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Abstract

Chronic Obstructive Pulmonary disease (COPD) is an irreversible, progressive disease
resulting in a permanent loss of lung function. COPD is characterised by an enhanced
inflammatory response to noxious particles in a manner which is harmful to the individual.
This inflammatory response alone may cause damage to the lungs, but COPD patients are
also susceptible to recurrent respiratory viral infections which cause disease exacerbations
and hasten lung function decline. Mechanisms underlying this susceptibility are not
understood, however key effectors of the adaptive immune response; CD8+ T cells which
clear viral infections, are present in increased numbers in COPD patients. These cells,
however, fail to resolve infection and contribute to the immunopathology of the disease.
Failure to clear infection may be due to T cell “exhaustion” induced by chronic antigen
exposure resulting in the inhibition of cytotoxic function. T cell exhaustion was proposed as a

potential mechanism which allows for chronic viral infection in the lungs.

Analysis was performed using blood and lung parenchymal tissue from controls and patients
with COPD. Expression of cell surface markers associated with exhaustion, senescence,
tolerance and cytotoxicity were measured using flow cytometry and RT-PCR. ELISpot was
performed using a monocyte-derived macrophage model of acute infection to measure IFNy
responses. Regulation of responses by corticosteroids, retinoic acid and aPD-L1 blocking

antibody was recorded.

T cells in lung were predominantly of a memory phenotype, with a greater proportion of
CD8+ T cells in lungs of COPD patients. PD-1 expression is upregulated by T cells in
response to influenza infection, but only macrophages, not epithelial cells, upregulate PD-L1.
CD8+Temra populations appear to express dysfunctional cytotoxic responses to influenza in
COPD tissue but not in controls. T cell derived IFNYy is produced in response to X31 infection,
but this is abrogated by corticosteroid or retinoic acid treatment. Blocking of PD-1:PD-L1

interactions may upregulate IFNy responses in the CD8+ T cell population.

This work has established novel experimental techniques to interrogate lung specific immune
responses pertinent to live viral infections. It has established a signal of immune dysfunction
in COPD which may explain the susceptibility to infection and set up a clear direction for

further study to better establish our understanding of this important disease.

3






Table of Contents

AADSTIACT ...t 3
TabIE OF CONEENTS ...ttt 5
TS 0 T U= USSR 9
LISE OF TADIES ... bbb 13
Presentations t0 Learned SOCIEIES. .........uiuiireiiirieieirie e 15
Academic Thesis: Declaration Of AUthOISNIP ........cccoiieiiie e 17
ACKNOWIEAGEMENES ...ttt e e e s e et e e neesbeenbeeneenneas 19
LiSt OF ADDIEVIATIONS ......oviiiiiiiiciee bbb 21
(O g 2T (=] ot TSSO S PR U PP PR PPPPPO 23
INEFOAUCTION ... bbbt et b e bbbttt et 23
Evolving definition 0F COPD ..ot 26
COPD EXACEIDALIONS. ........eitieiieiieiesie ettt 33
Cells implicated in COPD manifestation, progression and exacerbation......................... 34

T cell Subsets and fUNCLIONS ..........couiiiiii i 38

T Cell @XNAUSTION ... 42
Influenza iINfection IN COPD ...t 47
Methods utilised to characterise cellular dysfunction in COPD............cccccccveviiievvenenne. 49
Analysis of human lung parenchyma ............ccccooeiiiiiiic i 49
Collagenase digestion of lung parenchyma............ccccooveveeieiievi e 50
SUIMMIAIY .ttt ettt e bt e ettt e e st b e e e st e e e as b e e e en b e e e enb e e e bb e e e neeeanbeeeensneeanneeans 51
HYPOTNESIS ...ttt bbbt 52
N 111U PSR U TP URPRPRPRPPN 52
(O g -1 (=] USSP PR SR PRPPRO 53
IMIBENOMS. ...ttt bbbttt 53
INEFOTUCTION ..ttt bbbttt 54



PatiENt RECTUITMENT ...ttt e e e e e e e e et e e e e e e e e e e e eeeeeeeneans 54

Patient PRENOLYPE .....ocveiie ettt sttt e e e nnes 55
Preparation of monocytes and T cells from peripheral blood ............ccccoevviiiiiinee. 56
Preparation of lung parenchyma for tissue digestion ..........ccccocevvveviiveieese s 57
Extracellular and intracellular cell marker staining and flow cytometry .............ccccoeuee. 58
Stimulation of peripheral T CellS ..o 64
Infection of lung tissue with Influenza A VIrusS ... 65
RNA extraction from Sorted CelIS...........cooiiiiiiii e 67
CDNA synthesis of T CEIl RNA ..o 67
RT-PCR of DNA from Sorted T CelIS.......coviiiiiiiiiece e 68
ELISPO 1vveveeeeeeee e ee e eeeeeeeeeeseeeseees e e e e e s e e s ee e ee e e e e ee s s st s et e et r e r e 69
SEAEISTICS ettt 70

(O T T o] (=] g PSSRSO 71
Identifying Lung ReSIAENt CelIS ..........coiiiiiiiiece e 71
INEFOTUCTION ...ttt bbb 72
RESUIS AN COMMENTS ...ttt 73

Collagenase digestion duration does not affect cell viability or CD3 expression of T cells
L0 o] [0 o SR 73

Collagenase digestion duration reduces CD4, but not CD8, expression by T cells from

Non-enzymatic tissue disaggregation methods alone are not sufficient to yield high

numbers of 1uNg resident CIIS ... 78

Viability and T cell marker retention after collagenase digestion of lung parenchymal

LU T 1= ST 79
Identification of memory T cell phenotypes in blood and tisSUE ..........cccccvvveicieeiieineene, 82
Optimisation of RT-PCR ProtoCol.........cccccoiiiiiiiiiiic st 86



(Of0] 0161 L1 [0 4 T T TR UURRRRRRRR 87

(O =T o] (- OSSR 91
Lung Resident Inflammatory Cell Populations in Health and COPD ............cccccveviviieivcnenne. 91
INEFOTUCTION ...ttt 92
RESUILS ANd COMMENT......couiiiiiiiee bbb 94
PAIENT CONOIT ...ttt 94
Peripheral T cell populations are unchanged in COPD .........cccoocviiiinnenin e 94

PD-1 is in not expressed by T cells in the periphery but is upregulated upon stimulation

.......................................................................................................................................... 96
Tissue resident T cell populations are altered in COPD.........ccccoevviveiie v, 101
PD-1 expression by lung resident T cells in controls and COPD...........ccccccccevveiiviienen, 102
Gene Expression of Sorted CD4 and CD8 T cells in control and COPD tissue............. 104
T memory population iN COPD..........cccocii it 110
PD-1 and CD57 expression by Tmem cells in controls and COPD ............ccccceevviienen, 111
Macrophage proportions are unchanged in COPD ...........ccccvviiieieiic v 113
CONCIUSIONS ... bbbttt ne bbbt 115
(O g0 (=] o P T ST TP U PR PRURORPPRPIN 123
Experimental Study of PD-1 and PD-L1 expression In Lung Parenchyma............c.cccceovnu. 123
INEFOAUCTION ...ttt b et b et 124
PALIENT CONOIT ...t 125
Influenza A infection of human parenchymal tiSSUE ...........ccoviieiiiiieiieeee, 125
PD-1 is upregulated during Influenza A infection.............cccooeeeiiiiic i 128
CD107a, but not TIM-3 or CD57 are upregulated by Influenza A infection ................. 131
PD-L1 is upregulated by macrophages but not epithelial cells in response to X31
INTECTION ... 136
CONCIUSION ...t r bbbt 139
(O g T (=] g TSSO TO TPV URORPRRPIN 145



Analysis of Control of Human Functional T cell Responses During Experimental Influenza

1) {73 1o o ISR 145
T 0o [UTox { o] o ISR PURSR 146
MDM s are infected by X31 INfluenza A VIrUS .........cceoiiieiieieieeeee e 147

Interaction between Influenza A infected MDMs and T cell induces IFNy production 148

IFNy is produced by CD4 and CD8 T CellS........ccoeiiiiiiiiiiiiiiiiiciiceceee e 152
Fluticasone inhibits T cell IFNY production ...........c.cecvieeiiiiiiiciiieeeseee e 159
Retinoic acid attenuates T cell IFNy production ...........c.ccecvvviiieiiiiinieiceecee 164
Effects of PD-L1 blocking antibody on T cell IFNy production............c.ccccceevevveieennenn. 168
CONCIUSTONS ...ttt bbbt b bbb e ettt 172
O T T o] (- AU SUSSURRR 177
DISCUSSION ...ttt bbbt b bbb bbb et b bbb n et 177
CONCIUSTONS ...ttt b bbb et b et 178
Defining COPD iN the CONOIt.........coiiieece e 178
The evidence of CD8+ T cells in COPD pathology .........ccccveveiieiecvciieie e 179
Altered T cell proportions are seen in parenchyma but not blood...............ccccooiiinnn, 179

T cells express PD-1 but no other markers of exhaustion in stable COPD..................... 180

CD8+CD45RA+CCR7- TEMRA cells express impaired responses to influenza infection

Corticosteroids inhibit T cell IFNy expression but do not modulate PD-1 or CD107a..181

Retinoic acid mediates PD-1 expression independently of infection................c............ 181
Effects of blocking PD-1:PD-L1 interactions in acute influenza infection.................... 182
Macrophages express PD-L1 in response to viral infection............c.ccccoovvveviiieciennn, 182
FULUIE WOTK ...t b bbbt 184
SUMIMIANY ettt e e s a b e e as b e e srbe e e sab e e e bt e e e ne e e e beeeanbeeeenneeeanneas 186
RETEIEINCES ...t e bbbt 187



List of Figures

1.1. Spirometry aids diagnosis of obstructive lung disease

1.2. lllustration of Emphysematic lung

1.3. Cells of the immune system contribute to COPD pathogenesis

1.4. T cell responses to virus

1.5. Degree of exhaustion determines loss of function on CD8+ T cells

2.1. Isolation of Monocytes and T cells from PBMCs and differentiation to
Monocyte Derived Macrophages

2.2. Flow cytometry gating strategy for T cells.

2.3. Flow cytometry gating strategy for CD4+ and CD8+ T cells.

2.4. Flow cytometry gating strategy for memory CD4+ and CD8+ T cells

2.5. Flow cytometry gating strategy for epithelial cells and macrophages

3.1. Proportion of live cells obtained from collagenase treatment of PBMCs

3.2. Proportion of live CD3+ cells obtained from collagenase treatment of PBMCs
3.3. Proportion of live CD3+CD4+ cells obtained from collagenase treatment of
PBMCs

3.4. Proportion of live CD3+CD8+ cells obtained from collagenase treatment of
PBMCs

3.5. Proportion of live CD3+CD4-CD8- (DN) cells obtained from collagenase
treatment of PBMCs

3.6. Proportion of live CD3+CD4+ cells obtained from collagenase treatment of
PBMCs

3.7. Proportion of live CD3+CD8+ cells obtained from collagenase treatment of
PBMCs

3.8. Numbers of cells obtained from GentleMACS dissociation or collagenase

treatment of lung parenchymal tissue

3.9. Proportion of live cells obtained from collagenase treatment of lung parenchymal

tissue
3.10. Proportion of live CD45+CD3+ cells obtained from collagenase treatment of

lung parenchymal tissue

3.11. Proportion of live CD45+CD3+CD4+ cells obtained from collagenase treatment

of lung parenchymal tissue

3.12. Proportion of live CD45+CD3+CD8+ cells obtained from collagenase treatment

9

28

30

35

39

43

57

59

60

61

63

73

74

75

75

76

77

77

76

79

80

81



of lung parenchymal tissue 81
3.13. Proportion of live CD45+CD3+CD4-CD8- cells obtained from collagenase

treatment of lung parenchymal tissue 82
3.14. Naive and Tmem cell populations in blood and tissue 84
3.15. Memory T cell populations in human lung parenchyma 85
3.16. Housekeeping gene expression by lung CD4+ and CD8+ T cells 86
4.1. T cell populations in blood of control and COPD patients 95
4.2. Proportion of peripheral T cells expressing PD-1 96
4.3. Representative plot of PD-1 expression by T cells stimulated by PMA and

ionomycin 97
4.4 PD-1 expression is upregulated on stimulated T cells from blood 97

4.5. Representative plot of Granzyme B expression by T cells stimulated by PMA and

ionomycin 99
4.6. Granzyme B production by stimulated T cells from blood 99
4.7. Representative plot of IFNy expression by T cells stimulated by PMA and

ionomycin 100
4.8. IFNy production by stimulated T cells from blood 100
4.9. Gating of CD4+ and CD8+ T cells from lung parenchyma 101
4.10. T cell populations in lung parenchyma of control and COPD patients 102
4.11. Representative plot of PD-1 expression by lung T cells 103
4.12. Intrinsic PD-1 expression by CD4 and CD8 T cells in controls and COPD 104
4.13. RT-PCR gene expression of TIM-3 105
4.14. RT-PCR gene expression of PD-1 106
4.15. RT-PCR gene expression of LAG-3 107
4.16. RT-PCR gene expression of CTLA-4 108
4.17. RT-PCR gene expression of CD27 109
4.18. RT-PCR gene expression of CD57 109
4.19. CD8+ Memory T cell populations in control and COPD lung 111
4.20. Intrinsic PD-1 expression by CDS8EM and CDSEMRA T cells in controls and

COPD 112
4.21. Intrinsic CD57 expression by CD8EM and CDSEMRA T cells in controls and

COPD 112
4.22. Comparison of PD-1 and CD57 expression by CDS8EM and CDSEMRA T cells 113
4.23. Macrophage proportions in lung parenchymal tissue 114

10



5.1. NP-1 expression in non-infected and infected epithelial cells and macrophages
5.2. Treatment of parenchymal tissue with increasing X31 influenza A virus
concentrations results in increased epithelial cell and macrophage infection.

5.3. Epithelial cell and macrophage infection by X31 Influenza A virus

and UV-irradiated control in human lung tissue.

5.4. Representative plot of PD-1 expression by T cells after X31 Influenza infection
5.5. PD-1 expression by T cells during X31 infection of lung parenchyma

5.6. PD-1 expression by Tmem cells during X31 infection of lung parenchyma

5.7. Representative plot of TIM-3 expression by T cells after X31 Influenza infection
5.8. TIM-3 expression by T cells during X31 infection of lung parenchyma

5.9. Representative plot of CD57 expression by T cells after X31 Influenza infection
5.10. CD57 expression by T cells during X31 infection of lung parenchyma

5.11. CD57 expression by Tmem cells during X31 infection of lung parenchyma

5.12. Representative plot of CD107a expression by T cells after X31 Influenza infection
5.13. CD107a expression by T cells during X31 infection of lung parenchyma

5.14. CD107a expression by Tmem cells during X31 infection of lung parenchyma
5.15. Representative plot of PD-L1 expression by epithelial cells and macrophages after
X31 Influenza infection

5.16. PD-L1 expression by epithelial cells and macrophages during X31 infection of
lung parenchyma

6.1. MDM infection by X31 Influenza A Virus

6.2. MDMs upregulate PD-L1 in response to X31 Influenza A infection

6.3. IFNy production by T cells in response to infected MDMs

6.4. IFNy production by T cells requires MDMs

6.5. IFNy production by T cells exceeded detection limit in response to infected MDMs
6.6. IFNy production was upregulated by T cells in response to infected MDMs

6.7. IFNy production was upregulated by CD4 and CD8 T cells in response to infected
MDMs

6.8. Combination of ELISpot and flow cytometry

6.9. PD-1 expression by T cells co-cultured with MDMs

6.10. PD-1 expression by T cells in response to infected MDMs

6.11. CD107a expression by T cells co-cultured with MDMs

6.12. CD107a expression by T cells in response to infected MDMs.

6.13. TIM-3 expression by T cells co-cultured with MDMs

11

126

127

128
129
130
131
132
132
133
133
134
135
135
136

138

138
147
148
149
150
151
152

153
154
155
155
156
157
158



6.14. NKG2D expression by T cells co-cultured with MDMs 159

6.15. Fluticasone inhibits IFNy production by T cells 161
6.16. IFNy production by CD4 and CD8 T cells treated with fluticasone 162
6.17. PD-1 expression by CD4 and CD8 T cells treated with fluticasone 163
6.18. CD107a expression by CD4 and CD8 T cells treated with fluticasone 163
6.19. Retinoic acid inhibits IFNy production by T cells 165
6.20. IFNy production by CD4 and CDS8 T cells treated with retinoic acid 166
6.21. PD-1 expression by CD4 and CD8 T cells treated with retinoic acid 167
6.22. PD-1 expression by T cells co-cultured with MDMs 167
6.23. CD107a expression by CD4 and CD8 T cells treated with retinoic acid 168
6.24. IFNy production by T cells in response to blocking PD-L1 169

6.25. IFNy production by CD4 and CDS8 T cells is not increased in response to blocking
PD-L1 170
6.26. PD-1 expression by CD4 and CD8 T cells treated with aPD-L1 blocking antibody 171
6.27. CD107a expression by CD4 and CDS8 T cells treated with aPD-L1 blocking

antibody 171

12



List of Tables

1.1. Predictors of COPD exacerbations

2.1. Patient phenotypes of individuals recruited to the study

2.2. Mouse anti-human Antibodies used for T cell staining for flow cytometry analysis
2.3. Mouse anti-human antibodies used for Tmem staining for flow cytometry analysis
2.4. Mouse anti-human antibodies used for epithelial cell and macrophage staining
for flow cytometry analysis

2.5. Mouse anti-human antibodies used in flow cytometry analysis

4.1. Genes analysed by RT-PCR and their function

4.2. Patient phenotypes of individuals used in cell proportion work

4.3. Patient phenotypes of individuals used in PBMC experiments

4.4. CD4 and CD8 T cell response to stimulation

4.5. Patient phenotypes of individuals used in T cell PD-1 experiments

4.6. Patient phenotypes of individuals used in RT-PCR experiments

4.7. Patient phenotypes of individuals used in Tmem experiments

4.8. Patient phenotypes of individuals used in Macrophage experiments

4.9. Functional markers and their expression during different activation states

5.1. Patient phenotypes of control and COPD patients from which parenchymal
tissue was infected with X31 influenza virus

5.2. Patient phenotypes of individuals used in epithelial cell and macrophage
experiments

5.3. Expression of key cell markers by memory CD8 T cells in response to X31
infection of tissue

6.1 Fluticasone effects on cell viability and MDM infection

6.2. Treatment effects of T cell outputs from the MDM infection co-culture model

13

34
51
59
62

62
66
93
94
95
100
103
105
110
114
121

125

137

144

161
176



14



Presentations to Learned Societies

Richard T McKendry, C. Mirella Spalluto, Ben L Nicholas, Karl J Staples, Tom MA
Wilkinson (2014)
T cell exhaustion marker expression in the human lung in health and COPD in response to

influenza infection

British Association for Lung Research Summer Conference, London, UK

Young Scientist Competition, Finalist — Oral Presentation

Richard T McKendry, C. Mirella Spalluto, Karl J Staples, Tom MA Wilkinson (2013)

Dynamics of viral infection in human lung tissue

European Respiratory Society International Congress, Barcelona, Spain

— Oral Presentation

Richard T McKendry, C. Mirella Spalluto, Karl J Staples, Tom MA Wilkinson (2014)

Modulation of PD-1 and PD-L1 expression in response to acute viral infection of human lung

tissue
European Respiratory Society International Congress, Munich
— Poster Presentation

McKendry, RT, Staples, KJ, Spalluto CM, Wilkinson, TMA (2014)
Impact of COPD on PD-1/PD-L1 expression in an ex vivo model of acute influenza virus

expression
European Respiratory Society Lung Science Conference, Estoril, Portugal

— Poster Presentation

Richard T McKendry, C. Mirella Spalluto, Karl J Staples, Tom MA Wilkinson (2012)

PD-1 expression on human lung T cells in health and COPD

British Thoracic Society Winter Meeting, London, UK

— Poster Presentation

15



16



Academic Thesis: Declaration Of Authorship

I, Richard Thomas McKendry
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.

“Expression and function of Programmed Cell Death Protein-1 (PD-1) and ligand PD-L1 in

Chronic Obstructive Pulmonary Disease”

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 | have consulted the published work of others, this is always clearly attributed,
4. Where | 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. None of this work has been published before submission

Signed:

Date:

17



18



Acknowledgements

| wish to thank my supervisors Dr. Tom WIlikinson, Dr. Karl Staples and Dr. C. Mirella
Spalluto for their tireless supervision and invaluable guidance. | wish to thank the members
of the PI group and the Inflammatory Cell Biology Group — Dr. Ben Nicholas, Dr. Tim Hinks,
Doriana Cellura, Dr. Hannah Burke, Dr. Kamran Tarig, Pam Sunder, Josh Wallington and
Achika Keys — whose dedication, support and kindness during challenging times will be
fondly remembered. Further thanks is in order to Prof. Ratko Djukanovi¢ for allowing me the
use of his laboratory and the apparatus within. Flow cytometry work could not be performed
without the knowledge and effort provided by Richard Jewell and Carolann McGuire to

maintain FACS facilities at Southampton at optimum conditions.

