470]. Thus IAV infection may increase NK-cell mediated destruction of non-infected lung 

epithelium and worsen disease. Although IAV is not the only viral pathogen that can exacerbate 

COPD there is little research on NK cell activation in other human respiratory infections [568]. Thus 

it is difficult to speculate on the potential role for NK cells in non-IAV COPD exacerbations. 

 

The organ microenvironment is expected to play an important role in generating resident NK cell 

phenotype and function. Given the pro-inflammatory state of the COPD lung it is possible that rNK 

training by the respiratory environment may be altered relative to health, although this remains an 

open question [86, 470]. In support of this, enhanced CD49a expression was found on both 

CD56bright and CD56dimCD16- lung NK cells in the lung tissue obtained from more severe COPD 

patients. However, the functional outcome of an altered rNK cell population is uncertain, 

particularly given that this thesis has outlined an enhanced functional role of rNK cells in IAV 

infection but COPD patients are more susceptible to viral infection [593]. This may suggest that the 

capacity of rNK (and indeed cNK) to effectively respond to viral infection and promote clearance is 

impaired in COPD.  
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7.10 Importance of Appropriate Modelling to Investigate IAV Infection 

Murine studies of lung NK cell function have provided important insights into the functional role of 

NK cells in the pulmonary environment [107-113, 227]. However, resident NK cell function is likely 

to be strongly shaped by the organ environment and a lifetime of environmental stimuli [340]. For 

the lungs this includes allergens, pollution, smoke, changes in microbiota and pathogen exposure, 

which cannot easily be replicated in a rodent. Therefore, the characterization of human resident 

NK cells requires physiologically relevant models of human infection and disease. Furthermore, the 

strong evolutionary divergence between mouse and human NK cell receptors limits the translation 

of findings from murine studies to humans, particularly when there is a lack of a shared history of 

pathogen exposure. This may be a reason why mouse models of influenza infection provide 

inconsistent and often contradictory findings on NK cell function (reviewed in section 1.5.2) and 

highlights the importance of using other models to corroborate and extend findings from the 

mouse. [107-113, 227]. The use of different murine genetic backgrounds, viral strains and dose may 

also be confounding factors in the interpretation of these studies.  

 

As there is no known natural murine influenza virus, murine IAV infection has been engineered in 

vitro [594]. However, repeated passage to adapt influenza for the murine airways may have altered 

the functioning of this virus from a human-infecting strain [594]. In addition, murine IAV infection 

also relies on a genetic susceptibility to IAV in inbred laboratory strains, as outbred mice are 

resistant to IAV infection [595]. Thus, the immune responses measured in such studies may not be 

physiologically relevant to humans, particularly as all murine IAV infection models are effectively 

observing the introduction of a new viral species. Humans have been co-evolving with IAV for 

approximately 20,000 years and this shared evolutionary history has shaped NK cell receptor 

structure and viral immunomodulation of these cells [375, 580]. Unfortunately, the impact of this 

co-evolution on immune cell responses may not be effectively represented by murine IAV infection. 

Therefore, studies using human samples are also required to pick apart host-pathogen interactions 

in a way that benefits translational research.  

 

7.11 Limitations of the Study 

Investigating the phenotype and function of human lung NK cells required human lung tissue, of 

which cancer resection surgery is one of the few available sources. Macroscopically normal lung 

tissue was taken distal to tumour sites and individuals had not undergone radiation or 
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chemotherapy. Furthermore the human lung NK cell phenotype reported here is consistent with 

NK cells from healthy mouse lungs in terms of maturity and differentiation [364, 365]. Even so, 

disease state, smoking history and medication remain confounding factors in the use of this 

material [362]. In addition, effects from neighbouring tumour and tumour-associated stroma 

cannot be excluded and this remains a caveat in the interpretation of this work. A further drawback 

of experimenting on human lung tissue is the extensive genetic and environmental heterogeneity 

between individuals. This can be seen in the range of NK cell functional responses and phenotype 

data in this thesis. In addition, low cell yields from lung tissue limited functional data sets to a small 

number of repeats. Where possible functional readouts were supported by co-culture models using 

healthy peripheral blood. However, it was not possible to explore resident NK cell function in the 

co-culture models due to a lack of this cell population in the peripheral blood. 

 

An additional limitation of this study was the reliance on GM-CSF to stimulate a lung-like phenotype 

from blood monocytes [85, 423, 431, 432]. Although there are many phenotypic similarities 

between GM-CSF derived MDMs and airway macrophages, this model cannot completely 

recapitulate the in vivo phenotype [526]. For instance GM-CSF differentiation will push monocytes 

towards one consistent phenotype, but in vivo macrophages demonstrate substantial phenotypic 

malleability and plasticity, including surface protein expression and cytokine secretion [144, 596]. 

Thus it was not possible to explore how different macrophage phenotypes might affect NK cells 

function in this model. Furthermore, MDMs are not as restrictive to IAV replication as airway 

macrophages and this could also affect the type of interactions MDMs have with NK cells [45]. 

 

7.12 Further Work 

Since their discovery in the 1970s, NK cells have been found to contribute to numerous human 

infections, cancer and chronic inflammatory disease [200]. However, there is a lack of knowledge 

about how NK cells contribute infection and disease in the lungs. This thesis has explored some 

phenotypic and functional questions in relation to IAV infection, but there are a number of 

outstanding questions and areas for further work. For instance, novel populations of resident NK 

cells were identified within the lung parenchyma but the biology of these cells is largely unknown. 