I wish to thank research and nursing staff of Southampton Biomedical Research Unit for their
successful efforts to recruit patients into my study, for which my work is indebted.
Furthermore | wish to express my gratitude toward Dr. Jane Warner and her group — Mel
Jannaway, Andy Hutton, Sam Maitland and Jess Rajaram — who also played key roles in the

acquisition of human lung tissue.

RT-PCR analysis of sorted CD4+ and CD8+ T cells from tissue was performed by Dr. C.

Mirella Spalluto and Miss. Doriana Cellura.

I wish to recognise Dr. Charles McSharry of The University of Glasgow for his
encouragement to peruse academic research in the field of lung disease, despite the
difficulties that it might bring.

I am immeasurably grateful to the generous participation of all research volunteers involved

in my work, especially those who agreed to enter the study while preparing for major surgery.

I wish to thank my parents for putting my education and wellbeing above all else, for giving
me the chance to fulfil my potential whatever that may be, and for their love and support.

Finally I wish to thank Maria Concetta Zarcone for her continual support and encouragement.

This work was made possible by the MRC for the provision of a PhD stipend to support me

during my 4 years of research at Southampton University

19



20



List of Abbreviations

APC Antigen Presenting Cell

BAL Bronchoalveolar Lavage

BSA Bovine Serum Albumin

CD Cluster of Differentiation

COPD Chronic Obstructive Pulmonary Disease
Ct Threshold Cycle

CT Computed tomography

CTLA-4 Cytotoxic T-Lymphocyte Antigen 4

DCs Dendritic Cells

DNA Deoxyribonucleic Acid

DPBS Dulbecco's Phosphate-Buffered Saline
EDTA Ethylenediaminetetraacetic Acid

ELISpot Enzyme-Linked ImmunoSpot assay

ETS Environmental Tobacco Smoke

FACS Flow Activated Cell Sorter

FEV: Forced Expiratory Volume in One Second
FT Fluticasone

FVvC Forced Vital Capacity

GOLD Global Initiative for Chronic Obstructive Lung Disease
HCV Hepatitis C Virus

HIV Human Immunodeficiency Virus

IFNy Interferon Gamma

IgE Immunoglobulin E

IHC Immunohistochemistry

IL- Interleukin

ITIM Immunoreceptor Tyrosine-based Inhibition Motif
ITSM Immunoreceptor Tyrosine-based Switch Motif
LAG-3 Lymphocyte-activation gene 3

LCMV Lymphocytic Choriomeningitis Virus
mAb Monoclonal Antibody

MACS Magnetic-activated Cell Sorting

21



MDM
MFI
MHC
MIB
MMP
mMRNA
NHANES
NI
NICE
NP-1
NTHI
PAMPs
PBMCs
PD-1
PD-L1/2
PMA
RA
RAR
RNA
RPMI 1640
RSV
RT- PCR
RV
SFCs
SHP-1/2
SIV
TCR
TGFp
TIM-3
TLR
Tmem
TNF-a
Treg
UVX31

Monocyte-derived Macrophage

Mean Fluorescence Intensity

Major Histocompatibility Complex
Monocyte Isolation Buffer

Matrix Metalloproteinase

Messenger RNA

National Health and Nutrition Examination Survey
Non-infected

National Institute for Health Care Excellence
Influenza Nucleoprotein-1

Nontypeable Haemophilus Influenzae
Pathogen-associated Molecular Patterns
Peripheral Blood Mononuclear Cells
Programmed Cell Death Protein-1
Programmed Cell Death 1 Ligand 1/2
Phorbol 12-myristate 13-acetate

Retinoic Acid

Retinoic Acid Receptor

Ribonucleic Acid

Roswell Park Memorial Institute 1640
Respiratory Syncytial Virus

Reverse Transcription Polymerase Chain Reaction
Rhinovirus.

Spot Forming Colonies

Src Homology Region 2 Domain-containing Phosphatase-1/2
Simian Immunodeficiency Virus

T Cell Receptor

Tumour Growth Factor Beta

T Cell Immunoglobulin-3

Toll-like Receptor

T memory Cells

Tumour Necrosis Factor Alpha

T regulatory cell

UV-irradiated X31 influenza A virus

22



Chapter 1

Introduction

23



Chronic Obstructive Pulmonary disease (COPD) is an irreversible progressive disease
resulting in permanent loss of lung function. It is characterised by persistent airflow
limitation and innate and adaptive immune cell infiltration into the lungs. COPD individuals
experience recurrent viral infections accompanied with lung inflammation resulting in disease
exacerbations. Exacerbations of COPD are characterised by a sudden decline in lung function,
often require hospitalisation, and may result in death. The recruitment of inflammatory cells,
specifically CD8+ T cells, does not correlate with protection from infection, and in fact is
associated with a decline in FEV;. It is proposed that immune regulatory mechanisms
designed to limit immunopathology and induce tolerance may prove detrimental to the host,
preventing efficient viral clearance and permitting viral persistence. Chronic infection of the
lungs may result in T cell “exhaustion”, a progressive mechanism of T cell dysfunction.
Targeting of this novel immune phenomenon may recover anti-viral T cell function and allow

for increased protection of the COPD lung.

This thesis concentrates on improving our understanding of key immune mechanisms
pertinent to COPD. It focuses on the responses of CD8+ T cells present in the lung after acute
infection. Experimental models and clinical material were utilised to analyse T cell
expression of exhaustion markers and functional markers, together with production of
Interferon y (IFNy) in response to influenza challenge. This introduction will detail the
classification of COPD, its disease characteristics and the impact it has upon society. Key cell
types implicated in the manifestation, progression and exacerbation of disease will be

discussed and the novel phenomenon of T cell exhaustion will be contextualised to disease.

Prevalence and Incidence of COPD

COPD is the 3" highest cause of mortality in the United States of America (Han, 2011), and
is predicted to be the 4™ leading cause of death worldwide within the next 20 years (Mathers
and Loncar, 2006). A meta-analysis by Halbert et al. (Halbert et al., 2006) of 62 studies
published in journal articles between 1994 and 2000 estimate that between 9-10% of
individuals >40 years old have COPD globally. The authors detail the limitations of their
study due to the non-uniform methods of data collection and analysis by the studies included.
Several studies excluded individuals with clinically diagnosed asthma, spirometry was not
always performed after post-bronchodilator administration (which does not account for the

effect of bronchial hyper-responsiveness from spirometry results on lung function) and
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definitions of COPD which were not GOLD standard were included. Furthermore the studies
analysed were mainly performed in the United States and Europe, making a reliable global
estimate of COPD prevalence difficult. However a global consensus on the importance of this
disease is emerging; the Burden of Obstructive Lung Disease (BOLD) Initiative estimate a
worldwide incidence of The Global Initiative for Chronic Lung Disease (GOLD) stage 1l
severity or greater COPD in 10.1%, with 11.8% of males and 8.5% of women affected (Buist
et al., 2008). This study analysed data from standardised methods from 12 sites throughout
the world, with a minimum of 600 participants per site. A secondary objective from the study
showed that increased smoking pack years correlated with increased diagnosis of COPD, and
this was evident at sites from all socio-economic strata. Pack years is a generalised
measurement of smoking quantity of an individual. The number of cigarettes packs smoked
(20 cigarettes = 1 pack) is divided by the number of smoking years to determine the degree of
smoking. Prevalence of COPD may still be underestimated due to under-reporting (van den
Boom et al., 1998), as individuals may be symptomatic in their younger years and be
reluctant to contact their physician. These figures show that COPD affects a sizeable number
of people, but more concerning is the impact this disease has on the health and quality of life

of the individual.

Social and economic burden of COPD

The chronic nature of COPD creates a longitudinal and worsening profile of symptoms and
disability. This often requires the use regular medication after diagnosis, and exacerbations of
disease may lead to hospitalisation depending on severity. It is difficult to estimate the
economic cost of COPD as the impact of direct treatments, loss of earnings and disease
severity must be considered for individuals and the medical establishment. Most economic
studies focus on the cost of COPD to the United States of America, and a widely accepted
estimate of cost is between $20-25 billion per annum from data recorded between 1994 and
2004 (Leigh et al., 2002; Ward et al., 2000; Wilson et al., 2000). Disease exacerbations
require additional drugs for their control and potential hospitalisation (Andersson et al., 2002),
while the cost of medical care increases with disease severity (Chapman et al., 2006). COPD
exacerbations requiring hospitalisation account for the greatest proportion of financial outlay,
ranging from 40% to 63% of total medical costs which increases with disease severity
(Hilleman et al., 2000). Individuals with COPD are less likely to be in employment (Sin et al.,
2002; Thornton Snider et al., 2012), and those that do work lose working days because of
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illness attributed to COPD (Halpern et al., 2003). Beyond the working environment the
quality of an individual’s life decreases as COPD severity increases due to a loss of
independence and freedom of mobility (Stahl et al., 2005), but also that the disease affects

family and friends who act as carers during all stages of disease (Seamark et al., 2004).

Evolving definition of COPD

It is difficult to pinpoint the real onset of COPD due to the complexity of the condition and
the gradual development of pathological changes and associated physiological limitations.
This complexity arises as COPD is a term used to encompass several respiratory conditions
and its definition has been altered on many occasions since its original inception. Individuals
with COPD generally have diseases of lung parenchymal tissue - emphysema, diseases of the
small airways, large airway mucosal diseases - termed bronchitis, abnormal respiratory
inflammatory responses and dysfunctional epithelial and immune cells within the lung. These
factors vary in severity for different individuals, but all contribute to impaired pulmonary
function. These conditions arise due to a combination of environmental and genetic factors,
but these have not been fully elucidated. COPD does not include diseases such as cystic
fibrosis, idiopathic pulmonary fibrosis or bronchiectasis. Thus the definition of “COPD” has
evolved with the increasing knowledge of research scientists and clinicians. The detailed
description of elements contributing to COPD can be found in literature dating from early in
the 19" century. Charles Badham is credited as being the first individual to identify and
characterise bronchitis as a distinct respiratory disease, and the condition is described in An
Essay on Bronchitis originally published in 1808, with an updated 2" edition published in
1814 (Badham, 1814). In this work, key characteristics of what would later be termed COPD
are described, such as its inflammatory component contributing to disease, mucus hyperplasia
and chronic cough without fever. Badham also described the debilitating affect upon
individuals with chronic lung disease, and also the potential for disease symptoms to
suddenly increase with fatal consequences. Soon after, René Laénnec, inventor of the
stethoscope, published work characterising emphysema in the Treatise of Diseases of the
Chest in 1821 (Laénnec, 1821). These two works combined form the core of what comprises
a modern definition of COPD. The disease mechanisms which are present in COPD have not
been easily agreed upon. Despite a gap of only three years, the CIBA Guest Symposium in
1959 (CIBA, 1959) and the American Thoracic Society Committee on Diagnostic Standards
in 1962 produced two different definitions of COPD, underlying the complexity of the
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disease. Technological developments and utilisation of spirometry has improved global
understanding of COPD, and as research unveils new paradigms of disease so too will the
definition of COPD evolve in response. The most current and widely accepted definition of
COPD was published by The Global Initiative for Chronic Lung Disease in 2014 (GOLD,
2014):

“Chronic Obstructive Pulmonary Disease (COPD), a common preventable and treatable
disease, characterised by persistent airflow limitation that is usually progressive and
associated with an enhanced chronic inflammatory response in the airways and the lung to

noxious particles”.

Spirometry as a tool for diagnosing COPD

With several components contributing to the disease, COPD does not have uniform
characteristics or progression, creating a phenotypic spectrum of disease (Burrows et al.,
1966). Throughout the 20™ century COPD was often misdiagnosed as asthma or bronchitis
alone, but improved awareness and identification of COPD has seen the incidence of error
lowered. COPD is comprised of a number of pulmonary abnormalities which contribute to
airway obstruction, including bronchitis, emphysema, and air trapping leading to
hyperinflation. Diagnosis and severity of COPD is categorised by the degree of airflow
limitation in an individual, and this is mainly measured by spirometry. John Hutchinson is
credited for the invention of the spirometer in 1846 (Hutchinson, 1846) and this device has
proved vital in the diagnosis of COPD. It took 100 years, however, for this technology to be
applied in the context of COPD. The spirometer was utilised by Edward Gaensler to create
the air velocity index in 1950 (Gaensler, 1950), allowing for a spirometric definition of
COPD to be calculated. Spirometric diagnosis of COPD requires two measurements, the
forced expiratory volume in one second (FEV;) and the forced vital capacity (FVC). FEV1is
the volume of air which can be forcibly expelled from the lungs by an individual in one
second, while FVC measures the total volume which can be expelled irrespective of time
after full inspiration. FEV; is divided by the FVC of an individual, and if this is < 0.7 the
individual displays airway obstruction and associated with a possible diagnosis of COPD.
The severity of COPD is measured using the FEV; of a patient divided by their predicted
FEV; calculated by their age, sex and height expressed as a percentage (i.e. percent predicted

FEV1). An example of spirometry in healthy controls and patients with lung disease is shown
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in Figure 1.1. The National Institute for Health Care Excellence (NICE) clinical guidelines
(2010) categorise mild COPD as FEV; > 80%, moderate COPD as between 50-79%, severe
COPD as 30-49% and very severe COPD as < 30%. The FEV1/FVC ratio is the most widely
used method for diagnosis with COPD, but it does have limitations. Lung function naturally
declines with age, and Hardie et al. (Hardie et al., 2002) have shown that 35% of a cohort of
healthy, never-smokers who were >70 years old could be characterised as having COPD.
Conversely, using a cohort of 20-44 year olds, Cerveri et al. (Cerveri et al., 2008) showed
that COPD was underdiagnosed in younger people by measuring FEV1/FVC alone. This is
particularly concerning as delay in intervention and treatment could prevent avoidable
decline in lung function. Thus age, dyspnea score (Nishimura et al., 2002), productive cough,
smoking history, family history of COPD, exposure to risk factors (such as pollution or
irritant particles) together with spirometry must be accounted for to ensure correct diagnosis.
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Figure 1.1. Spirometry aids diagnosis of obstructive lung disease. Illustration of
flow volume curves comparing spirometry from normal and obstructive lung disease
individuals. TLC - Total lung capacity, VC - Vital capacity, RV - Residual volume.
Adapted from Miller et al. 2005 (Miller et al., 2005).

Chronic Bronchitis in COPD

Although chronic bronchitis may occur in individuals who do not have COPD, it is an
important component of the condition which is often poorly controlled and may contribute to
decreased lung function and the symptomatic burden of disease. The mechanisms
underpinning the development of bronchitis have been studied. The loss of barrier function in
the lung epithelia contributes to the development and severity of disease and this is attributed
to the breakdown of two key defence mechanisms. The integrity of epithelial tight junctions
separating the airways and tissue (Ganesan et al.,, 2013), and the functionality of the

mucociliary escalator to clear inhaled particles are vital in the maintenance of lung health
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(Knowles and Boucher, 2002). Abnormalities in these mechanisms can expose the lung tissue
to noxious particles or other irritants which can result in further structural damage and
inhibited gas exchange (Ganesan et al., 2013; Yao and Rahman, 2011). Exposure of these
particles to “unprotected” tissue also results in inflammation of the bronchi which may be
recurrent or unresolved (Borchers et al., 1999). The clinical symptoms of chronic bronchitis
have been defined as the presence of productive cough for 3 months in two successive years.
This productive cough is the result of an inflammatory process in which the thickening of
bronchial mucous glands and mucus hypersecretion (due to goblet cell metaplasia) are
characteristic. Dunnill et al. (Dunnill et al., 1969) quantified the composition of bronchi from
healthy controls, asthmatics, patients with chronic bronchitis and emphysematous individuals
post-mortem. This study showed that patients with chronic bronchitis had a greater
proportion of mucus glands in the bronchi than normal controls, and this difference was not
statistically significant for emphysematous individuals. While chronic bronchitis is part of the
COPD spectrum, it is not necessarily present in all cases of COPD and the contribution of

other lung conditions must be considered.

Emphysema in COPD

Emphysema is a term for the abnormal inflation and expansion of the bronchioles and alveoli,
often associated with their destruction (Figure 1.2). Emphysema can affect the entire lung, the
upper lobes or subpleural areas (Taraseviciene-Stewart and Voelkel, 2008). It is not clear the
precise mechanisms for alveolar destruction, but protease imbalances (Owen, 2005) and
immune cell infiltration (Hogg et al., 2004) in the airways has been postulated. Emphysema
may also be associated with air trapping due to collapse of the peripheral airways (Mohamed
Hoesein et al., 2011; Schroeder et al., 2013). During inhalation air may enter damaged
sections of the small airways, which upon exhalation the air cannot readily escape the hyper-
inflated lung structure causing airflow obstruction. Computed tomography (CT) technology
allows for detailed measurement of emphysema in the lungs of living individuals, and
through this method it has been shown that the degree of emphysema in the lungs of heavy
smokers can predict their decline in lung function (Mohamed Hoesein et al., 2011).
Johannesenn et al. (Johannessen et al., 2013) showed that the degree of emphysema is an
independent predictor of all-cause mortality, including respiratory mortality to a greater
accuracy than the GOLD severity classification. Emphysema alone is not sufficient to

diagnose COPD, as it can be present in the lungs of smokers with diagnostically-normal lung
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function (Hogg et al., 1994). Therefore the presence of emphysema may allow for phenotypic
characterisation of disease and predict disease outcome, but it is not a diagnostic measure

alone.
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Figure 1.2. Illustration of Emphysematic lung. Comparison of normal lung
structure and alveoli structure in emphysema patients. Adapted Taraseviciene-Stewart,
Voelkel 2008 (Taraseviciene-Stewart and Voelkel, 2008).

Small airways disease in COPD

Small airways disease is associated with the small airways of the lung and surrounding
parenchyma. Obstruction of the airways may lead to small airway closure and associated air
trapping (Bommart et al., 2014). Tissue remodelling has been observed in the small airways,
measured by fibrosis and smooth muscle hypertrophy (Hogg and Timens, 2009). Abnormal
fibroblast responses and expression of Transforming Growth Factor p (TGF-B) have been
associated with excessive remodelling of the lower airways (Zandvoort et al., 2008).
Cigarette smoke is thought to be a significant promoter of remodelling by inducing oxidative

stress, as well as by inducing growth factor production (Churg et al., 2006). The combination
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of small airways disease, chronic bronchitis and emphysema all contribute to airway

obstruction and progressive decrease in lung function.

Smoking as a risk factor in the development and progression of COPD

Key factors contributing to the development of COPD include age, sex and smoking history.
Smoking is the single greatest risk factor for the development of COPD, although smoking
alone does not appear to be sufficient for COPD to occur (Celli et al., 2005). There is a
natural decline in lung function with aging, but this decline is increased for susceptible
smokers (Kohansal et al., 2009). A landmark study by Fletcher and Peto (Fletcher and Peto,
1977) characterised the decline of lung function in never smokers, ex-smokers and lifelong
smokers to describe the contribution of smoking on airway obstruction. Susceptible smokers
display an irreversible decline in FEV; as they age to a much greater degree than never
smokers. Furthermore, smoking cessation at any point reduces the severity of the FEV;
decrease in these individuals. Fletcher and Peto also observed a population of smokers who
did not suffer a loss in airway function greater than that of never smokers, suggesting that
genetic or other environmental factors contribute to the development of airflow obstruction
and not smoking alone (Artigas et al., 2011; Sood et al., 2010). In a study of 2,113 males in
the United States of America (Eisner et al., 2005), Environmental Tobacco Smoke (ETS) was
shown to be a risk factor in the development of COPD, indicating that passive smoke or
smoke in the workplace may also contribute to disease (Hagstad et al., 2014; Mehta et al.,
2012; Trupin et al., 2003).

Smoking prevalence has historically been greater in males than females, but smoking
amongst females is increasing and may show no statistical difference in the future. Feenstra
et al. (Feenstra et al., 2001) devised a dynamic multistate life table model to predict changes
in smoking patterns and future prevalence of COPD in a Dutch cohort. This model predicts
an increased prevalence of COPD by 59% in males and a 123% increase for females between
1994 and 2015. Environmental factors are not solely responsible for the development of
COPD. Alphal-antitrypsin deficiency was first described by Laurell and Eriksson in 1963
(Laurell and Eriksson, 1963) and is the most studied genetic-disorder associated with COPD.
Despite this, al-antitrypsin deficiency is only present in approximately 1.9% of individuals
with COPD (Lieberman et al., 1986), and is therefore insufficient to account for the entire

susceptible smoker population nor is it likely to be the only genetic factor associated with
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COPD. Non-smokers are also at risk of developing COPD with the National Health and
Nutrition Examination Survey (NHANES) Il suggesting that 19.2% of COPD cases were
attributed to the workplace environment, and this proportion was 31.1% in non-smokers
(Hnizdo et al., 2004). Certain occupations increase the risk of COPD development in non-
smokers, such as farming (Lamprecht et al., 2007) and tunnel workers(Ulvestad et al., 2001),
although smokers in these jobs still suffer a greater decline in FEV;. Fumes from open wood-
burning fires (Boman et al., 2006; Orozco-Levi et al., 2006) and other heating and cooking
pollutants (Ekici et al., 2005) also contribute to the development of COPD, especially in rural
areas (Behera et al., 1994; Perez-Padilla et al., 1996). Smoking is also a significant risk factor
in other diseases such as lung cancer. These diseases can occur in combination with COPD,

and these co-morbidities can greatly affect the survival outcomes of COPD patients.

Co-morbidities associated with COPD

COPD is a life-threatening and debilitating disease, but it has been associated with many
other conditions which impact on quality of life and health outcomes. These conditions
include but are not limited to heart failure (Rutten et al., 2005), ischaemic heart disease
(Sidney et al., 2005), hypertension (Wang et al., 2005), osteoporosis (Cielen et al., 2014),
muscle wasting (Man et al., 2009), metabolic syndrome and depression (Karakurt and Unsal,
2013; Yohannes and Alexopoulos, 2014). Individuals with COPD are more likely to develop
lung cancers, but it is unclear as to what risk factors may contribute to both diseases.
Smoking is a risk factor for COPD and lung cancer but this alone may not explain their
relationship, while genetic associations have been proposed (Schwartz and Ruckdeschel,
2006; Young et al., 2008). A study by Young et al. (Young et al., 2009) found that COPD
was present in 50% of a lung cancer cohort, but COPD was diagnosed in only 8% of
smoking-matched individuals without lung cancer. Furthermore this study showed that lung
function declines due to the development of lung cancer, but this is not sufficient to account

for the increased prevalence of COPD.

Respiratory Infections

Respiratory infections and COPD are also closely linked, with increased frequency of
infection requiring hospitalisation correlating with increased GOLD severity of COPD
(Benfield et al., 2008). While respiratory infections occur in healthy individuals, infections in

COPD patients are regarded as disease characteristics rather than disease co-morbidities. In
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COPD the immune system is ineffective and pathogens may colonise the airways (Marin et
al., 2012). These infections induce an inflammatory response and may cause a decrease in
lung function and destruction of epithelial tissue, contributing to the progression of COPD.
This relationship has been described as a “vicious circle”, in which COPD predisposes
infection which in turn increases the severity of COPD and allows for further infection
(Vestbo and Hogg, 2006; Wilson, 1998). Three bacterial species have been identified in the
COPD lung which are implicated in disease exacerbations, Haemophilus influenzae (NTHi),
Streptococcus pneumoniae and Moraxella catarrhalis (Sethi et al., 2002; Sethi et al., 2007).
Colonisation alone may impact upon lung function, but there is growing evidence that new

strains of bacteria may be acquired and induce further exacerbations (Sethi et al., 2002).

COPD exacerbations

COPD exacerbations contribute to the decline of patient lung function, are the primary cause
of patient hospitalisation and constitute a large proportion of medical costs (Chapman et al.,
2006; Hilleman et al.,, 2000; Sullivan et al., 2000), but the mechanisms of disease
exacerbations are poorly understood. COPD exacerbations are defined as acute events in
which patient lung function deteriorates and/or other respiratory symptoms increase in
severity beyond daily variations observed in the stable state. The most recognised symptoms
of exacerbation are an increased sputum production, a change in colour of sputum produced,
increased cough frequency, wheezing, and worsening dyspnoea (Parker et al., 2005).
Exacerbations may occur due to a number of factors, such as bacterial infection (Soler et al.,
1998), viral infection (Seemungal et al., 2001), concurrent bacterial and viral infection (Papi
et al., 2006), pollution or other environmental irritants (Donaldson et al., 1999). An
inflammatory immune response is characteristic of disease exacerbations, with increased
numbers of neutrophils in bronchial biopsies (Qiu et al., 2003) and eosinophils present in
sputum (Papi et al., 2006). Increased cell numbers are likely to be the result of increased
levels of the chemotactic mediators CCL5, IL-6, IL-8, CXCL5 and leukotriene (LT)B4
(Bhowmik et al., 2000; Biernacki et al., 2003; Fujimoto et al., 2005; Zhu et al., 2001).
Degradative enzymes, such as matrix metalloproteinase-9 (MMP-9) levels are increased
during exacerbation (Mercer et al., 2005), and this may be one mechanism leading to
emphysema by degradation of extracellular matrix proteins. The number of disease
exacerbations positively correlates with the staging of COPD severity (Hurst et al., 2010),

further emphasising their role in disease. The ability to predict and prevent exacerbations
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would have both short and long-term effects on disease progression. Exacerbations can be
fatal events (Connors et al., 1996) but also individuals with a high frequency of exacerbations
have a more rapid decline in FEV; (Donaldson et al., 2002). The most severe exacerbations
which require hospitalisation may also require mechanical ventilation. These patients have a
significantly reduced survival, with only ~57% survival rate 180 days post-exacerbation
(Connors et al., 1996). As exacerbations have a significant impact on disease outcome, the
ability to predict and prevent exacerbations would greatly improve chances of survival in
COPD patients. Hurst et al. performed a study analysing the potential of 36 plasma
biomarkers to predict COPD exacerbation, but none achieved a statistically significant
correlation (Hurst et al., 2006). Subsequent efforts investigating sputum (Saito et al., 2014;
Zhu et al., 2014), lipidomics (Telenga et al., 2014) and proteomic (O'Neil et al., 2011)
techniques have also been unsuccessful, with new insights into immune functions in COPD

required to identify key cells, proteins or mediators of disease.

Prediction Factor Example

Frequency of exacerbation correlates with

Previous exacerbations . .
disease severity

Streptococcus pneumoniae, Haemophilus

Bacterial infection ! !
influenzae, Moraxella catarrhalis

Viral infection RV, RSV, Influenza virus

Concurrent bacterial and viral infection See above

Wood-burning stoves in poor ventilated

Pollution areas, poor air quality in industrialised cities

Table 1.1. Predictors of COPD exacerbations.

Cells implicated in COPD manifestation, progression and exacerbation

Many cell types are associated with the innate and adaptive arms of the immune system are
implicated in the pathogenesis of COPD. These cells contribute directly to excessive or
inappropriate inflammatory responses, but also stimulate or modulate response of other cell
types to further enhance disease symptoms. Figure 1.3 illustrates key cells implicated in
COPD pathogenesis and how they can directly and directly promote responses from other

cells present in the lung.
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Figure 1.3. Cells of the immune system contribute to COPD pathogenesis. Adapted
from Barnes, 2013(Barnes, 2013).

Epithelial cells

The primary function of epithelial cells is to provide a physical and chemical barrier between
tissues, pathogens and harmful particulates. This barrier function is compromised in COPD
(Polosukhin, 2001; Salazar and Herrera, 2011), but an important secondary function of these
cells is to recognise pathogens and stimulate the immune system. Epithelial cells can produce
IL-6 and IL-8 in response to oxidative stress and viral infection (Biagioli et al., 1999; Gielen
et al., 2010; Kaul et al., 2000), recruiting innate immune cells to the tissue (Abdelaziz et al.,

35



1995). This is a normal function to protect the lung, but excessive or sustained recruitment
can result in tissue damage. Epithelial production of IL-1p can alter structural cell phenotypes
and can promote the development of squamous metaplasia (Araya et al., 2007). This change
in epithelial cells to a squamous phenotype impairs the protective function of these cells.
Epithelial cells derived from COPD patients also produce greater amounts of inflammatory
cytokines than those of healthy donors (Schneider et al., 2010). Thus they potentially
contribute to lung inflammation in COPD through immune cell recruitment and activation.
Epithelial cells are IFN producing cells which are capable of promoting anti-viral responses
(Siegel et al., 2011). Epithelial cells in healthy individuals produce IFNJ in response to viral
infection, and this is a potent mediator of anti-viral responses (Gaajetaan et al., 2013). In
COPD patients, however, IFNB production is inhibited during Respiratory Syncytial Virus
(RSV) infection, and viral load inversely correlates with detected IFN in these patients
(Mallia et al., 2012). Virally-infected epithelial cells can present antigen to T cells to induce
cell-killing and limit viral replication, but they are not professional antigen presenting cells
(APCs) (Mulder et al., 2011) (such as dendritic cells or macrophages) and poorly co-
stimulate naive T cells. While they can direct the immune response, it may be APCs which

have greater control in regulating immune responses.

Alveolar Macrophages

Macrophages are present in human tissues and skin, but either develop in the foetal yolk sac
(Guilliams et al., 2013) or are derived from monocytes which circulate in the blood
(Geissmann et al., 2003; Landsman and Jung, 2007; Varol et al., 2007). Tissue-resident
macrophages may have diverse functions depending on their location (lung, spleen, gut or
lymph nodes), and those which reside in the lungs are termed alveolar macrophages. Resident
cells appear to be long lived in the steady-state, but may be replaced by infiltrating
monocytes during infection (Maus et al., 2006). Work has been extensively performed in
murine models to identify unique macrophage subsets (Dalrymple et al., 2013; Li et al., 2014),
but these may not represent macrophage diversity in humans. Key to this is the growing
evidence that macrophages are highly plastic multifunctional cells, rather than polarised
phenotypes with defined lineages and differentiation pathways (Mosser and Edwards, 2008;
Stout et al., 2005). One of the first recognised functions of macrophages was the ability to
phagocytise dead cells and cell debris (Erwig and Henson, 2008; Fadok et al., 1998;

Mantovani et al., 1972). This is vital to clear apoptotic bodies of dead cells and help prevent
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recognition of newly-exposed self-epitopes, which otherwise could result in autoimmunity.
Macrophages also detect potential microbial pathogens by a number of innate pathogen-
associated molecular pattern receptors (PAMPS), such as Toll-like receptors (TLRS)
(Haeberle et al.,, 2002; Janeway and Medzhitov, 2002). Macrophages may Kkill these
pathogens by release of pro-inflammatory mediators such as reactive oxygen species (Hang
do et al., 2011). Furthermore macrophages can recruit and promote microbial killing by other

immune cells.

Macrophages are implicated in linking the innate and adaptive arms of the host immune
response. Macrophages are professional APCs shown by presentation of antigen and
expression of co-stimulatory molecules resulting in induction of anti-viral T cell responses
(Evans et al., 2009; Short et al., 2013). Bidirectional interactions between macrophages and T
cells can modulate and enhance cytokine responses from both cell types (Chizzolini et al.,
1997). Inhibition of monocyte homing to the lung and maturation into macrophages impairs T
cell responses in Mycobacterium tuberculosis infection (Peters et al., 2001), indicating that
these cell are vital during immune responses rather than assisting as accessory cells. Although
required for efficient pathogen clearance, interactions between macrophages and T cells may
promote immunopathology to the host or sustain autoimmune disease (Agostini et al., 2001;
Cruz-Guilloty et al., 2014). Conversely, macrophages can also function as regulatory cells,
producing IL-10 to limit inflammation (Sirois et al., 2000) and interact with Treg cells to

promote immune tolerance (Mahajan et al., 2006).

In the context of lung disease, macrophages are found at increased numbers in bronchial
biopsies (Di Stefano et al., 1998) and lung parenchyma (Hogg et al., 2004) with GOLD stage
severity. Cigarette smoke appears to be a factor in the recruitment of monocytes in the blood
to migrate into lung, and this may be a source of pulmonary inflammation. The heterogeneity
of macrophage populations of the lungs (Duan et al., 2012; Laskin et al., 2001) implicates
them in the inflammatory component of COPD and also airway remodelling due to their
ability to produce cytokines, oxidants and proteases (Shapiro et al., 1991). Alveolar
macrophages for COPD patients secrete the inflammatory cytokine Tumour Necrosis Factor
a (TNF-0) (Keatings et al., 1996) and also TGFB1 which may contribute to fibrosis in the
lungs (de Boer et al., 1998). The release of IL-8 (Culpitt et al., 2003) by macrophages recruits

neutrophils to the lung, which can release further cytokines, enhancing inflammation.
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Neutrophils

Neutrophils are rapid responders to invading pathogens, but they also contribute to
inflammation in chronic infections. Neutrophils are present in the bronchial epithelium of
COPD individuals in greater numbers than controls (Pesci et al., 1998), and increased
numbers of neutrophils are present as airflow limitation increases (Stanescu et al., 1996).
Despite increased neutrophil numbers, respiratory infections in COPD patients are increased.
Cigarette smoke is implicated in the dysfunction of these cells as it appears to inhibit the
phagocytic capabilities of neutrophils (Stringer et al., 2007), preventing pathogen clearance.
Neutrophils secrete an array of anti-pathogenic granules upon activation, but these may also
result in host tissue damage. This has not yet been shown in the context of COPD, but it is a

mechanism which must be considered as a potential contributor to disease progression.

T cell subsets and functions

An inappropriate innate immune response has been widely recognised as a contributing factor
of COPD, but less is known of the role of cells associated with the adaptive immune system.
CDB8+ T cell numbers are elevated in COPD lung (Saetta et al., 1998), but this does not seem
to confer increased protection from viral infection. T cells can dictate adaptive immune
responses to generate potent, specific protection against pathogens and cell malignancies. T
cells develop in the thymus from bone marrow-derived haematopoietic stem cells. These
stem cells develop into thymocytes which undergo positive and negative selection according
to their T cell receptor (TCR) specificity, in which autoreactive T cells are destroyed and
functional T cells survive (Gascoigne and Palmer, 2011; Morris and Allen, 2012; Starr et al.,
2003). T cells express a TCR which recognises a very short peptide sequence, restricting their
activation and ensuring that a specific immune response is generated. Upon maturation in the
thymus, T cells circulate in the blood and lymphatic networks. T cells will enter a number of
lymph nodes in which dendritic cells (DCs) present antigens transported from the periphery.
If the TCR recognises antigen presented by Major Histocompatibility Molecules (MHC)
Class I or Class Il (Stone et al., 2009; Yin et al., 2012), a number of co-stimulatory receptors
and ligands are upregulated by the T cell allowing DC-T cell interactions (Dustin, 2008;
Henrickson and von Andrian, 2007; Yokosuka and Saito, 2009). CD80 (B7-1) and CD86
(B7-2) are expressed on antigen presenting cells such as macrophages and B cells, and these
cell-surface molecules interact with CD28 on the surface of T cells to induce co-stimulatory

signals for T cell activation (Riley and June, 2005). CD86 is constitutively expressed on these
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cells, while CD80 is upregulated in tandem with antigen presentation by MHC Class | or
Class Il. Interactions between these molecules will induce the T cell to then migrate to the
site of infection where it will interact with other antigen presenting cells (DCs, macrophages,
epithelial cells) and perform its effector functions. T cells are key to protection from
infections and tumours, but they are also highly regulated cells from their initial development
to their activated state. Breakdown in tolerance and the control of T cells can result in auto-
immune conditions and severe immunopathology (Ely et al., 2008; Lutz and Kurts, 2009). It
has been postulated that an auto-immune component may be involved in COPD pathogenesis
(Agusti et al., 2003; Eppert et al., 2013; Packard et al., 2013), but currently there is little
evidence of such mechanisms and it is not leading theory for the development of COPD. An

illustration of APC and T cell interactions is shown by Figure 1.4.
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Figure 1.4. T cell responses to virus. Illustration of how macrophages, CD4+ and CD8+
T cells interact to generate an efficient anti-viral response. Adapted from Welsh and
Selin, 2002(Welsh and Selin, 2002).
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Mature T cells can be divided into CD4+CD8- or CD4-CD8+ subsets which have historically
had separate but complementary functions in the adaptive immune system. CD8+ T cells are
classically defined as “destroyer” cells which kill virally infected host cells or tumour cells
(Masopust et al., 2007), while CD4+ T cells produce cytokines and provide help to CD8+ T
cells and B cells (Yamane and Paul, 2012). CD4+ T helper cells are defined by the cytokines
they secrete, such as IFNy, IL-4 or IL-17 which polarise the immune response to protect from

a diverse array of pathogens (Zhu et al., 2010).
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CD4-CD8- T cells have been identified, and these are comprised of invariant “innate-like” T
cells (Kronenberg and Kinjo, 2009). Both CD4+ and CD8+ T cells can be further divided into
naive, central memory and effector memory cells depending on exposure to antigen (Hamann
et al., 1997; Sallusto et al., 2004). Effector memory cells are vital in protecting against repeat
infections. Unlike naive T cells, Memory cells require only ligation of TCR by antigen
(without the aid of co-stimulatory molecules) to proliferate, kill infected cells or produce
inflammatory cytokines. These effector functions generate a potent specific response to
pathogens within a relatively short period of time, limiting the spread of infection. Wilkinson
et al. identified a subset of human CD4+ T cells which had cytotoxic capabilities in response
to influenza virus (Wilkinson et al., 2012). These cells predominantly killed target cells by
the secretion of perforin, and produced effector cytokines such as IFNy (both functions
associated with CD8+ T cells). Therefore there is a degree of plasticity within T cell subsets,
in which function may not be defined by CD4 or CD8 expression. T regulatory cells inhibit T
cell effector responses by cell-cell contact mechanisms or production of inhibitory cytokines
such as IL-10 (Bettini and Vignali, 2009; Wohlifert and Belkaid, 2008). These cells are also
heterogeneous (d'Hennezel et al., 2011), and their specificity of action can allow inhibition of
CD4+ and CD8+ effector T cells.

The potent effector mechanisms described above are vital in the ability of the host to defend
against viral and bacterial infection. As discussed, COPD exacerbations may be induced and
have increased severity due to recurrent or persistent viral infection. T cells have the
capabilities to clear infection, but appear to do so poorly in disease. CD8+ T cells are
implicated in COPD with their increased frequency in lung parenchyma (Saetta et al., 1998)
and their relationship with FEV; (O'Shaughnessy et al., 1997). It is unclear whether this
inhibition is due to viral evasion mechanisms, or host regulatory mechanisms intended to

limit immune pathology.

Requlatory T cells

Regulatory T cells (Treg) (Sakaguchi et al., 1995) can be divided into natural FoxP3+ Tregs
(Fontenot et al., 2003) or iTregs which are FoxP3- and differentiate into a regulatory
phenotype in the periphery (Walker et al., 2005). Both Treg and iTreg cells are vital in
dampening immune responses to prevent autoimmunity or excessive immunopathology

(Fulton et al., 2010; Zhao et al., 2011). Treg-dependant inhibition of immune responses,
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however, may allow for pathogen survival and persistence, leading to chronic infection
(Belkaid et al., 2002; Shafiani et al., 2010). Influenza specific Tregs proliferate and modulate
anti-viral CD8+ T effector cells in response to secondary infection, but also play an active
role in primary infection (Brincks et al., 2013). Although Tregs function primarily by
cytokine production and cell-cell contact with effector T cells, Tregs may also downregulate
NK cell (Ralainirina et al., 2007) and macrophage responses (Taams et al., 2005; Zhen et al.,
2008). Thus there is a stimulation feedback loop from initial pathogen recognition by
epithelial cells and macrophages, NK cell and effector T cell clearance of infection followed
by downregulation of responses by Treg cells. Several of these interactions between immune

cells are illustrated in Figure 1.3.

Corticosteroid effects on immune responses

Inhaled corticosteroid therapy is the primary treatment to reduce inflammation in the COPD
lung. Although corticosteroids may in part relieve exacerbation symptoms (Woods et al.,
2014), some patients do not respond to treatment and these drugs do not improve long-term
lung function (Soriano et al., 2007) or patient mortality (Walters et al., 2014). Effects of
glucocorticoid treatment on inflammatory responses have largely focused on the macrophage
population. Steroid treatment of macrophages may induce apoptosis of these cells, with
surviving macrophages adopting a regulatory phenotype (Zizzo and Cohen, 2013).
Macrophages which are glucocorticoid resistant may promote inflammation in COPD (Chana
et al., 2014), although there is evidence to suggest that alveolar macrophages respond in a
similar manner to those from healthy individuals (Plumb et al., 2013). Steroid treatment,
however, may also inhibit epithelial cell signalling (van den Berge et al., 2014), and patients
who do not respond to steroid treatment may do so due to T cell insensitivity to these drugs
(Barnes et al., 2006; Barnes, 2011; Kaur et al., 2012). Therefore corticosteroids may
modulate immune responses by several cell types, which together could inhibit anti-viral

responses.

Retinoic acid effects on immune responses

The importance of Vitamin A for the foetal lung development and maintenance of lung
epithelial cell structure has been extensively reported (Biesalski and Nohr, 2003). Vitamin A
and its metabolites also appear to play a number of roles in directing the innate and adaptive

immune response. Key to this are recognition of metabolites by retinoic acid receptors (RARS)
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and the retinoic acid-inducible gene (RIG-1) like receptors (RLRs) (Yoo et al., 2014).
Retinoic acid appears to directly promote iTreg differentiation several cell line and mouse
model studies (Benson et al., 2007; Denning et al., 2007; Manicassamy et al., 2009). Retinoic
acid induces migration of T cells to the gut (lwata et al., 2004) and this is likely to be a
mechanism to sustain tolerance to non-harmful antigen. Conversely, retinoic acid may also
induce effector T cells responses. Retinoic acid deficiency interferes with CD4+ T cell
development and function (Pino-Lagos et al., 2011). Interactions between retinoic acid and
RAR has also been implicated in T cell production of IFNy by T cells (Hall et al., 2011a).
Mice which do not express RAR also recorded a diminished CD8+ T effector memory
population, although this may be accounted for by an increased central memory population
(Allie et al., 2013). While there is evidence to implicate Vitamin A in COPD exacerbations
(Heo et al., 2013), the mechanisms which may drive disease are yet to be elucidated.