Thus, further phenotypic analysis by FACS sorting and single cell transcriptomic analysis would 

benefit our understanding of the ways lung rNK cell function differ from conventional NK cells. In 

addition, both resident and non-resident lung NK cell trafficking could be assessed through 

immunofluorescent staining of healthy and IAV infected lung parenchyma. Furthermore, 



Chapter 7 

193 

preliminary data from this thesis showing enhanced function of lung resident NK cells should be 

extended. This could be done by developing co-culture models with lung NK cells against suitable 

infected targets. In addition, the systems driving this enhanced recall could be further explored 

through comparison of the cNK and rNK epigenetic state and by mechanistic analysis of rNK cell 

receptor ligation.  

 

NK cells are well known for their production of IFN-γ but the production of other cytokines by both 

resident and circulating NK cells is poorly understood and rarely investigated. This thesis has 

provided pilot data indicating that circulating NK cells may have important pro-inflammatory effects 

through the production of IL-6, IL-16, TNF-α and CCL2 but further corroboration of this data is 

needed. Thus, lung resident and non-resident NK cell cytokine production could be analysed in IAV-

infected lungs by flow cytometry or by transcriptomic analysis following sorting. This could also be 

investigated in MDM-NK or PBEC-NK cell co-cultures by ELISA, intracellular flow cytometry or RT-

PCR following NK cell isolation. 

 

In addition, analysis of how pro-inflammatory signaling controls NK cell activation to IAV-infected 

cells may fill in an important gap in the current understanding of anti-IAV immune responses. This 

could be done by sequential cytokine blocking in autologous co-cultures of either macrophages or 

epithelial cells. Further elucidation of the mechanism of NK cell activation to IAV-infected 

macrophages is also required, as NKp46 and NKG2D were found to be redundant [375]. In addition, 

the physical contacts driving NK cell activation to infected epithelial cells are currently unknown but 

could be further explored in the PBEC-NK cell model developed in this thesis. This is an important 

area for further work as it could reveal mechanisms by which NK cell function could be modulated. 

This thesis’ findings in the MDM-NK cell co-culture could also be further confirmed by using lung 

macrophages in autologous co-culture. To do this, lung macrophages could be washed out of lung 

tissue and infected whilst NK cells are sorted from digested lung tissue by FACS or MACS.  

 

In addition, NK cells may play important roles in combating other respiratory virus infection, such 

as RSV and rhinovirus (RV). For instance, NK cells have been shown to be recruited and activated 

during murine rhinovirus infection and are detrimental in a mouse model of RSV infection [597, 

598]. Human NK cell responses to these viruses are less well understood but are important avenues 

for further work. For instance IFN-γ is a major stimulator of Th1 responses, and as RSV strongly 

stimulates a Th2 response it would be interesting to examine if this NK cell effector function is 
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perturbed during RSV infection [599]. No vaccines currently exist for either RSV or RV despite high 

mortality in children and exacerbation of chronic lung diseases such as COPD and asthma [600-603]. 

A better knowledge of the immune response to these infections is therefore required to reduce 

virus-related mortality [600-603].  

 

Lastly, the role of human NK cells in bacterial and fungal lung infections is largely unexplored [568]. 

In mouse models NK cells promote clearance of respiratory infection by fungi Cryptococcus 

neoformans and Aspergillus fumigatus as well as bacterial species including Bordetella pertussis, 

Francisella tularentis, Legionella pneumophila, Haemophilus influenzae, Pseudomonas aeruginosa 

and Staphylococcus aureus [568]. NK cells have also been identified as detrimental to outcomes of 

Streptococcus pneumoniae infection [568]. Understanding the NK cell responses to lung infection is 

an important area of research as it could lead to new methods of manipulating pulmonary immunity 

during vaccination and disease [86, 604]. Furthermore, NK cell control of respiratory bacteria may 

be important in IAV pathogenesis as IAV-related lethality is associated with bacterial co-infection 

and secondary pneumonias [2, 6-13].  

 

7.13 Summary 

This thesis has shown that NK cells have potent cytotoxic and cytokine responses to IAV infection 

in lung tissue, responding to both infected epithelial cells and macrophages. Thus, NK cells have 

been shown to be capable of responding to human respiratory viral infection with potentially 

important contributions to anti-viral immunity in this organ. A newly identified resident NK cell 

population was also described in the lung parenchyma.  This resident NK cell population responded 

to IAV infection, with enhanced degranulation and IFN-γ production relative to circulating NK cells. 

Increased residency marker expression was also found to correlate with COPD severity indicating 

dysregulation of these cells in chronic disease. Finally, NKG2D and NKp46 activating receptor 

signaling has been implicated in IAV-infected cell recognition but receptor ligation was found to be 

redundant during the NK cells response to IAV infected MDMs. Thus, there may be numerous 

mechanisms by which macrophages regulate NK cell function during respiratory infection, 

confirming the important interplay between these two innate immune cells. Further investigation 

into the mechanisms and regulation of respiratory NK cell activation may enable future modulation 

of NK cell function in the treatment of chronic disease and respiratory vaccination. 
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