T cell exhaustion

Definition and consequences of exhaustion

The majority of infections are cleared by healthy individuals with functioning innate and
adaptive immune responses. Failure to resolve infection leads to tissue and organ damage by
immunopathology if unchecked, and various cytokines and inhibitory receptors are employed
to downregulate immune responses (Gazzinelli et al., 1996; Zhou et al., 2002). T cell
exhaustion is defined by the inhibition of effector cell responses (Zajac et al., 1998), such as
proliferation, cell killing and inflammatory cytokine production (Wherry, 2011; Yi et al.,
2010). This, however, does not appear to be a consequence of a dysfunctional immune
system, rather a protective mechanism to reduce potential immunopathology (Keir et al.,
2006; Mueller et al., 2007; Okazaki and Honjo, 2006; Sharpe et al., 2007). Exhaustion occurs
after a period of chronic T cell activation to limit inflammation when an infection has not
been eradicated from the host. T cell exhaustion has been described in detail using
Lymphocytic choriomeningitis virus (LCMV)-infected murine models. Using either the
Armstrong or clone 13 strains of LCMV, an easily cleared acute infection or a poorly
controlled chronic infection can be induced (Wherry et al., 2003). In the acute Armstrong
strain infection, T cell exhaustion does not occur and infection is cleared between 6-8 days
while mice infected with the chronic clone 13 strain display inhibited T cell function after 7
days (Barber et al., 2006; Wherry et al., 2003). Zajac et al. demonstrated the outcomes for

epitope specific CD8+ T cells (recognising viral nucleoproteins or glycoproteins) in chronic
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LCMYV infection in a murine model (Zajac et al., 1998). In this study a population of NP396-
specific (nucleoprotein 396) CD8+ T cells were clonally deleted in response to chronic
infection while GP33-specific (glycoprotein 33) T cells survived but were unresponsive.
Discrepancy between CD8+ T cell outcomes was further investigated by Wherry et al.
(Wherry et al., 2003) and it was concluded that epitopes expressed at high levels were likely
to induce CD8+ T cell death while those expressed at low levels maintained a virus-specific
repertoire of non-functional T cells. The authors also observed that exhaustion was a process
of many stages. The ability of CD8+ T cells to produce IL-2 was lost rapidly in chronic
infection, followed by TNF-a and eventually IFNy as length of infection and antigen load
increased (Wherry et al., 2003) (Figure 1.5). The understanding of T cell exhaustion is not
limited to work performed in murine models and has been identified in a number of chronic
conditions. Loss of CD8+ T cell functions has been shown in Hepatitis C virus (HCV)
(Golden-Mason et al., 2007), Human immunodeficiency virus (HIV) (Peretz et al., 2012;

Trautmann et al., 2006) and in some cancers (Ahmadzadeh et al., 2009).

Exhaustion —
Viral Load —_—
12 +++ - - -
TNFa +++ + = -
IFNy +++ +++ + -

Figure 1.5. Degree of exhaustion determines loss of function on CD8+ T cells. As T
cell exhaustion increases (blue-red bar), viral load increases. + and - indicate the degree
of cytokine secretion by CD8+ T cells in chronic infection models. +++ indicates
functional levels of cytokine expression, + indicates partial inhibition of cytokine
expression and - represents no or undetectable levels of cytokine expression. Figure
adapted from Yi et al. (Yi etal.,, 2010) and Wherry et al. (Wherry et al., 2003).
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Cell surface receptors expressed by exhausted T cells

Programmed Cell Death Protein-1 (PD-1) is most well studied receptor associated with T cell
exhaustion. PD-1 is an inducible cell surface marker expressed by activated T cells, B cells
and macrophages, and is non-detectable or expressed in very low levels of resting T cells
(Agata et al., 1996). PD-1 is an inhibitory receptor encoded by the PDCD1 gene located on
chromosome 2 (Shinohara et al., 1994) which is upregulated after TCR-MHC interactions
(Youngblood et al., 2011). Its immuno-regulatory properties are displayed in Pdcd1” mice
which develop lupus-like autoimmune disease (Nishimura et al., 1999) or cardiomyopathy
(Nishimura et al., 2001). PD-1 is a member of the immunoglobulin gene superfamily and it is
comprised of an Ig variable-type extracellular domain for ligand binding, a transmembrane
region and a cytoplasmic tail to allow intracellular signalling (Cheng et al., 2013; Ishida et al.,
1992). Unlike other members of this family, such as CD28 and CTLA-4, PD-1 is present as a
monomer on the surface of cells and has not been observed to dimerise (Zhang et al., 2004).
The presence of an immunoreceptor tyrosine-based switch motif (ITSM) and
immunoreceptor tyrosine-based inhibition motif (ITIM) in the cytoplasmic region appears to
be essential for PD-1 signalling. During T cell activation co-stimulatory and co-inhibitory
receptors co-localise with the TCR forming an immunological synapse (Yokosuka et al.,
2012). Engagement of PD-1 recruits SHP-1 and SHP-2 to the ITSM (Chemnitz et al., 2004;
Latchman et al., 2001) in close proximity to the TCR, and these molecules may attenuate
ZAPT70 and CD3( tyrosine phosphorylation, inhibiting TCR signalling (Sheppard et al., 2004).

SHP-2 may be recruited to the ITSM upon TCR engagement, but inhibitory signalling does
not occur without ligation of PD-1. The ligands for PD-1 are Programmed cell death 1 ligand
1 and 2 (PD-L1/PD-L2) and their encoding gene is located on chromosome 9 (Freeman et al.,
2000). Freeman et al. performed binding experiments between PD-L1, PD-1 and other
members of the immunoglobulin gene superfamily (Freeman et al., 2000). PD-L1 was shown
to bind to PD-1.1g but not to CTLA-4.1g, therefore these inhibitory receptors do not compete
for the same ligand and inhibitory signalling pathways may not be shared (Parry et al., 2005).
PD-L1 is upregulated on macrophages, T cells and other non-hematopoietic cells such as
epithelial cells (Freeman et al., 2000; Ishida et al., 2002; Liang et al., 2003) and expression
levels are determined by the tissue microenvironment. PD-L1 mRNA is upregulated on
human monocytes and DCs in response to IFNy treatment, while PD-L1 mRNA is expressed

in low levels in unstimulated cells (Freeman et al., 2000). PD-L1 is constitutively expressed
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in immune privileged sites requiring strict control of inflammatory cells such as the testes
(Cheng et al., 2009) and the eye (Sugita, 2009), emphasising its effectiveness at dampening
immune responses. Tumour cells expressing PD-L1 may be positively selected for survival as
the level of PD-L1 expression in human tumour cells correlates with disease severity and
progression (lwai et al., 2002; Nakanishi et al., 2007). The role of PD-L2 is less well
understood. PD-L1 and PD-L2 share the same receptor, but these ligands cannot bind
simultaneously and they compete for PD-1 (Ghiotto et al., 2010). PD-L2 has a greater
binding affinity to PD-1 (Youngnak et al., 2003), but the functional relevance of this is
unknown. PD-L2 can inhibit T cell proliferation and cytokine production in vitro, but this is
restored in the presence of CD28 (Latchman et al., 2001). The use of monoclonal antibodies
to block PD-L2 on DCs ex vivo increases T cell proliferation and cytokine production, and
this was increased further when PD-L1 was also blocked (Brown et al., 2003). While PD-1 is
classically associated with anti-tumour and viral responses, PD-L2 may play a role in Th2
type responses, as PD-L2 has displayed and ability to regulate CD4+ T cells in helminthic
infection models (Ishiwata et al., 2010). More work is required to elucidate the role of PD-L2
in a variety of diseases, but PD-L1 is a key molecule in the control of T cells responses to

chronic viral infections.

Interactions between PD-1 on T cells and PD-L1 on APCs and target cells inhibit T cell
functions. In vitro experiments have shown that the addition of a PD-L1 monoclonal antibody
(mADb) greatly reduced the capability of the T cells to proliferate and inhibited the production
of IFNy and IL-10 in vitro (Freeman et al., 2000). This work has been expanded to show that
blocking of PD-1:PD-L1 interactions can restore the effector functions of exhausted T cells.
Barber et al. (Barber et al., 2006) utilised an LCMV murine model of chronic infection to
show that PD-1 expression and T cell exhaustion correlated with an increased viral load.
Injection of an anti-PD-L1 blocking antibody into these mice restored CD8+ T cell
proliferation, IFNy and TNF-a secretion, and cytotoxic potential which resulted in the
clearance of viral infection. Aubert et al. have also described an increased production of IFNy,
TNF-a and IL-2 by CD4+ T cells using an anti-PD-L1 blocking antibody in a similar LCMV
model (Aubert et al., 2011). The PD-1 pathway is therefore a potential therapeutic target and
research is currently being performed to restore immune responses in SIV (Velu et al., 2009)
and cancer (Brahmer et al., 2012; Lipson et al., 2013; Ott et al., 2013; Topalian et al., 2012).
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Another inhibitory receptor gaining interest in T cell exhaustion is T cell immunoglobulin-3
(TIM-3). PD-1 may be expressed in populations of functional activated T cells (Duraiswamy
et al., 2011), but the co-expression of TIM-3 and PD-1 on T cells indicates exhaustion
(Baitsch et al., 2011; Fourcade et al., 2010). Furthermore TIM-3 expressing cells have been
implicated in HIV (Jones et al., 2008) and cancer (Sakuishi et al., 2010) in a similar manner
to PD-1. Dual blockade of TIM-3 and PD-1 in an LCMV model (Jin et al., 2010) and
blocking TIM-3 alone in Hepatitis C infection can restore exhausted CD4+ and CD8+ T cell
function (Golden-Mason et al., 2009) suggesting shared functionality between these

inhibitory receptors.

Respiratory viral infections and T cell exhaustion

T cell exhaustion has been described in chronic viral infections such as LCMV and HIV, but
characteristics of exhaustion have also been identified in response to acute respiratory viral
infections. RSV infection of tracheal (NCI-H292), bronchial (BEAS-2B), and alveolar (A549)
epithelial cell lines induced upregulation of PD-L1 and PD-L2 (Stanciu et al., 2006). Levels
of expression on these cells could be enhanced with the addition of IFNy, implicating the
cytokine environment in regulation of the immune response. Functional impairment of CD8+
T cells during RSV (Chang and Braciale, 2002) and influenza A (Vallbracht et al., 2006)
infection has been described in murine models. Erickson et al. elucidated potential
mechanisms for this impairment by identifying PD-1 expression on virus-specific T cells and
PD-L1 upregulation in response to infection (Erickson et al., 2012), and Telcian et al. showed
restoration of CD8+ T cell cytokine secretion in response to PD-L1 blocking antibody during
RSV infection (Telcian et al., 2011). Current work has been performed on murine models and
in human cell lines. Analysis of PD-1:PD-L1 interactions with T cell in human parenchymal
or bronchial tissue is required to further understand exhaustion in respiratory viral infections,

particularly in the context of chronic airways disease.

T cell senescence

T cell senescence is a phenomenon in which T cells become less responsive to pathogens or
other activating stimuli (Effros, 2004). T cell senescence is mainly identified in elderly
individuals, and these cells can be characterised by short telomeres (Akbar and Vukmanovic-
Stejic, 2007), suggesting they have undergone multiple proliferative cycles. Although

senescent T cells are poorly protective in a manner similar to T cell exhaustion (such as loss
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of cytokine production), senescent T cells appear to be distinct from exhausted T cells or T
cells in a state of immune tolerance (Akbar and Henson, 2011). CD57 is a human marker
commonly used to detect senescent T cells, although this marker can also be used to identify
highly cytotoxic T cells. Furthermore as COPD is a disease of the elderly, care must be taken
to ensure non-responsive T cells are indeed exhausted rather than senescent (a process

independent of disease).

Influenza infection in COPD

Influenza is a common respiratory viral infection which occurs in a mild seasonal epidemic or
a severe pandemic form. Seasonal flu causes an acute infection which has no long-term
effects in healthy individuals, but a similar infection in the young, elderly or immuno-
compromised can be fatal. Influenza is the term given to a group of single-stranded RNA
virus’ classified by their expression of hemagglutinin and neuraminidase proteins on the viral
envelope surface (Bouvier and Palese, 2008). Key to the survival of influenza is the concept
of antigenic drift and antigenic shift. Antigenic drift occurs due to numerous mutations within
one influenza strain which results in loss of epitopes recognised by an individual. This
individual will no longer have protection from this mutated strain and may be re-infected.
Antigenic shift occurs when gene segments from one influenza strain are acquired by another
strain, generating new antigenic proteins. These novel proteins are not recognised by the host
immune system which may lead to poor control of infection, and this process is responsible
for the pandemic forms of disease. Vaccines to protect against infection have been largely
successful, but these are not effective for all influenza strains(Epstein et al., 2005). Global
surveillance of influenza is required to ensure that annually developed vaccines confer
protection to strains most likely to be present during the winter months. Despite measures to
immunise at-risk individuals, influenza infection in individuals with COPD reduces lung
function and may induce disease exacerbations (Rohde et al., 2003). In a study by Rohde, et
al., influenza A was detected 25% of exacerbations in a COPD cohort, implicating the virus
in disease. The degree to which a dysfunctional immune system enables influenza infection is

yet to be fully elucidated, but T cells are required to protect against disease.

In 1978 Yap et al. showed that cytotoxic T cells played a protective role during influenza
infection (Yap et al., 1978). Since then the mechanisms by which CD8+ T cells kill infected

cells has been expanded to include a number of death-inducing pathways involving cell-cell
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interactions such as FasL, perforin (Topham et al., 1997) or TRAIL (Brincks et al., 2013).
Primary influenza infection in mice can be eradicated by CD8+ T cells without CD4+ T cell
help but these mice display a poor CD8+ T cell memory response upon re-infection (Belz et
al., 2002). CD4+ T cells play a role in clearing influenza infection via IFNy production
(Brown et al., 2012), provision of B cell help to generate anti-viral antibodies (Brown et al.,
2006) or kill infected cells directly using perforin and granzyme (Wilkinson et al., 2012), but
CD8+ T cells are considered the key effector cells. The potential of influenza virus infection
to induce T cell exhaustion has been shown in murine models, but often it has been
overlooked in favour of LCMV infection. Bucks et al. analysed anti-viral T cell populations
in mice infected with influenza virus on a single occasion or repeatedly infected mice (Bucks
et al.,, 2009). In this model virus-specific CD8+ T cells from chronically stimulated mice
produced significantly less IFNy than single-stimulated controls. Although a greater
proportion of these CD8+ T cells expressed PD-1, blocking PD-L1 did not restore T cell
functions suggesting other signalling pathways may be involved in this model. The host-virus
relationship is most widely studied in murine models, although some influenza challenge
studies have been performed in humans. A weakness in animal models is that mice do not
naturally contract influenza, and infection may occur in an artificial method via i.v. or i.p.
injection rather than intra-nasally. Thus the development of infection models using human

cells and tissues may yield novel mechanisms of disease which are not displayed in animals.

Work within the group has concentrated on development of human tissue models of acute
viral infection. Human bronchial and parenchymal tissues from healthy, COPD and asthmatic
patients have previously been infected with influenza and RSV. Epithelial cells and
macrophages have been identified as cells susceptible to infection, while T cells and B cells
do not appear to be infected (Nicholas et al., 2013). Using these models of infection has
allowed for a number of different cell-based outputs to be characterised and quantified. Cells
from tissue can be labelled with fluorescent antibody for flow cytometry and cells can be
sorted by FACS in order to yield enriched cell populations. Sorted cells can be harvested for
their RNA to allow for gene expression protocols, such as RT-PCR, to be performed.
Supernatants for infection can also be analysed for viral shedding and cytokine production by
ELISA or Luminex methods. These methods combined can illustrate viral responses by a
number of different cells in a physiologically relevant context to elucidate mechanisms of the

anti-viral immune response.
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Methods utilised to characterise cellular dysfunction in COPD

Identification of immune cells and mediators from peripheral blood is a non-invasive and
widely used method to diagnose, analyse severity and progression of many diseases.
Lymphocyte counts from blood can diagnose chronic lymphocytic leukaemia (Rai et al.,
1975), elevated levels of IgE has been shown to be a key component of allergic asthma
(Dullaers et al., 2012) and testing of C-peptide levels aids diagnosis of diabetes mellitus type
1 (Wang et al., 2012). Cells retrieved from peripheral blood, however, may display altered
characteristics than cells residing in tissues, at the site of infection or injury (de Bree et al.,
2007; de Bree et al., 2005). Bronchoalveolar lavage (BAL) and sputum analysis are
commonly performed in studies of lung disease (Wen et al., 2010). Immunohistochemistry
methods have been used to assess cell location and surface markers in tissue sections, but a
lack of standardisation in sample preparation (Grube, 2004), the variability of human
judgement (Rhodes et al., 2000) and semi-quantitative dat a(Taylor and Levenson, 2006) call

for alternative forms of analysis.

Analysis of human lung parenchyma

COPD is a complex heterogeneous disease with a multitude of cells and mechanisms
associated with disease manifestation, progression and severity. Analysis of cells derived
from tissue may better represent the microenvironment of affected organs compared to
methods sampling the periphery. This is demonstrated in a recent study of T resident memory
cells (Trm) in human lungs by Purwar et al. (Purwar et al., 2011). Lung Trm cells proliferated
in response to influenza virus, but T cells from blood of the same patients did not respond to
this stimulus. Furthermore, Trm cells from the skin also did not respond, suggesting site-
specific functional responses by cells from different tissues. Lung parenchyma can also be
infected to measure responses of cells within the tissue to virus and susceptibility to infection
(Nicholas et al., 2013). Work performed in lung parenchyma is proposed as a physiologically
relevant challenge model, with which a variety of different mechanisms may be studied.
Analysis of human lung parenchyma will provide a further model of analysis to elucidate

mechanisms of disease associated with COPD.
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Collagenase digestion of lung parenchyma

Flow cytometry is now a standard and validated method for the identification of cell surface
and intracellular markers (Maino and Picker, 1998; Stewart, 1992). While this technology
allows for multiple parameters on individual cells to be measured, it requires a single cell
suspension which is easily achieved in blood as density gradient centrifugation allows for a
single cell suspension of peripheral blood mononuclear cells (PBMCs) to be acquired.
Isolation of cells from organs is more difficult, as they may be retained within the complex
cellular matrix of the tissue. In order to retrieve cells of interest in sufficient numbers, several
protocols have focused on digesting tissue with various combinations of enzymes to degrade
extracellular matrix proteins and adhesion molecules (Abuzakouk et al., 1996). Many of the
enzymes used are derived from bacterial products which contribute to pathogenesis during
infection, and as such have evolved to disrupt tissue structure. A key consideration is that
although enzymatic digestion increases cell yield compared to mechanical breakdown alone
(Novelli et al., 2000), some enzymes may cleave cell-surface markers which are vital for cell
identification by flow cytometry (Abuzakouk et al., 1996; Hagman et al., 2012; Van Damme
et al., 2000). Depending on the enzymes used, their concentration and the length of digestion
time, cell-surface markers may be preserved. Great effort has been made to balance cell yield,
cell viability and preservation of cell markers, but currently there are no universally optimal
conditions for all tissue types or cell populations. Collagenase is the most routinely used
enzyme for digestion for a variety of tissues (Grange et al., 2011; Holt et al., 1986; Novelli et
al., 2000), but dispase (Abuzakouk et al., 1996), liberase (Hagman et al., 2012), trypsin
(Williams et al., 1995), pronase (Hackett et al., 2008), DNase (Sperr et al., 1994) and elastase
(Chen et al., 2004) have also been studied, along with combined enzymatic digestion
protocols (Pilgaard et al., 2008). Work from Pilgaard et al. (Pilgaard et al., 2008) concludes
that collagenase digestion alone is insufficient to optimally obtain stem cells from adipose
tissue, suggesting that digestion must be tailored to yield cells of interest from different
tissues. The conclusions from tissue digestion studies are often contradictory, but this may be
due to variations between protocols preventing direct comparison. Hagman et al. (Hagman et
al., 2012), however, reasoned that preserving the desired cell populations is more important
than yield and that certain cell types may require less severe enzymatic treatment for their
extraction. Thus the degree of tissue digestion required appears to depend on the study, and
strict adherence to a defined protocol is vital to obtain reliable data.
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Summary

The lungs of healthy individuals can confer robust anti-viral immune responses in the event
of infection. This is achieved through a number of cell-mediated mechanisms to direct innate
and adaptive arms of the immune system. In COPD, the lungs are less effective at clearing
pathogens. Defects in the responses of many cell types have been implicated in disease
progression and severity, but none of these have been translated into effective therapeutics.
The importance of CD8+ T cells to provide anti-viral immune responses has been established
through murine and human models of infection. The mechanism of T cell exhaustion has
been studied for a decade in models of chronic viral infection and in cancer, but little work
has been performed to investigate this phenomenon in the context of respiratory infections.
Elucidating the potential T cell inhibition induced by exhaustion in COPD may reveal

mechanisms which may be altered to restore T cell anti-viral functions.
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Hypothesis

The hypothesis of this study was that T cells in the COPD lung express an exhausted
phenotype compared to cells derived from control lungs which accounts for poor responses to

viral infection that may lead to COPD exacerbations.

Aims

Aim 1: To identify and quantify T cell populations in human parenchymal tissues.

This will be achieved by flow cytometric identification of CD4+ and CD8+ T cells by in
digested lung parenchyma controls and COPD patients. T cell populations will also be
identified by their naive/memory phenotype. T cell populations in tissue and blood will be

compared.

Aim 2: To assess T cell exhaustion by expression of PD-1 and TIM-3.
With T cell populations identified, flow cytometry will be performed to measure the

expression of the key exhaustion markers PD-1 and TIM-3 in blood and tissue.

Aim 3: To investigate the dynamics of PD-1 and PD-L1 expression after acute influenza
infection of lung parenchyma.

This will be achieved by utilising the lung parenchyma influenza infection model. PD-1on T
cells and PD-L1 on epithelial cells and macrophages will be measured by flow cytometry
from non-infected and X31-infected tissue samples. This will provide baseline measurements

of these markers and their degree of upregulation after infection.

Aim 4: To assess IFNy responses of T cells when blocking the PD-1:PD-L1 pathway.

IFNy responses will be measured using a MDM model of acute influenza infection. Infected
MDMs will be co-cultured with autologous T cells to promote IFNy production which will be
measured using an ELISpot assay. aPD-L1 blocking antibody can be added to this model to

investigate its ability to enhance IFNy responses.

Aim 5: To analyse the effect of corticosteroids and retinoic acid supplementation on T cell
production of IFNy.
The MDM infection model will be supplemented by fluticasone or retinoic acid to elucidate

their potential regulation of IFNy responses. This will be measured using ELISpot.
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Chapter 2

Methods
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Introduction

The aims of this thesis were to characterise T cells in COPD individuals and their responses
to influenza A viral challenge. Clinical samples of blood and explanted lung parenchymal
tissue were required to compare inflammatory cell populations at the site of disease and in the
periphery. Lung parenchymal tissue was acquired form control and COPD patients as these
samples were representative of cell types implicated in disease which cannot be analysed in
blood, sputum or BAL. Investigation of inflammatory cells in COPD lung tissue has been
limited, and novel methods for analysis were developed and optimised during this study.
Flow cytometry is a high-throughput technique allowing for detailed characterisation of
individual cells and populations of cells, but requires a single-cell suspension solution for
analysis. Lung parenchyma required digestion and disaggregation to generate single cell
suspensions for FACS analysis, while maintaining the expression key cell markers of cells of
interest. Furthermore infection of tissue epithelial cells and macrophages could be quantified
by FACS. T cells from tissue required the extraction of RNA and analysis of their gene
expression, thus RT-PCR techniques were employed. The number of cells yielded from tissue
was too low to perform validated T cell functional assays, therefore a blood model of
influenza infection to study T cell responses was required. IFNy production was measured in

response to infection of MDMs by ELISpot.

Patient Recruitment

The collection of blood was approved by and performed in accordance with the ethical
standards of the Southampton and South West Hampshire Research Ethics Committee, REC
no: 13/SC/0416. Blood was taken from healthy individuals for use in T simulation
experiments and ELISpot work.

Lung tissue was obtained from patients undergoing airway re-sectioning surgery at
Southampton General Hospital. The collection of tissues was approved by and performed in
accordance with the ethical standards of the Southampton and South West Hampshire
Research Ethics Committee, LREC no: 09/H0504/109.
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Patient Phenotype

Lung parenchymal tissue samples were received from individuals undergoing airway re-
sectioning surgery. Patients with a FEV1/FVC ratio of < 0.7 were classified as COPD. Those
with a FEV1/FVC ratio of > 0.7 were defined as Control patients. Individuals with other
inflammatory lung conditions (cystic fibrosis, asbestosis), patients with prior lung infections
(tuberculosis) and individuals with autoimmune conditions (rheumatoid arthritis) were
excluded from the study. One pack year was defined as 20 cigarettes smoked per day for one
year. Smoking status and pack years was determined by consultation with the patient. Details
of lung function, potential co-morbidities and current medication were taken from patient
bedside notes. Additional data was obtained by NHS records (Equest, Southampton General
Hospital) with assistance from Dr. Hannah Burke, but these were not regularly available and

often did not provide data for more specific patient phenotyping.

Numbers of control (n = 24) and COPD (n = 31) individuals was similar, and groups were
age matched (Table 2.1). Proportions of males and females were similar between groups.
Pack years appeared to be greater in COPD patients than controls (45.98 + 8.31 SD vs. 27.2 £
11.16 SD) but this was not statistically significant (p=0.053). FEV1% was significantly lower
in COPD than controls (98.79 + 14.71 SD vs. 77.26 + 14.57). The FEV1/FVC ratio was
significantly lower in COPD than controls, but this was expected as this measurement
determined whether patients were allocated to the control or COPD group.

Control COPD p Value
N 24 31 §
Age (years) (62.796 7—'572.72) (64.2?17;230.34) 09
Gender MIF 12712 15716 :
(Neve?/gg;(élrjrrent) 6/15/3 1/20/10 i
Pack Years (14.53? 7—%,9.537) (32.015i9585.91) 0.053
oo g | s -
FEV.% (92.4%8]305.2) (71.7727 .—2?32.8) <0.0001
FEVI/FVC ratio (0.75%775.792) (0.57%598.625) <0.0001

Table 2.1. Patient phenotypes of individuals recruited to the study. Individuals
were defined as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown. Unpaired t
test performed.
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Preparation of monocytes and T cells from peripheral blood

Blood was obtained from human volunteers in BD Vacutainer heparinised blood collection
tubes (BD Biosciences, Oxford, UK). Blood was diluted 1:1 with Dulbecco's Phosphate-
Buffered Saline (DPBS) (Sigma, Poole, UK) and layered upon Ficoll-Paque Plus (GE
Lifesciences, Little Chalfont, UK) for density gradient centrifugation at 800 g, 20°C for 30
min. Approximately equal volumes of blood/DPBS and Ficoll-Paque Plus were used for cell
separation. Cells were removed from the interface, washed in DPBS then counted using a
haemocytometer. Live cells were identified by exclusion of Trypan blue (Sigma, Poole, UK).
In order to isolate monocytes from the PBMC suspension, 10ul anti-CD14 MACS beads
(Miltenyi Biotech, Surrey, UK) were added per 1 x 10" cells suspended in a Monocyte
Isolation Buffer (MIB — sterile DPBS, 0.5% BSA and 0.5 M EDTA). This solution was
incubated on ice for 30 min. Cells were centrifuged at 400 g, 4°C for 5 min and the pellet was
resuspended in MIB. This cell solution was added to a LS MACS Separation Column
(Miltenyi Biotech, Surrey, UK) attached to a magnetic stand in order to isolate monocytes
from other blood lymphocytes. The column was removed from the magnet and MIB was
added to yield monocytes retained in the column. This was repeated with anti-CD4 and anti-
CD8 beads (Miltenyi Biotech, Surrey, UK) to isolate pure T cell populations from the
lymphocyte filtrate. Both monocytes and monocyte-depleted lymphocyte cell suspensions
were counted using a haemocytometer and centrifuged at 400 g, 4°C for 5 min. Monocyte
pellets were resuspended to a desired cell concentration in RPMI 1640 (Sigma, Poole, UK)
supplemented with 1% penicillin/streptomycin (Gibco Life Sciences, Paisley, UK), 250
ng/ml fungizone (Gibco Life Sciences, Paisley, UK), 10% Foetal Calf Serum (Sigma, Poole,
UK), 2 mM L-glutmine (Gibco Life Sciences, Paisley, UK), and 2 ng/ml GM-CSF (R&D
Systems, Abbinton, UK) and were cultured overnight or for 12 days. Lymphocytes were
resuspended to a desired cell concentration in RPMI 1640 (Sigma, Poole, UK) supplemented
with 1% penicillin/streptomycin (Gibco Life Sciences, Paisley, UK), 250 ng/ml fungizone
(Gibco Life Sciences, Paisley, UK), and 10% Foetal Calf Serum (Sigma, Poole, UK) and
were cultured overnight or stimulated. T lymphocytes were also suspended in BSA

supplemented with 10% DMSO and at -80°C using a Mr. Frosty Freezing Container.

Monocyte Derived Macrophages (MDMs) were prepared by culturing isolated monocytes in
RPMI supplemented with 1% penicillin/streptomycin (Gibco Life Sciences, Paisley, UK),
250 ng/ml fungizone (Gibco Life Sciences, Paisley, UK), 10% Foetal Calf Serum (Sigma,
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Poole, UK), 2 mM L-glutmine (Gibco Life Sciences, Paisley, UK), and 2 ng/ml GM-CSF
(R&D Systems, Abbinton, UK) for 12 days. T cells were resuspended in 90% FCS and 10%
DMSO for freezing at -80°C. A schematic representation of MDM preparation for ELISpot is

shown in Figure 2.1.

PBMCs
CD14 b(_ead > T cells, B cells, NK cells
separation
CD4 bead H
separation
v CD8 bead
Monocytes separation
Freeze >
< GM-CSF Thaw .
MDMs _ > ELISPOT < T cells, B cells, NK cells

X31 infection

Figure 2.1. Isolation of Monocytes and T cells from PBMCs and differentiation to
Monocyte Derived Macrophages. PBMCs were obtained from the interface layer of

blood density centrifugation separation. PBMCs were incubated with anti-CD14 beads
and passed through a magnetic separation column to yield monocytes through positive
selection. The effluent was incubated with anti-CD4 beads and was passed through a
fresh column to yield CD4+ T cells. Finally, effluent was incubated with anti-CD8 beads
and was passed through a fresh column to yield CD8+ T cells. Fresh supplemented RPMI
with 2 ng/ml GM-CSF was added to monocytes every 3 days for 12 d to yield MDM. T
cells were frozen at -802C using a Mr. Frosty Freezing Container and thawed for use
with differentiated MDMs.

Preparation of lung parenchyma for tissue digestion

The sections of lung tissue used were distal to any tumours present in the lung as judged by
the pathology department. Bronchial tissue was removed from the sample, and for this study
only lung parenchymal tissue was investigated. A novel protocol used to digest tissue was
adapted was optimised from Holt et al. (Holt et al., 1986) and Dr. Ben Niclolas (Nicholas et
al., 2013). Tissue was cut into 1 mm? sections and added to a 24-well flat-bottomed culture
plate (Sigma, Poole, UK) before washing with DPBS. Washing of the tissue was performed
by removing DPBS from the wells and replacing it with fresh DPBS, followed by
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unsupplemented RPMI and finally RPMI supplemented with 1% penicillin/streptomycin
(Gibco Life Sciences, Paisley, UK) and 1% gentamycin (PAA, Somerset, UK). Tissue was
then incubated overnight at 37°C and 5% CO,. The wet weight of tissue was recorded. Tissue
was added to a solution of pre-warmed unsupplemented RPMI and 0.5 mg/ml collagenase
type 1 (Sigma, Poole, UK) for digestion (unless different concentration is stated) at 37°C for
the times indicated. A magnetic stirrer was added to the solution in order to mechanically
disaggregate tissue. For non-enzymatic tissue disaggregation, a GentleMACS Dissociator
(Miltenyi Biotech, Surrey, UK) was used. Tissue was prepared in the same manner but was
added to pre-warmed unsupplemented RPMI alone. After digestion the solution was filtered
through a 35 pm pore straining cap into 5 ml round-bottomed polypropylene FACS tubes

(BD Biosciences) in preparation for FACS analysis.

Extracellular and intracellular cell marker staining and flow cytometry

T cells, macrophages and epithelial cells were identified using fluorescently-labelled
antibodies (Figures 2.2-2.6) and a FACSAria (BD Biosciences) flow cytometer. Cells
obtained from blood or tissue were suspended in MACS buffer (DPBS, 0.5% BSA and 0.5 M
EDTA) containing 2 mg/ml human 1gG (Sigma, Poole, UK). Appropriate isotype and
fluorescence-matched control antibodies were added in a sample of the cells to aid gating of
cell populations. These isotype control samples contained approximately 10% of the number
of cells used for each sample. Cells were incubated on ice for 30 min in darkness after
addition of antibodies. MACS buffer was added to the FACS tubes and these were
centrifuged at 400 g, 4°C for 5 min. Cell pellets were resuspended in 100 pl MACS buffer
and a secondary stain was performed. Cells were again incubated on ice for 30 min in
darkness after addition of antibodies. If only cell surface markers were analysed, MACS
buffer was added to the FACS tubes and these were centrifuged at 400 g, 4°C for 5 min
before resuspension in MACS buffer for flow cytometry. If intracellular markers were
analysed, cells were further washed in MACS buffer. The resulting cell pellets were
resuspended in Cytofix/Cytoperm (BD Biosciences, Oxford, UK) and incubated on ice for 20
min in darkness. 1x Permwash was added to the FACS tubes and these were centrifuged at
400 g, 4°C for 5 min before resuspending the cell pellet in 1x Permwash. Antibodies to
identify intracellular markers were added to samples and these were incubated on ice for 30
min in darkness. 1x Permwash was added to the FACS tubes and these were centrifuged at
400 g, 4°C for 5 min before resuspension in MACS buffer for flow cytometry. Data was
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analysed using FACS Diva (v5.0.3, BD Biosciences, Oxford, UK) software. A complete list

of antibodies used is shown in Table 2.5.
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Figure 2.2. Flow cytometry gating strategy for T cells. (A) Unstained singlet
population obtained from digested tissue. (D) Dead cells were excluded using
LIVE/DEAD® Fixable Aqua Dead Cell Stain. (B) Live singlet population without CD45
antibody. (E) Live singlet CD45+ population. (C) Live CD45+ population with PE-Cy7

control antibody. (F) Live CD45+CD3+ T cell population.

Marker Fluorochrome Isotype Clone Quantity(ul/test)
CD3 PE-Cy7 Ms IgGl, k SK7 2.5
CD4 PerCP-Cy5.5 Ms 1gG3, k RPA-T4 5)
CD8 APC-Cy7 Ms IgGl, « SK1 5
CD45 PE-CF594 Ms 19G3, k HI30 2
CD279 (PD-1) PE Ms 19Gy, k MIH4 20
Granzyme B FITC Ms 1gG, x GB11 20
IFNy FITC Ms IgG2b, k 25723.11 20
TIM-3* APC Ms 19G,, « F38-2E2 5

Table 2.2. Mouse anti-human Antibodies used for T cell staining for flow
cytometry analysis. Antibodies purchased from BD Biosciences (Oxford, UK) or

eBiosciences (Hatfield, UK, marked with *).
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The staining panel to detect the T cell population of PBMCs consisted of LIVE/DEAD®
Fixable Aqua Dead Cell Stain (Invitrogen, Paisley, UK), anti-CD3 and anti-CD45 antibody
(Figure 2.2). Addition of anti-CD4, anti-CD8 antibody allowed for identification of
CD4+CD8- , CD4-CD8+ and CD4-CD8- (Double negative) T cells (Figure 2.3). Secondary
staining of T cells included anti-CD279 (PD-1), and anti-TIM-3 antibody.
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Figure 2.3. Flow cytometry gating strategy for CD4+ and CD8+ T cells. (A) Live
singlet CD45+CD3+ T cells with PerCp-Cy5.5 and APC-Cy7 control antibody. (B) Gating
of CD4+CD8- (purple), CD4-CD8+ (black) and DN T cells (red).

Memory T cell panel consisted of anti-CD3, anti-CD4, anti-CD8 and anti-CD45RA, and anti-
CD197 (CCR7) antibody (de Bree et al., 2005; Purwar et al., 2011). Singlet cells were
selected, and those expressing CD3+ were identified as T cells. T cells were divided by their
expression of CD4+CD8- or CD4- CD8+. Expression of CD45RA and CCR7 were used to
define memory phenotype (Figure 2.4). Secondary staining of the memory population
consisted of anti-CD279 (PD-1), anti-TIM-3, anti-CD57 and anti-CD107a antibodies.
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Figure 2.4. Flow cytometry gating strategy for memory CD4+ and CD8+ T cells. (A)
Singlet CD3+CD4+ T cells with BV510 control antibody. (B) Singlet CD3+CD8+ T cells
with BV510 control antibody. (C) Naive CD4+ T cells were defined as
CD3+CD4+CD45RA+CCR7+, Central memory cells were defined as CD3+CD4+CD45RA-
CCR7+, Effector memory cells were defined as CD3+CD4+CD45RA-CCR7- and Effector
memory CD45RA+ cells were defined as CD3+CD4+CD45RA+CCR7-. (D) Naive CD8+
cells were defined as CD3+CD8+CD45RA+CCR7+, Central memory cells were defined as
CD3+CD8+CD45RA-CCR7+, Effector memory cells were defined as CD3+CD8+CD45RA-
CCR7- and Effector memory CD45RA+ cells were defined as CD3+CD8+CD45RA+CCR7-
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Marker Fluorochrome Isotype Clone Quantity(ul/test)

CD3 PE-Cy7 Ms IgG1, k SK7 2.5

CD4 PerCP-Cy5.5 Ms 19G,, k RPA-T4 )
CD8 APC-Cy7 Ms IgGl, k SK1 5
CD45RA PE-CF594 Ms 19G2p, K H1100 2
CD197 (CCRY7) BV510 Ms 19G2a 150503 5
CD57 FITC Ms IgM, « NK-1 20
CD107a BVv421 Ms IgGl1, « H4N3 )
CD279 (PD-1) PE Ms 19G,, k MIH4 20
CD319 (NKG-2D)* FITC Ms 19G4, x 1D11 5)
TIM-3 APC Ms 19G,, F38-2E2 )

Table 2.3. Mouse anti-human antibodies used for Tmem staining for flow
cytometry analysis. Antibodies purchased from BD Biosciences (Oxford, UK) or
eBiosciences (Hatfield, UK, marked with *).Epithelial cell and macrophage staining

The epithelial cell and macrophage panel consisted of LIVE/DEAD® Fixable Aqua Dead
Cell Stain, anti-CD45, anti-EpCAM-1, and anti-HLA-DR antibody (Figure 2.5) (Nicholas et
al., 2013; Staples et al., 2012). Live singlet cells expressing CD45-EpCAM-1+ were defined
as epithelial cells. Live singlet cells expressing CD45+HLA-DR+ were defined as
macrophages. Secondary staining of epithelial cells and macrophages consisted of anti-
CD274 (PD-L1), anti-CD80 and anti-CD86 antibodies. Intracellular staining for NP-1
(Influenza nucleoprotein) (3V Biosciences, Palo Alto, CA) was also performed in epithelial

cells and macrophages.

Marker Fluorochrome Isotype Clone Quantity(ul/test)
CD45 PE-CF594 Ms 1gG;, « HI130 2
CD326 (EpCAM-1) | PerCP-Cy5.5 Ms IgGy, A EBA-1 10
HLA-DR APC-Cy7 Ms 19G2a, G46-6 5
CD274 (PD-L1) PE Ms 19G1, « MIH1 20

Table 2.4. Mouse anti-human antibodies used for epithelial cell and macrophage
staining for flow cytometry analysis. Antibodies purchased from BD Biosciences
(Oxford, UK) or eBiosciences (Hatfield, UK, marked with *).
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Figure 2.5. Flow cytometry gating strategy for epithelial cells and macrophages.
(A) Live singlet cells were divided into CD45- or CD45+ populations. (B) Live CD45-
population with PerCP-Cy5.5 control antibody. (C) Epithelial cells were defined as
CD45-EpCAM-1+. (D) Live CD45+ population with APC-Cy7 control antibody. (E)
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Macrophage populations were defined as CD45+HLA-DR+.
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Stimulation of peripheral T cells

T cells isolated from peripheral blood (as previously described) were cultured overnight in a
flat-bottomed 48-well culture plate at 1 x 10° cells/ml in serum-free RPMI supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutmine (Gibco Life Sciences) and
250 ng/ml fungizone (Gibco Life Sciences, Paisley, UK) at 37°C and 5% CO,. Cells
(suspended in serum-free RPMI) were removed from the wells of the culture plate and
centrifuged at 400 g, 20°C for 5 min. Cells were resuspended in fresh RPMI and counted
before transfer to a flat-bottomed 48-well culture plate at 1 x 10° cells/ml. Cells were treated
with 25 ng/ml phorbol 12-myristate 13-acetate (PMA) (Touraine et al., 1977) (Sigma, Poole,
UK) and 100 ng/ml ionomycin (Sigma, Poole, UK) for 1 h, 2 h or 24 h, with control wells
containing cells only. This was performed by direct pipetting of PMA and ionomycin into the
wells of the 48-well plate. To measure granzyme B or IFNy production, brefeldin A or
monensin (both eBiosciences, Hatfield, UK) was added 6 h prior to harvest (18h after
addition of PMA and ionomycin). For samples which were untimulated or stimulated at the
1h and 2h time points, brefeldin A or monensin were added 6 h prior to cell harvest. In these
instances PMA and ionomycin were added after brefeldin A or monensin. Upon harvest,
supernatant was removed and transferred to FACS tubes and centrifuged at 400 g, 4°C for 5
min. Cells were resuspended in MACS buffer containing 2 mg/ml human IgG and staining

was performed as previously described.
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Infection of lung tissue with Influenza A Virus

1mm? samples of lung parenchymal tissue were prepared as previously described. 6-8 pieces
of lung tissue were added to each well of a flat-bottomed 24-well culture plate containing
RPMI. After resting overnight the media was replaced with serum-free RPMI supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutmine and 250 ng/ml
fungizone. X31 Influenza A stock was provided by 3V Biosciences. Concentration of this
stock was calculated by 3V Biosciences prior to transportation to the research group, and all
virus concentrations are calculated from this data. 1 x 10° pfu/ml X31 Influenza A virus was
added to designated wells containing 1Imm? pieces of tissue (unless stated) by direct pipetting
into the media in which tissue samples were submerged, with control non-infected wells and
wells containing the same amount of UV-irradiated virus (UVX31). The culture plate was
gently shaken by hand to disperse virus added to the samples. Tissue was incubated at 37°C
and 5% CO, for 2 h to allow for infection of cells residing in the tissue. Supernatant was
removed and tissue was washed three times with unsupplemented RPMI in order to remove
excess virus from the wells. Serum-free RPMI supplemented with 100 U/ml penicillin,
100pg/ml streptomycin, 2 mM L-glutmine and 250 ng/ml fungizone was added to the wells
and tissue was incubated at 37°C and 5% CO, for a further 22 h. Lung tissue was then

digested and analysed by FACS as previously described.
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Marker Fluorochrome Isotype Clone Quantity(ul/test)
CD3 PE-Cy7 Ms IgG1, k SK7 2.5
CD4 PerCP-Cy5.5 Ms 19G,, k RPA-T4 )
CD8 APC-Cy7 | MsIgGl, « SK1 5
CD45 PE-CF594 Ms 19G,, HI130 2
CD45RA PE-CF594 Ms 19G2p, K H1100 2
CD57 FITC Ms IgM, « NK-1 20
CD107a BV421 Ms IgGl1, « H4N3 )
CD197 (CCRY7) BV510 Ms 1gG2a 150503 5
CD274 (PD-L1) PE Ms 19G4, x MIH1 20
CD279 (PD-1) PE Ms 19Gy, k MIH4 20
CD319 (NKG-2D)* FITC Ms 19Gy, k 1D11 5
CD326 (EpCAM-1) PerCP-Cy5.5 | MsIgGy, A EBA-1 10
Granzyme B FITC Ms 1gGy, GB11 20
IFNy FITC Ms IgG2b, k 25723.11 20
HLA-DR APC-Cy7 Ms 19G2a, G46-6 5
TIM-3* APC Ms 19G,, k F38-2E2 )
APC lIsotype control APC Ms 19G, MOPC-21 20
APC-Cy7 Isotype control APC-Cy7 Ms 1gGaa, K G155-178 2.5
BV421 Isotype control BVv421 Ms 19G2a, € G155-178 5
BV510 Isotype control BV510 Ms 19G2,, K X40 5
FITC Isotype control FITC Ms 1gG, x MOPC-21 20
FITC Isotype control FITC Ms IgM, « (G155-228 20
PE Isotype control PE Ms 1G4, MOPC-21 20
PerCP-Cy5.5 Isotype
control PerCP-Cy5.5 | Ms IgGaa, MOPC-173 2.5
PE-Cy7 Isotype control PE-Cy7 Ms 1G4, MOPC-21 5

Table 2.5. Mouse anti-human antibodies used in flow cytometry analysis.
Antibodies purchased from BD Biosciences (Oxford, UK) or eBiosciences (Hatfield, UK,

marked with *).
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RNA extraction from sorted cells

2.5 x 10 CD4 and CD8 T cells from tissue samples were sorted by flow cytometry into
Stratagene lysis buffer (Agilent Technologies, Stockport, UK) supplemented with 0.7% 2-
mercaptoethanol (Sigma, Poole, UK). Samples were stored at -80°C until processing. RNA
extraction was performed with an Agilent Nanoprep Kit (Agilent Technologies, Stockport,
UK). Samples were diluted 1:1 with 70% ethanol solution before transfer into a spin cup
fitted with a filter column. Spin cups were centrifuged at 12000 rpm, 12°C for 1 min. Filtrate
was reloaded into filter column and centrifuged at 12000 rpm, 12°C for 1 min. This step was
repeated once more. Filtrate was discarded and Low salt buffer (Agilent Technologies,
Stockport, UK) was added to the spin cups. Samples were centrifuged at 12000 rpm, 12°C for
1 min. Filtrate was discarded and spin cups were centrifuged at 12000 rpm, 12°C for 2 min to
allow membrane to dry. DNAse was diluted 1:5 and was added to the spin column. Samples
were incubated at 37°C for 15 min. High salt buffer (Agilent Technologies, Stockport, UK)
was added and samples were then centrifuged at 12000 rpm, 12°C for 1 min. Filtrate was
discarded and Low salt buffer was added to the spin cups. Samples were centrifuged at 12000
rpm, 12°C for 1 min and filtrate was discarded. Low salt buffer was again added to the
column and samples were centrifuged at 13000 rpm, 12°C for 1 min. Filtrate was discarded
and spin cups were centrifuged at 12000 rpm, 12°C for 2 min to allow membrane to dry.
Elution buffer was added to the samples and incubated at room temperature for 30 min.
Samples were centrifuged at 13000 rpm, 12°C for 2 min, eluent was reloaded into the column
and samples were again centrifuged at 13000 rpm, 12°C for 2 min. This extracted RNA was
stored at -80°C.

cDNA synthesis of T cell RNA

Twenty nanograms RNA was reverse transcribed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Paisley, UK) and random hexamer primers.
Reactions were prepared in RNase-free 0.2 ml tubes on ice and contained 1 x RT buffer, 4
mM dNTP mix, 1 x random primers, 50 U MultiScribe Reverse Transcriptase, 20 U RNase
inhibitor made up to a 20 ul reaction volume with RNase/DNase-free water (all Applied

Biosystems, Paisley, UK):
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Tubes were gently vortexed and spun briefly in a microcentrifuge to eliminate air bubbles.
Reverse transcription was performed using a DNA Engine Thermal Cycler (MJ Research)

with the following conditions:

25 °C 10 min (primer annealing)

37 °C 120 min (first strand cDNA synthesis)

85 °C 5 min (inactivation of reverse transcriptase)
Hold 4 °C

The resulting cDNAs were stored at -20 °C.

RT-PCR of DNA from sorted T cells

RT-PCR analysis of sorted CD4+ and CD8+ T cells from tissue was performed by Dr. C.

Mirella Spalluto and Miss. Doriana Cellura

Quantitative PCR (gPCR) was performed using a 7900HT Fast Real-Time PCR System and
predesigned Tagman Gene Expression Assays (Applied Biosystems, Paisley, UK). Reactions
were prepared in duplicate in a 384 well PCR plate and contained 1 ul of cDNA generated as
described above, 1 x Tagman Universal Master Mix 1l No AmpErase UNG, 1 x Tagman
Gene Expression Assay buffer and made up to 5 pl reaction volume with RNase/DNase-free
water (all from Applied Biosystems, Paisley, UK). RNase/DNase-free water was used as a

negative control for these experiments, while no positive control was included.:
Reactions were performed using the following conditions:

95 °C 10 min (polymerase activation step)

Followed by 40 cycles of:

95 °C 15 sec (denaturing step)

60 °C 1 min (annealing and extension step)
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The following Tagman Gene Expression Assays were used:

CD27: Hs00386811_m1
CD57: Hs00218629_m1
CTLA-4:  Hs03044418 m1l
LAG-3; Hs00158563_m1
PDCD1: Hs01550088_m1
HAVCR2:  Hs00958618 m1
(TIM-3)

B2 M: Hs00984230_m1

Relative quantification of target gene expression was performed using the AACt method. 3,

microglobulin (B, M) was used as the endogenous control.

ELISpot

ELISpot was performed using ELISpot for Human IFN-y (MabTech, Sweden) and 0.45um
MultiScreen-IP Filter Plates (Millipore, Watford, UK) following manufacturer’s instructions.
Coating antibody (1-DIK) was diluted to 15ug/ml in sterile DPBS and was added to the wells
of the plate before overnight incubation at 4°C. MDMs were removed from 24-well culture
plate using Cell dissociation solution, non-enzymatic (Sigma, Poole, UK) and transferred to
sterile 1.5 ml eppendorfs. Cells were centrifuged at 400g, 4°C for 5 min before resuspension
in Serum-free (SF) RPMI (supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutmine and 250 ng/ml fungizone). MDMs were either not infected, or were treated
with 2.5 x 10* pfu/ml X31 Influenza A H3N2 virus or UVX31. Infected cells were incubated
at 37°C for 2 h. Excess virus was removed by washing five times with basal media before
resuspension with Reduced Serum (RS) RPMI (supplemented with 100 U/ml penicillin,
100pg/ml streptomycin, 2 mM L-glutmine and 250 ng/ml fungizone and 0.01% FCS).
Monocyte-depleted PBMCs were defrosted at room temperature and suspended in RS RPMI.
Excess antibody was removed from plate by washing five times with sterile DPBS before
replacement with SF RPMI for 30 min at room temperature (RT). Media was removed and
MDMs were added to the wells of the plate at a concentration of 5 x 10* cells/well. 1 x 10°
monocyte-depleted PBMCs, 1 x 10° CD4+ T cells or 1 x 10°> CD8+ T cells were added to
MDM-containing wells and incubated at 37°C for 22 h. MDM and T cells were also treated
with 100 nM fluticasone propionate (Sigma, Poole, UK), 50 nM retinoic acid (Sigma, Poole,
UK), 10 pg/ml PD-L1 blocking antibody or 10 pg/ml isotype control antibody (both
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eBiosciences, Hatfield, UK) Cells were removed from the plate and wells were washed x5
with sterile DPBS+0.05% Tween20 (Sigma, Poole, UK). Detection antibody (7-B6-biotin)
was diluted to 1 pg/ml in sterile DPBS+0.5% FCS and was added to the wells of the plate
before 2 h incubation at RT. Excess antibody was removed from plate by washing x5 with
sterile DPBS before replacement with Streptavidin-ALP (diluted 1:1000 in sterile DPBS+0.5%
FCS) and was incubated for 1 h at RT. Excess antibody was removed from plate by washing
five times with sterile DPBS before replacement with substrate solution (BCIP/NBT diluted
1:1:8 in sterile H20). Plate was incubated at RT for 2-5 m until clear spots were visible. At
this point wells were washed five times with H,O and were allowed to dry at RT. Spot
development was analysed using an AID EliSpot Reader (Germany) and AID EliSpot
Software (Germany).

Statistics

Analysis of two groups was performed using either students t-test (parametric) or Wilcoxon
signed rank test (non-parametric) according to sample variance within groups. Unpaired data
was analysed using a Mann-Whitney test. For analysis of more than 2 groups, one-way
ANOVA tests or Friedman tests were performed. GraphPad Prism (v6, GraphPad Software
Inc., San Diego, USA) was used to perform statistical tests, Significance was determined by
p<0.05 (*).
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Chapter 3

Identifying Lung Resident Cells
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Introduction

COPD is a heterogeneous condition involving a multitude of cell types and immune
mechanisms. Epithelial cells, alveolar macrophages and T cells present in the lung may be
involved in abnormal or deregulated responses in COPD, but would not be identified in the
blood. It is therefore vital that the site of disease, the lung, is studied rather than potential
secondary effects in the periphery. The analysis of lung parenchyma from human donors
allows for the study of cells within the lung which may be implicated in the progression of
COPD.

A pitfall encountered during research into tissue derived cells is that the preparation of these
cells and tissues for analysis may alter the populations wishing to be studied. Flow cytometry
is a valuable tool used to identify individual cells and cell populations, but this is only
possible when a sample is in a single-cell suspension. Enzymatic digestion of tissue can result
in the degradation and loss of the CD4 surface marker on T cells (Ford et al., 1996), and
increased digestion times may increase cell yield but decrease marker expression. This
chapter details the endeavours to yield CD4+ and CD8+ T cells, epithelial cells and
macrophages from lung parenchymal tissue while preserving the characteristics of cells

present in the lung.

Protocols used previously within our research group accounted for the potential loss of CD4
expression due to collagenase treatment, and T cells were defined as CD8+ or CD8- (Hinks,
2013). This CD8- population would include CD4+ T lymphocytes, but also innate-like cells
such as NK T cells, MAIT cells and novel ILC populations (Moro et al., 2010; Tindemans et
al., 2014). For this study, the aim was to optimise the digestion protocol to ensure both CD4+
and CD8+ T cells could be identified from human lung parenchyma. Digestion protocols
would also require the yield of sufficient numbers of epithelial cells and macrophages. Initial
experiments were performed using PBMCs to evaluate the effect of collagenase on T cells.
Subsequent experiments were performed using human tissue to ensure adequate cell yield

using the re-defined protocol.
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Results and comments

Collagenase digestion duration does not affect cell viability or CD3 expression of T cells

from blood

Initial collagenase experiments were performed with PBMCs rather than lung parenchyma in
order to assess the direct effect of collagenase on surface marker expression and viability of
the lymphocyte population. Any loss of viability or receptor expression in the PMBC model
would be the direct result of collagenase treatment. Previous work performed by the group
indicated that a 90 min collagenase digestion of lung parenchyma yielded good numbers of
epithelial cells, macrophages and, importantly, T cells (Vijayanand et al., 2007). This was
adopted as a “GOLD standard” by which to compared optimised protocol. Reduction of
digestion time was one alteration to protocol which may preserve cell surface markers, but

also may affect cell yield.

The duration of collagenase | treatment of PBMCs did not affect cell viability. At 15 min, 30
min, 60 min and 90 min digestion times, viability was unchanged with means ranging from
61.6% to 63.6% of the PBMC population (Figure 3.1). T cells from PBMCs were defined as
singlet, live CD3+ cells (Figure 2.2.F). Using an identical protocol, the proportion of CD3+ T
cells remained similar (ranging between 38.3% to 40.3% of live cells) at all incubation times
(Figure 3. 2).
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Figure 3.1. Proportion of live cells obtained from collagenase treatment of PBMCs.
PBMCs were suspended in 1 mg/ml collagenase I solution and incubated at 372C with a
magnetic stirrer. LIVE/DEAD® Fixable Aqua Dead Cell Stain was used to select live cells.
n = 5. Mean and SEM shown. One-way ANOVA performed.
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Figure 3.2. Proportion of live CD3+ cells obtained from collagenase treatment of
PBMCs. PBMCs were suspended in 1 mg/ml collagenase I solution and incubated at
372C with a magnetic stirrer. CD3+ cells were gated on the live singlet cell population. n
= 6. Mean and SEM shown. One-way ANOVA performed.

Collagenase digestion duration reduces CD4, but not CD8, expression by T cells from
blood

With no loss of cell viability or the CD3 surface marker, CD4 and CD8 expression was
measured using this protocol. A small but significant decrease in T cells expressing CD4 was
recorded (mean decreasing from 48.8% to 43.6%, ANOVA p = 0.0127) with increasing
duration of collagenase treatment (Figure 3.3). This is in agreement with Grange et al.
(Grange et al., 2011) but not Abuzakouk et al. (Abuzakouk et al., 1996) who recorded no loss
of CD4+ T cell detection after collagenase treatment. CD8 expression was unaffected by
treatment duration (Figure 3.4) with means ranging from 33.3% to 34.6%. Double negative
(DN) T cells are characterised by CD3+CD4-CD8- surface expression (Figure 2.3). Figure
3.5 shows a significant increase in the DN population from a mean of 15.9% to 21.2% as
digestion time increases (ANOVA p = 0.0242). The increase in DN cells may be accounted
for by CD4+ T cells losing this cell surface marker at the 60 min and 90 min time points.
These CD4+ cells would be incorrectly identified as DN with longer digestions. Shorter

digestion times were favoured in future work to preserve the CD4+ T cell population.

74



80 A

CD3+CD4+ (%)
S o
o o
[ L

N
o
1

0 T T T T
15 30 60 90

Time (min)

Figure 3.3. Proportion of live CD3+CD4+ cells obtained from collagenase
treatment of PBMCs. PBMCs were suspended in 1 mg/ml collagenase I solution and
incubated at 372C with a magnetic stirrer. CD4+ cells were gated on the live singlet
CD3+CD4+CD8- population. n = 6. Mean and SEM shown. One-way ANOVA p =0.0127
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Figure 3.4. Proportion of live CD3+CD8+ cells obtained from collagenase
treatment of PBMCs. PBMCs were suspended in 1 mg/ml collagenase I solution and
incubated at 372C with a magnetic stirrer. CD8+ cells were gated on the live singlet
CD3+CD4-CD8+ population. n = 6. Mean and SEM shown. One-way ANOVA performed
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Figure 3.5. Proportion of live CD3+CD4-CD8- (DN) cells obtained from collagenase
treatment of PBMCs. PBMCs were suspended in 1 mg/ml collagenase I solution and
incubated at 372C with a magnetic stirrer. DN cells were gated on the live singlet
CD3+CD4-CD8- population. n = 6. Mean and SEM shown. One-way ANOVA p = 0.0242.

Collagenase concentration does not affect cell viability or surface marker expression in
PBMCs

The duration of 1 mg/ml collagenase treatment was shown to affect surface marker
expression, but this may be lost at lower concentrations. Incubation time was 15 min for all
experiments as this conserved CD4 to the greatest extent. As with previous experiments, cell
viability and CD3 marker expression was unchanged with collagenase concentration.
Increased collagenase concentration does not reduce CD4 expression (Figure 3.6) nor CD8
expression (Figure 3.7) during the 15 min treatment. DN populations also remained
unchanged. Figure 3.6 represents values observed from 2 experiments. Values were not
similar between experiments but the trends in response to increased collagenase treatment are

similar. Therefore data from experiments were not combined and are shown individually.
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Figure 3.6. Proportion of live CD3+CD4+ cells obtained from collagenase
treatment of PBMCs. PBMCs were suspended in collagenase I solution at the
concentrations indicated and incubated at 372C for 15 min with a magnetic stirrer.
CD4+ cells were gated on the live singlet CD3+CD8- population. n = 2.

80 A

o
o
L

—t+—+

0 T T T
0.1 0.25 0.5 1

CD3+CD8+ (%)
N »
o o
1 1

Collagenase (mg/ml)

Figure 3.7. Proportion of live CD3+CD8+ cells obtained from collagenase
treatment of PBMCs. PBMCs were suspended in collagenase I at the concentrations
indicated solution and incubated at 372C for 15 min with a magnetic stirrer. CD8+ cells
were gated on the live singlet CD3+CD4- population. n = 2. Mean and SD shown.
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Non-enzymatic tissue disaggregation methods alone are not sufficient to vield high

numbers of lung resident cells

As collagenase appeared to slightly reduce surface expression of CD4 and CD8 markers in
PBMC, initial experiments using resected lung tissue investigated a non-enzymatic tissue
disaggregation protocol utilising the GentleMACS Dissociator (Ruckwardt et al., 2010;
Szymczak and Deepe, 2009). This method may preserve cell surface marker expression, but
cell yield and cell viability were unknown prior to examination. Figure 3.8 shows the number
of cells obtained from lung parenchyma using the GentleMACS Dissociator or by
collagenase digestion. GentleMACS vyielded a mean of 4,726 cells per mg of tissue. Although
not statistically significant, this is lower than collagenase digestions of 30 min
(mean=17,125), 60 min (mean=15,487) and 90 min (mean=12,083). As 3-4 times fewer cells
were recovered from GentleMACS disaggregation than collagenase treatment, non-enzymatic

digestion methods were not pursued for subsequent experiments.
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Figure 3.8. Numbers of cells obtained from GentleMACS dissociation or
collagenase treatment of lung parenchymal tissue. 1 cm3 sections of tissue were
disaggregated using a GentleMACS Dissociator (GM) or digested with 0.5 mg/ml
collagenase solution with a magnetic stirrer for 30 min, 60 min or 90 min. Cell yield is
normalised to wet weight of tissue. n = 4. Mean and SEM shown.
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Viability and T cell marker retention after collagenase digestion of lung parenchymal

tissue

Analysis of cell surface marker expression on collagenase treated PBMCs allowed for the
direct effects on T cells to be studied. As the key markers were relatively well preserved,
similar experiments were performed using human lung tissue samples to ensure the protocol

was sufficient to yield T cells from the complex cellular matrix of the tissue.

In agreement with Hagman et al. (Hagman et al., 2012), the duration of digestion did not
affect the viability of cells yielded from the tissue (Figure 3.9). The proportion of live cells
was between 8.6% to 11.2% of singlet cells, which was reduced from ~60% of PBMCs.
Antibodies for the surface marker CD45 were included for tissue analysis, and the T cell
population was defined as CD45+CD3+ cells. The proportion of CD45+CD3+ cells is
unchanged (mean range 22.9% to 27%) with increased digestion time (Figure 3.10). A mean
range of 22.9% to 27% CDA45+ cells recovered from tissue were thus defined as T cells,

compared to ~40% in blood.
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Figure 3.9. Proportion of live cells obtained from collagenase treatment of lung
parenchymal tissue. 1 cm3 sections of tissue were digested with 0.5 mg/ml collagenase
solution with a magnetic stirrer for 15 min, 30 min, 60 min or 90 min. LIVE/DEAD®
Fixable Aqua Dead Cell Stain was used to select live cells. n = 6. Mean and SEM shown.
One-way ANOVA performed.

79



N w IN
o o o
L L 1

CD45+CD3+ (%)

=
o
1

Time (min)

Figure 3.10. Proportion of live CD45+CD3+ cells obtained from collagenase
treatment of lung parenchymal tissue. 1 cm3 sections of tissue were digested with 0.5
mg/ml collagenase solution with a magnetic stirrer for 15 min, 30 min, 60 min or 90
min. T cells were defined as singlet live CD45+CD3+. n = 6. Mean and SEM shown. One-
way ANOVA performed.

Increased collagenase digestion time trended towards a decreased CD4+ population from a
mean of 17.7% to 11.2% (Figure 3.11), but this did not reach the statistical significance
achieved by PBMC work (p = 0.38). CD8+ populations were conserved with increased time,
accounting for 42.7% to 49.4% of T cells recovered from parenchyma (Figure 3.12). The
population of DN T lymphocytes increased significantly (ANOVA p=0.02) from a mean of
31% to 45.7% (Figure 3.13). This increase of 14%-15% of the DN population may be due to
the ~6% and ~7% loss seen in the CD4+ and CD8+ populations seen after 90 min digestion.
The optimal conditions for further lung parenchymal digestion work were a collagenase

concentration of 0.5 mg/ml and a digestion time of 15 min.
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Figure 3.11. Proportion of live CD45+CD3+CD4+ cells obtained from collagenase
treatment of lung parenchymal tissue. 1 cm3 sections of tissue were digested with 0.5
mg/ml collagenase solution with a magnetic stirrer for 15 min, 30 min, 60 min or 90
min. CD4+ cells were gated on the live singlet CD45+CD3+CD4+CD8- population. n = 6.
Mean and SEM shown. One-way ANOVA performed.
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Figure 3.12. Proportion of live CD45+CD3+CD8+ cells obtained from collagenase
treatment of lung parenchymal tissue. 1 cm?3 sections of tissue were digested with 0.5
mg/ml collagenase solution with a magnetic stirrer for 15 min, 30 min, 60 min or 90
min. CD8+ cells were gated on the live singlet CD45+CD3+CD4-CD8+ population. n = 6.
Mean and SEM shown. One-way ANOVA performed

81



80 -

60 -

40 A

20 A

CD45+CD3+CD4-CD8- (%)

Time (min)

Figure 3.13. Proportion of live CD45+CD3+CD4-CD8- cells obtained from
collagenase treatment of lung parenchymal tissue. 1cm3 sections of tissue were
digested with 0.5 mg/ml collagenase solution with a magnetic stirrer for 15 min, 30 min,
60 min or 90 min. DN cells were gated on the live singlet CD45+CD3+CD4-CD8-
population. n = 6. Mean and SEM shown. One-way ANOVA p = 0.02.

Identification of memory T cell phenotypes in blood and tissue

T cells which have not been exposed to their specific antigen as designated by their TCR are
naive T cells. These T cells are most commonly found in the blood and lymph nodes and
require co-stimulation from APCs to be activated. Naive T cells can be defined by
CD45RA+CCR7+ expression. After naive T cell activation, T cells have the potential to
differentiate into memory cells. Memory cells are long-lived and do not require co-
stimulation in order to proliferate and perform other effector functions (Sallusto et al., 1999).
Central Memory (Tcwm) T cells migrate to, and are found in, lymphoid organs and tertiary
lymphoid structures (Forster et al., 1999). This memory phenotype of T cells can be defined
by CD45RA-CCR7+ expression. Upon recognition of antigen they can migrate to the site of
infection to clear pathogens (Masopust et al., 2001). Effector Memory (Tem) T cells can be
defined by CD45RA-CCR7- expression. Tem cells are potent cytokine producers and can
promote T cell anti-viral responses through secretion of IFNy and cytotoxic killing of
infected cells (Sallusto et al., 1999). Memory T cells which are CD45RA+CCR7- appear to
be terminally differentiated effector memory cells (Koch et al., 2008).
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A key outcome for optimisation of the parenchyma digestion protocol was to allow for
identification of T cells in the lung. Tissue was washed thoroughly with DPBS before resting
and digestion in an attempt to rinse T cells present in blood vessels and capillaries out of the
sample. To confirm that T cells from tissue were not derived from blood, the proportions of

naive and memory T cells from tissue and PBMCs was compared (Figure 3.14).

The proportion of blood naive CD4+ T cells was approximately 45% of CD3+ cells, with
central memory cells accounting for 29%. CD4+ effector memory cells accounted for 21% of
this population, with 4.5% CD4+ T cells expressing and Temra phenotype. In blood naive
CD8+ T cells were the dominant phenotype, with 74.5% of cells expressing CD45RA and
CCR7. Tcm and Temra both accounted for 10% of CD8+ cells, with Tem representing
approximately 5%.

In tissue (Figure 3.15), Tem population is dominant with a mean proportion of 91.3% with
Temra Cells accounting for a mean of 7.2% of the CD4+ population. Naive CD4+ T cells
were detected at <1% in all tissue samples. A similar pattern was identified with CD8+ T
cells. In tissue, the majority of CD8+ T cells are either Tem (mean = 52.8%) or TEmMrA (Mmean
= 42.5%) cells. As with CD4+ T cells, the naive CD8+ population represented only a small
proportion of cells identified in tissue.

CCR7 expression is used to identify naive T cells and Tcwm cells. To ensure that the low
expression of CCR7 in tissue was not due to collagenase cleavage of CCR7, PBMCs were
incubated with or without collagenase. The mean sMFI for collagenase treated samples was
22, while non-treated samples expressed a mean sMFI of 37. Therefore CCR7 expression
may be reduced in response to collagenase treatment, but it was not ablated to the extent that

naive and Tcwm populations would not be detectable.
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Figure 3.14. Naive and Tmem cell populations in blood and tissue. PBMCs were
isolated from blood using Ficoll-Paque density centrifugation. Tissue was prepared as
previously described and digested in 0.5 mg/ml collagenase solution for 15 min. (A+C)
T cell populations were gated on a singlet CD3+CD4+CD8- population or (B+D) a singlet
CD3+CD4-CD8+ population. (A) CD4+ memory populations and (B) CD8+ populations
in blood. (C) CD4+ memory populations and (D) CD8+ populations in lung parenchymal
tissue.
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Figure 3.15. Memory T cell populations in human lung parenchyma. Lung tissue
was digested with collagenase and cells analysed by flow cytometry. (A) Proportion of
CD4+ (B) and CD8+ memory T cells are gated on the CD3+CCR7- population. n = 12.
Mean and SEM shown. Mann-Whitney test was performed to compare control and COPD
samples.
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Optimisation of RT-PCR protocol

CD4+ and CD8+ T cells from lung parenchyma were gated and sorted for PCR analysis of
genes associated with T cell exhaustion and senescence. In preparation for this work, the
required number of cells to be sorted was evaluated. CD4+ and CD8+ T cells from tissue
were sorted into Stratagene lysis buffer supplemented with 2-mercaptoethanol. RNA was
extracted from T cells and cDNA was generated. The expression of the housekeeping genes
GNBL1 and YWHAZ were measured by RT-PCR (Figure 3.16). Using 1 X 10° CD4+ or
CD8+ T cells generated a Ct value of 33.1 and 33.9 respectively for GNBL1. Increasing the
cell number used to 1 x 10* CD4+ or CD8+ T cells resulted in decreases Ct values (30.7 and
31.3 respectively). 2.5 x 10* CD4+ T cells recorded a Ct value of 27.6 and CD8+ T cells a Ct
value of 29.3. The Ct value observed for 5 x 10* CD8+ T cells continued this pattern of
decline with a value of 27.2. Use of 5 x 10* CD4+ T cells, however, recorded an increased Ct
value of 29.6. Analysis of the YWHAZ gene followed a similar patter to GNBL1, but Ct
values were higher at all cell concentrations. 1 x 10° CD4+ or CD8+ T cells generated a Ct
value of 38.5 and 37.2 respectively for YWHAZ. Increasing cell numbers used to 1 x 10*
CD4+ or CD8+ T cells resulted in decreases Ct values (34.4 and 34.7 respectively). Use of
2.5 x 10* CD4+ or CD8+ T cells recorded Ct values of 32.6 and 32. The lowest Ct values for
this gene were recorded with 5 x 10* CD4+ or CD8+ T cells (31.9 and 30 respectively). The
concentration of cells to be used in future experiments was 2.5 x 10* as this concentration
recorded low Ct values for both housekeeping genes. Although the use of 5 x 10* CD8+ T
cells recorded a lower Ct value, the increase seen in the CD4+ T cell sample compared to 2.5

x 10 cells was unfavourable.
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Figure 3.16. Housekeeping gene expression by lung CD4+ and CD8+ T cells. RT-PCR

was performed with 1 x 10°, 1 x 10%, 2.5 x 10* or 5 x 10* CD4+ or CD8+ T cells. (A) GNBL1
or (B) YWHAZ gene expression. Expression represented as cycle threshold.
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Conclusions

To avoid or limit potential loss of cell surface markers on tissue resident cell populations,
several groups have investigated non-enzymatic tissue disaggregation methods. Initial
attempts were time consuming, labour intensive or inefficient, requiring tissue aspiration
(Ottesen et al., 1996), pressing (Singh, 1998) or scraping (Cornacchiari et al., 1995) to yield
cells. As technology progresses so does the evolution of laboratory protocol. More recent
studies have utilised automated tissue dissociation devices to rapidly relinquish cells from
tissues. Novelli et al. (Novelli et al., 2000) performed tissue digestions using a Medimachine
(DAKO — Agilent technologies). Decreased total cell number and cell viability was recorded
compared to a methodology which included collagenase digestion. Grange et al. (Grange et
al., 2011) also reported a decreased viability of cells obtained via Medimachine than
collagenase alone. GentleMACS is a more modern technology employed for a similar
purpose, but this too requires refinement to achieve yields gained by enzymatic digestion.
These findings suggest that mechanical disaggregation alone does not allow for an optimal
cell yield and also contribute to cell death.

Cell viability recorded in blood samples was significantly greater than in tissue samples. This
may be in part due to the process in which tissue is obtained. Tissue samples are removed
during surgery and stored in PBS before transportation to the laboratory. This can occur
immediately, but as the priority in theatre is the patient, tissue transportation may be delayed.
The length of time between lung parenchyma removal from the patient and arrival in the
laboratory has not been studied by the group to determine differences in cell viability.
Furthermore, while LIVE/DEAD staining was used in experiments performed in this chapter,
degree of tissue necrosis or the “tissue quality” was not measured. Thus there may be

unrecorded variation in tissue beyond the patient classification of control and COPD.

Incubation of PBMCs or human lung tissue in a collagenase solution for up to 90 min did not
affect cell viability. Hagman et al. (Hagman et al., 2012) investigated the viability and yield
of lymphocytes from adipose tissue after collagenase digestion. The group found that
viability of cells was unchanged between 30 min and 120 min digestion times. Furthermore,
CD3 expression was also unaffected by increased digestion time. Our data presented here in
Chapter 3 agree with these findings, but in the context of lung parenchyma.
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Analysis of the effects of collagenase in tissue is more complex than blood, as lung
parenchyma is in part comprised of cells which are capable of producing proteases and other
digestive enzymes. CD4 expression is partially lost in PBMCs digestions but only trends
towards loss in tissue. This indicates that collagenase does have a direct effect on CD4 and
does not require other enzymes, such as matrix metalloproteinases, to cleave the cell surface
marker. Despite several studies reporting decreased detection of CD4+ lymphocytes as a
result of enzymatic digestion (Van Damme et al., 2000), the mechanisms by which CD4 is
lost is unknown. Our finding that CD4 expression is reduced in blood suggests either direct
cleavage of CD4 or recycling of surface CD4 to intracellular vesicles. Concentrations of
collagenase were similar for PBMC and lung tissue experiments. A greater variety of cell
types and the inclusion of structural cells may limit the effect of collagenase in parenchyma
compared to PBMCs alone. Loss of CD4 expression may have been enhanced in tissue if a

greater concentration of collagenase was used.

The population of CD4+ T cells which lose CD4 expression are accounted for by an
increased proportion of DN T cells. The DN T cell compartment is comprised of a wide
variety of innate T cell subsets. MAIT cells, NK T cells and DN Treg cells have been
identified in DN populations. These cells have been implicated in several pathogenic diseases,
autoimmunity and transplantation (Juvet and Zhang, 2012; Prezzemolo et al., 2014; Wang et
al., 2013). Misidentification of CD4+ T cell as DN cells may endow functions to these
subsets that are associated with CD4+ counterparts. Enzymatic digestions must be performed
with caution, with close examination of cell surface marker preservation. Experiments
performed in this chapter finalised the tissue digestion protocol which would be performed in
subsequent chapters.

The misidentification of cells derived from tissue with cells present in blood may prevent
accurate quantification of T cell phenotypes at the site of interest. What is apparent is that the
balance between memory and naive T cells is altered between blood and tissue. The
migration of naive T cells into the lungs during infection has been identified in both the acute
(Heidema et al., 2008) and chronic setting (Vezys et al., 2006). With the very low numbers of
naive T cells in tissue, the process of migration from the blood into the lung parenchyma may
induce maturation and differentiation into effector cells. Furthermore, with a smaller

fractional naive T cell population in tissue compared to blood, it is likely that T cells within
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the blood vessels of tissue samples only contributed a very small proportion of the total

lymphocyte population.

Tmem cells are found in greater proportions in the lung than in blood (de Bree et al., 2007; de
Bree et al., 2005; Purwar et al., 2011). Although this has been established in both murine
models and humans, there is a poor consensus on their phenotype and function. This may
largely be due to variable gating strategies when identifying Tmem cells. In an effort to fully
characterise Tmem populations in the lungs, several combinations of receptors have been
identified in the literature. These include CD45RO (Purwar et al., 2011), CD45RA (de Bree
et al., 2005; Purwar et al., 2011), CCR7, CD127 (Vezys et al., 2006; Zhou and McElhaney,
2011), CD25 (Zhou and McElhaney, 2011), CD69 (Appay et al., 2008a; Kotturi et al., 2011;
West et al., 2011) and CD28 (de Bree et al., 2005; Henson et al., 2011). Furthermore, other
markers used to identify Tmem cells may be modulated by stimulation or exhaustion (Akbar
and Henson, 2011; Duraiswamy et al., 2011; Jin et al., 2010; Punkosdy et al., 2011; Wang et
al., 2011; Zhou and McElhaney, 2011), and thus compromise identification of T cells in
models of viral infection. The expression of CD45RA and CCR7 was used to define naive
and Tmem cells in this study. Flow cytometry at facilities at Southampton University allowed
for 9 fluorochromes to be used per sample. Expression of CD45RA and CCR7 could be used
to identify 4 populations of T cells; naive T cells, Tcm, Tem and Temra. As only two
flurochromes were used to define the Tmem populations, remaining fluorochromes could be
used to identify T cell functional markers, such as PD-1, TIM-3, CD107a and CD57.
Expression of functional markers could be measured on the naive and memory T lymphocyte

populations to further define their phenotype.

Tem and Temra populations may be dominant in lung parenchyma due to their ability to
respond rapidly to the recognition of pathogens (Sallusto et al., 1999). T memory cells do not
require stimulation by antigen presenting cells to perform effector functions, and may limit
infection until T cells are recruited from the periphery (Ely et al., 2003; Heidema et al., 2008).
Furthermore, there is evidence that naive T cell may not express appropriate adhesion
molecules to remain in tissue in the steady-state (Cerwenka et al., 1999; Galkina et al., 2005).
Sorting of CD4+ and CD8+ T cells from lung tissue yields highly purified populations which
can be further investigated. RT-PCR can be performed using sorted cell populations which
allows for measurement of gene expression. This is especially useful if the gene of interest

does not regulate the expression of a cell surface marker which could be identified by flow
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cytometry. CD4+ and CD8+ T cells were sorted in adequate numbers to yield sufficient RNA.
This RNA in turn was used to perform RT-PCR with the GNBL1 and YWHAZ housekeeping
genes, identifying their expression in CD4+ and CD8+ T Ilymphocyte populations.
Optimisation of cell numbers required for RT-PCR was required for Chapter 4, in which
expression of genes associated with senescence and exhaustion were quantified in T cell

populations.
Work performed in Chapter 3 identified the effects of collagenase on cell viability, CD3,

CD4, CD8 and CCR7 expression. Optimisation of tissue digestion has generated a robust

model for investigating lung resident T cell populations from explanted tissue.
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Chapter 4

Lung Resident Inflammatory Cell Populations in

Health and COPD
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Introduction

Chapter 3 detailed the development of the protocol used to identify cells from human lung
parenchyma. This protocol allowed for conservation of the CD4+ and CD8+ T cell markers,
and also the identification of macrophages. Tmem populations were also identified in both

blood and lung parenchyma.

Differences in inflammatory cell populations both in lung parenchyma and the periphery can
indicate an imbalanced immune response. Skewing of inflammatory cell populations could
indicate a role for cells in either a protective or pathological role in disease. Recurrent
respiratory infections in COPD patients (Hurst et al., 2010) may result in a greater anti-viral
CD8+ T cell population in their lungs compared to controls who are either have competent
barrier functions preventing infection, or functioning immune responses to clear infection

during the acute phase.

Characterisation of T cells human cancers and murine models of chronic infection have
revealed that T cell exhaustion occurs at the tumour site (Ahmadzadeh et al., 2009) or site of
infection (Aubert et al., 2011; Barber et al., 2006). Therefore the importance of characterising
T cell phenotypes in lung parenchyma is crucial in the understanding of lymphocyte
functions in COPD. As COPD individuals are more susceptible to viral infections, T cells
may become exhausted due to chronic antigen exposure. This exhaustion may be responsible

for more severe symptoms in COPD patients during viral infection (Mallia et al., 2011).

T lymphocytes from tissue were identified and cell surface expression of PD-1 and TIM-3
were measured by flow cytometry. CD4+ and CD8+ T cells were sorted by FACS and further
phenotypic markers were analysed at a gene expression level using RT-PCR (Table 4.1).
Identification of T cell phenotype requires several markers to distinguish between activation,
exhaustion or protective roles of T cells. T lymphocytes were also quantified and phenotyped
by their cell surface expression of PD-1 and CD57, revealing potential functional

characteristics of Tem and Temra cells.
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Marker/Gene Function
Loss of expression indicates T cells are fully differentiated. Negative
CD27 : : .
expression suggests cytotoxic function.
CD57 Marker of T cell senescence
CD152 - . : L
(CTLA-4) Inhibitory receptor inducing T cell inhibition
CD223 :
(LAG-3) Marker of T cell exhaustion
CD279 Marker of T cell exhaustion. Also expressed on activated T cells
PD-1 (PDCD1) '
TIM-3 .
(HAVCR2) Marker of T cell exhaustion

Table 4.1. Genes analysed by RT-PCR and their function.
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Results and Comment

Patient Cohort

Blood and lung parenchyma analysed in Chapter 4 was obtained from the patient cohort
described in Chapter 2. Tissue from the entire cohort was not used in these experiments due
to limited mass of tissue obtained after surgery. Table 4.2 details patient data used in this
chapter. Numbers of control (n=20) and COPD (n=24) individuals was similar, and groups
were age matched. Proportions of males and females were similar between groups. Pack
years appeared to be greater in COPD patients than controls (28.50 + 27.60 vs. 46.49 + 30.69)
but this was not statistically significant (p = 0.1). FEV1% was significantly lower in COPD
than controls (95.28 + 16.99 vs. 76.21 + 15.73). Thus the control and COPD individuals
analysed in Chapter 4 are similar to the entire cohort.

Control COPD p Value
n 20 24 §
Age (60.2%5;0754.75) (59?7750-474) 09
Gender M/F 9/11 12/12 -
(Neve?/gg}(glrjrrent) 511174 171677 -
Pack Years (0.87258;5505.25) (294—6546?25) 0.1
cosmoms |y | i
FEV1% (80.1%522511.8) (64.526i2§8.88) 0.001
FEV/FVC% (0.72%7—63.807) (0.5281'5—95.668) < 0.0001

Table 4.2. Patient phenotypes of individuals used in cell proportion work.
Individuals were defined as COPD by spirometry if FEV;/FVC <0.7. Mean and IQR shown.
Unpaired t test or Mann-Whitney test performed.

Peripheral T cell populations are unchanged in COPD

The identification of T lymphocytes had been optimised for blood and lung parenchyma in
Chapter 3. Optimisation allowed for T cell populations in blood and tissue to be compared
between control and COPD patients. CD4+ (Figure 4.1A) and CD8+ (Figure 4.1B) T cell
populations in blood were measured from control and COPD patients. The proportion of
CD4+ T cells was unchanged in disease (p = 0.6). A mean of 65% T cells were CD4+ in
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controls compared to 59.2% in COPD patients. CD8+ cells comprised 24.4% of T cells in
controls and 31.9% in COPD patients but this was not statistically significant (p = 0.6).

Control COPD 0 Value
n 7 5 §
67.86 68
s (63-73) (60— 75.5) 0.98
Gender M/F 4/3 0/5 -
Smoker -
(Never/Ex/Current) 17412 0/4/1
24.43 71.9
Pack Years 0 40) 301185 0.034
Cancer Diagnosis
(Yes/Unknown) al3 2/3 -
92.59 64.64
0,
TRV (75-112.7) (53.65 — 74.45) 0.02
0.742 0.577
0,
PEVIFVER (0.71-0.782) (0.462 - 0.679) 0.004

Table 4.3. Patient phenotypes of individuals used in PBMC experiments.
Individuals were defined as COPD by spirometry if FEV;/FVC <0.7. Mean and IQR shown.
Unpaired t test performed.
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Figure 4.1. T cell populations in blood of control and COPD patients. PBMCs were
separated from blood using Ficoll-Paque density centrifugation and cells were analysed by
flow cytometry. T lymphocytes were defined as live singlet CD3+ cells. (A) Proportion of
CD4+ (B) and CD8+ T cells are gated on the live CD3+ population. Controln =7, COPD n =
5. Mean and SEM shown. Unpaired students t test was performed.
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PD-1 is in not expressed by T cells in the periphery but is upregulated upon stimulation

Although T cell proportions in blood were unchanged between health and disease, the
potential for T lymphocytes to express an exhausted phenotype in COPD had not yet been
established. PD-1 expression in blood was not seen in LCMV murine models of chronic
infection, but had been detected in humans with HIV (Peretz et al., 2012; Trautmann et al.,
2006). A recent study by Kalathil et al. (Kalathil et al., 2014) detected PD-1 expression in a
population of blood CD4+CD127+ T cells, although there was no evidence of functional
exhaustion. T cells from human blood were analysed for their expression of PD-1. Samples
taken from control and COPD patients recorded undetectable or very low proportions of T

cells expressing PD-1 (Figure 4.2).
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Figure 4.2. Proportion of peripheral T cells expressing PD-1. PBMCs were separated
from blood using Ficoll-Paque density centrifugation and cells were analysed by flow
cytometry. T lymphocytes were defined as live singlet CD3+ cells. (A) Proportion of
CD4+ (B) and CD8+ T cells are gated on the live CD3+ population. Control n = 2, COPD =
4. Mean and SEM shown.

A cohort of healthy individuals was recruited to observe T cell responses to stimulation. To
investigate the regulation of PD-1, T cells were stimulated with PMA and ionomycin to
activate T cells and induce PD-1 upregulation (Figure 4.4). Untreated CD4+ and CD8+ T
cells expressed low levels of PD-1 at all recorded time points during the assay. At 24 h CD4+
(p = 0.006) and CD8+ (p = 0.03) T cells significantly upregulated PD-1 compared to
unstimulated controls. Thus PD-1 expression can be induced in human T cells and could be

detected by flow cytometry.
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Figure 4.3. Representative plot of PD-1 expression by T cells stimulated by PMA and
ionomycin. PBMCs were cultured at a concentration of 1 x 10° cells/ml in RPMI and treated
with PMA (25ng/ml) and ionomycin (100ng/ml) for 24h. PD-1 expression was measured by
flow cytometry after incubation with fluorescently-labelled antibody. (A) CD4+ T cells (D)
and CD8+ T cells stained with isotype control antibody. (B) PD-1 expression by unstimulated
CD4 T cells (E) and CD8 T cells. (C) PD-1 expression by stimulated CD4 T cells (F) and
CD8 T cells. Plots representative of 3 experiments.
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Figure 4.4. PD-1 expression is upregulated on stimulated T cells from blood. PBMCs
were cultured at a concentration of 1 x 10° cells/ml in RPMI and treated with PMA (25ng/ml)
and ionomycin (100ng/ml) for lhr, 2h or 24h. PD-1 expression was measured by flow
cytometry after incubation with fluorescently-labelled antibody. T lymphocytes were defined
as singlet CD3+ cells. (A) The expression levels on individual cell (sSMFI) was measured for
CD4+ (B) and CD8+ cells. n = 3. Mean and SEM shown. Paired students t test used to
determine p value between 2 groups. (*) represents p < 0.05, (**) represents p < 0.01.
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Stimulation of T cells isolated from blood generated functional immune responses (Figure 4.6
and Figure 4.8). Intracellular staining of CD8+ T cells showed an increased granzyme B
production after 24 h stimulation (p = 0.028) compared to 1 h. This is an expected result due
to the cytotoxic functions of CD8+ T lymphocytes. The granzyme B content of CD4+ T cells
was also increased by 24 h stimulation (p = 0.028). The cytotoxic capabilities of CD4+ T
cells is less well understood than CD8+ counterparts, but there is a growing literature to
suggest cytotoxic CD4+ cells are able to kill virally infected cells (Bratke et al., 2009; Fang
et al., 2012). Granzyme B expression is greater in CD8+ (mean sMFI = 296.3) than CD4+
(mean sMFI = 44.3) (p = 0.008). This suggests that although CD4+ T cells may produce
granzyme B, CD8+ T cells may be the dominant cytotoxic phenotype.

The production of IFNy by stimulated CD4+ and CD8+ T cells was also measured using flow
cytometry (Figure 4.8). The expression of IFNy by CD4+ T cells was not detected in
stimulated or unstimulated samples. CD8+ IFNy expression appeared to be upregulated at 24
h, but this was not significantly different to expression at 1 h (p = 0.112). The IFNy values
seen in unstimulated CD8+ T cell samples fluctuated between time points. At 1 h,
unstimulated CD8+ T cells expressed a mean sMFI of 1, which is in practical terms is
undetectable. At 2 h the mean sMFI was 47.33, and at 24 h it had returned to near-
undetectable mean sMFI of 6. Therefore while stimulation of CD8+ T cells induced IFNy
production as expected, CD4+ T cell responses were not observed. Table 4.4 illustrates the
responses of CD4+ and CD8+ peripheral T cells to PMA and ionomycin stimulation. The
poor quantification of [FNy production by T cells is likely due to a failure of the experiments
rather than the inability of T cells to produce IFNy. This prompted the decision to use
ELISpot to detect IFNy production rather than flow cytometry (Chapter 6).
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Figure 4.5. Representative plot of Granzyme B expression by T cells stimulated by PMA
and ionomycin. PBMCs were cultured at a concentration of 1 x 10° cells/ml in RPMI and
treated with PMA (25ng/ml) and ionomycin (100ng/ml) for 24h. Granzyme-B expression was
measured by flow cytometry after incubation with fluorescently-labelled antibody. (A) CD4+
T cells (D) and CD8+ T cells stained with isotype control antibody. (B) Granzyme B
expression by unstimulated CD4 T cells (E) and CD8 T cells. (C) Granzyme B expression by
stimulated CD4 T cells (F) and CD8 T cells. Plots representative of 3 experiments.
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Figure 4.6. Granzyme B production by stimulated T cells from blood. PBMCs were
prepared to a concentration of 1x10° cells/ml in RPMI and treated with PMA (25ng/ml)
and ionomycin (100ng/ml) for 1hr, 2h or 24h. Granzyme b expression was measured by
flow cytometry after incubation with fluorescently-labelled antibody. T lymphocytes
were defined as singlet CD3+ cells. (A) The expression levels on individual cell (sMFI)
was measured for CD4+ (B) and CD8+ cells. n = 3. Mean and SEM shown. Friedman test
p = 0.028 for CD4+ and CD8+ cells. (*) represents p < 0.05.
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Figure 4.7. Representative plot of IFNy expression by T cells stimulated by PMA and
ionomycin. PBMCs were cultured at a concentration of 1 x 10° cells/ml in RPMI and treated
with PMA (25ng/ml) and ionomycin (100ng/ml) for 24h. IFNy expression was measured by
flow cytometry after incubation with fluorescently-labelled antibody. (A) CD8+ T cells
stained with isotype control antibody. (B) IFNy expression by unstimulated CD8 T cells. (C)
IFNy expression by stimulated and CD8 T cells. As results from these experiments were
inconsistent, plots are representative of one experiment.
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Figure 4.8. IFNy production by stimulated T cells from blood. PBMCs were prepared
to a concentration of 1x10°¢ cells/ml in RPMI and treated with PMA (25ng/ml) and
ionomycin (100ng/ml) for 1hr, Zh or 24h. Granzyme b expression was measured by
flow cytometry after incubation with fluorescently-labelled antibody. T lymphocytes
were defined as singlet CD3+ cells. (A) The expression levels on individual cell (sMFI)
was measured for CD4+ (B) and CD8+ cells. n = 3. (A) Median values shown. (B) Mean
and SEM shown. n=3. One way ANOVA and paired students t test performed.

PD-1 Granzyme B IFNy
CD4 T cells Increased Increased Not detected
CD8 T cells Increased Increased Likely increased

Table 4.4. CD4 and CD8 T cell response to stimulation.
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Tissue resident T cell populations are altered in COPD

Previously, Polosukhin et al. (Polosukhin et al., 2011) found increased numbers of CD4+ and
CD8+ T cells in the lungs of COPD individuals compared to controls, and these numbers
increased as defects in epithelial cell structure increased. Absolute T cell numbers were not
analysed due to tissue yield variations, but altered cell proportions may also indicate
differences between healthy and diseased lung. A small study characterising inflammatory
cells from human bronchial biopsies observed that increased CD8+ T lymphocyte numbers
correlated with a decreased FEV; value (O'Shaughnessy et al., 1997). A similar study by
Saetta et al. (Saetta et al., 1998) identified increased CD8+ T cell proportions of lymphocytes
in the COPD lungs compared to controls, as measured by immunohistochemistry. Using the
tissue digestion protocol described in Chapter 3 (Figure 4.9), the proportion of CD4+ T cells
was lower (p =0.016) in COPD (mean = 39.3%) than controls (mean = 47.3%). Conversely,
the proportion of CD8+ T cells was greater (p=0.004) in COPD (mean = 42.7%) than controls
(31.2%). Therefore in agreement with previous studies (O'Shaughnessy et al., 1997; Saetta et
al., 1998), there does seem to be an increased proportion of CD8+ T cells in COPD lungs
validating our FACS methodology and implicating CD8+ T cells in the inflammation and

pathology associated with disease.
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Figure 4.9. Gating of CD4+ and CD8+ T cells from lung parenchyma. Lung tissue was
digested with collagenase and cells analysed by flow cytometry. (A) CD45+ cells were
selected from the live singlet population. (B) T cells were defined as CD45+CD3+. (C) T
cells were divided into CD4+CD8-, CD4-CD8+, double negative or double positive
populations.
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Figure 4.10. T cell populations in lung parenchyma of control and COPD patients.
Lung tissue was digested with collagenase and lymphocytes analysed by flow cytometry.
(A) Proportion of CD4+ (B) and CD8+ T cells are gated on the live CD45+CD3+
population. Control n = 20, COPD n = 24. Mean and SEM shown. Unpaired students t test
was performed. (*) represents p < 0.05, (**) represents p < 0.01. Patient phenotype data
for this experiment is shown in Figure 4.2.

PD-1 expression by lung resident T cells in controls and COPD

As described above, the proportions of T cells expressing PD-1 in blood was very low or
undetectable (Figure.4.3). Murine models have identified CD8+ T cell populations expressing
PD-1 in lungs and spleen of chronically infected mice (Barber et al., 2006; Jin et al., 2010).
Therefore PD-1 expression may occur in the diseased organ rather than the periphery. To
investigate this, PD-1 expression by T cells in the lung was quantified in control and COPD
patients (Figure 4.12). The mean proportion of CD4+ T cells from controls that expressed
PD-1 was 1.68%, compared to a mean of 4.73% in COPD tissue (p = 0.1316). A mean of
4.39% of CD8+ T cells from control lung tissue expressed PD-1, while a mean of 12.14%
expressed PD-1 in COPD tissue (p = 0.0778). There is therefore a trend for a greater
proportion of CD4+ and CD8+ T cells to express PD-1 in COPD lungs compared to control

tissue.
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Control COPD 0 Value
L 9 10 i
67.78 70.44
s (56.5 - 77) (66.5 — 76.5) 0.55
Gender M/F 4/5 5/5 .
Smoker -
(Never/Ex/Current) 27671 0/7/3
27.08 39.28
Pack Years (0 48) (27.05 - 53.13) 0.33
Cancer Diagnosis
(Yes/Unknown) 5/4 5/5 ]
101.6 75
0,
TRV (92.5 - 115) (58 — 84.5) 0.003
0.782 0573
0,
PEVIEVERS (0.765 - 0.798) (0.508 — 0.635) <0.0001

Table 4.5. Patient phenotypes of individuals used in T cell PD-1 experiments.
Individuals were defined as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown.
Unpaired t test performed.
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Figure 4.11. Representative plot of PD-1 expression by lung T cells. Lung tissue was
digested with collagenase and cells analysed by flow cytometry. T cells are gated on the
live CD45+CD3+ population. (A) CD4+ T cells (C) and CD8+ T cells stained with isotype
control antibody. (B) PD-1 expression by lung CD4 T cells (D) and lung CD8 T cells.
Plots are representative of 19 experiments.
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Figure 4.12. Intrinsic PD-1 expression by CD4 and CD8 T cells in controls and
COPD. Lung tissue was digested with collagenase and cells analysed by flow cytometry.
T cells are gated on the live CD45+CD3+ population. (A) Proportion of CD4+ (B) and
CD8+ T cells expressing surface PD-1. Control n =9, COPD n = 10. Mean and SEM shown.
Mann-Whitney test was performed.

Gene Expression of Sorted CD4 and CD8 T cells in control and COPD tissue

The co-expression of PD-1 and TIM-3 has been used to identify functionally exhausted T
cells in murine models (Jin et al., 2010). In Figure 4.12, populations of CD4+ and CD8+ T
lymphocytes which expressed PD-1 had been identified in human lung parenchyma of control
and COPD patients. In contrast, TIM-3 expressing T cells were not identified in blood or
tissue from either controls or COPD individuals. To ensure that lack of TIM-3 detection was
due to a lack of TIM-3 expression, RT-PCR experiments were performed using sorted CD4+
and CD8+ T cells from lung parenchyma (Figure 4.9). PCDC1 (the gene encoding PD-1) was
also analysed by RT-PCR to allow comparison of gene expression with surface marker
expression on T cells (Figure 4.14). Gene expression of LAG-3, CTLA-4, CD27 and CD57
was also measured, with their functions described in Table 4.1 RT-PCR was performed by Dr.
Spalluto and Miss. Cellura. Patient phenotype data for these experiments can is shown in
Table 4.6.
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Control COPD p Value
n 6 6 -
68.67 66
Age (63— 72.25) (57.25 — 75.25) 0.57
Gender M/F 3/3 3/3 -
Smoker -
(Never/Ex/Current) 3211 0/412
31 55
Pack Years (0 - 63.75) (30.75 — 85.5) 0.3
Cancer Diagnosis
(Yes/Unknown) al2 3/3 i
95.74 75
0
FEV1% (82.11 - 113.3) (73.22 — 90.14) 0.082
0.77 0.627
0,
FEV/FVC% (0.701 — 0.831) (0.595 — 0.676) <0.0001

Table 4.6. Patient phenotypes of individuals used in RT-PCR experiments.
Individuals were defined as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown.
Unpaired t test performed.

TIM-3 was not expressed by most CD4+ or CD8+ T cell samples from control or COPD lung
parenchyma. One individual in the COPD group showed upregulated TIM-3 gene expression
compared to housekeeping gene in CD4+ and CD8+ T cells, but this may be an outlier due to
low Ct values recorded in other COPD individuals. As T lymphocyte TIM-3 expression was

not detected by flow cytometry or RT-PCR, it may not play an inhibitory role in stable COPD.
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Figure 4.13. RT-PCR gene expression of TIM-3. T cells were gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M
housekeeping gene expression. n = 6. Mann-Whitney test performed.
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In addition to TIM-3, PD-1 gene expression was also quantified in sorted CD4+ and CD8+ T
lymphocytes from lung. Expression of PD-1 was detected in most samples. There was no
difference in PD-1 expression by CD4+ T cells between control and COPD samples (p =
0.28). There was a trend for CD8+ T cell PD-1 expression to be lower in COPD individuals
than controls (p = 0.1135). This is contradictory to flow cytometry data analysed in Figure
4.12. 50% of CD8+ T cells samples from the COPD group did not express detectable PD-1
measured by RT-PCR. Only 20% of COPD samples did not express detectable PD-1 as
measured by flow cytometry. Therefore this trend for decreased PD-1 gene expression may

be due to low sample numbers, which may have been overcome in flow cytometry data.
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Figure 4.14. RT-PCR gene expression of PD-1. T cells are gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M
housekeeping gene expression. n=6. Unpaired students t test performed.

LAG-3 expression is associated with T cell exhaustion as T cells expressing LAG-3 may also
express PD-1 and TIM-3 (Richter et al., 2010; Wherry et al., 2007). LAG-3 expression was
detected in the majority of CD4+ T cell samples (Figure 4.15A), but there was no difference
in expression between controls and COPD (p = 0.369). LAG-3 was also expressed by CD8+
T cell samples (Figure 4.15B). No differences in expression were recorded between control
and COPD individuals (p = 0.398).

CTLA-4 is an inhibitory receptor expressed by T cells. CTLA-4 is not associated with T cell
exhaustion (Yokosuka et al., 2012), and blocking of CTLA-4 in murine models of chronic

infection does not restore exhausted T cell function (Barber et al., 2006). T cell inhibition by
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CTLA-4 is therefore likely to be independent of the PD-1:PD-L1 signalling pathway, and
may implicate that alternative inhibitory mechanisms are present in disease. CTLA-4
expression was detected in CD4+ and CD8+ T lymphocytes. There was no difference in
expression between controls and COPD samples for CD4+ T cells (p = 0.497). There is a
trend for greater CTLA-4 expression in controls than in COPD samples of CD8+ T cells (p =
0.0688). This reduced expression of CTLA-4 suggests that potential T cell inhibition in
COPD is CTLA-4 independent, or that COPD T cells have fewer mechanisms of regulation

than in controls.
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Figure 4.15. RT-PCR gene expression of LAG-3. T cells are gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M
housekeeping gene expression. n = 6. Unpaired students t test performed
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Figure 4.16. RT-PCR gene expression of CTLA-4. T cells are gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M
housekeeping gene expression. n = 6. Unpaired students t test performed.

CD27 is a marker of T cell differentiation. It is not expressed on naive T cells, but is
upregulated upon antigen encounter. Long-lived memory cells which have undergone
multiple proliferations lose CD27 expression, and these are termed terminally differentiated
(Akbar and Henson, 2011; Koch et al., 2008; Sauce et al., 2007). CD4+ T cell expression of
CD27 was unchanged between control and COPD samples (p = 0.495). CD8+ T cell
expression of CD27 appeared greater for COPD samples compared to controls, but this was
not significant (p = 0.153).

CD57 is a marker of T cell senescence (Dolfi et al., 2013). In a similar manner to CD27 it is
associated with cells with a poor proliferative capacity (Wagar et al., 2011). CD57 is also
associated with age and reduced telomere length (Appay et al., 2008b). CD57 is expressed by
most CD4+ T cell samples, but there is no difference between controls and disease (p =
0.252). There is also no difference in CD57 expression by CD8+ T cells between controls and
COPD (p = 0.194). CD8+ T cell expression appears to be divided in COPD samples, with
two individuals expressing higher AACt values than four other COPD patients (Figure 4.18B).
In contrast, control samples have only a small degree of difference for CD57 expression by
CD8+ T lymphocytes. Greater sample numbers are required to fully elucidate the relationship
between COPD and CD57 expression.
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Figure 4.17. RT-PCR gene expression of CD27. T cells are gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M
housekeeping gene expression. n=6. Unpaired students t test performed.
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Figure 4.18. RT-PCR gene expression of CD57. T cells are gated on the live
CD45+CD3+ population. (A) RT-PCR was performed with 2.5 x 104 CD4+ (B) or CD8+ T
cells sorted from control or COPD lung parenchyma. AACt value calculated using B:M

housekeeping gene expression. n=6. Unpaired students t test or Mann-Whitey test
performed.
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T memory population in COPD

The increased proportion of CD8+ T cells in COPD lung had previously been reported, and
was confirmed by Figure 4.10. To expand upon this work, the proportion of Tem and TEmrA
lymphocytes was compared between control and COPD patients (Figure 4.19). Tmem cells
are antigen-experienced T cells which can elicit potent anti-viral responses without co-
stimulation from APCs. Increased proportions of Tem or Temra would suggest increased
requirement of these cells in the tissue. Conversely, decreased proportions of Tmem cells
may indicate impaired immune responses in the lung parenchyma, which may explain
increased frequency and severity of respiratory infections in COPD. The gating strategy for T
mem cells is different from that of CD4+ and CD8+ T cells shown in Figure 4.10. Tmem
cells are gated as singlet CD3+ lymphocytes, then by expression of CD4+ or CD8+. Further
division were identified by the expression of CCD7 and CD45RA.

There was no significant difference between either CD8+ Tem or Temra proportions in
control or COPD groups. Intriguingly, individuals in the control group appeared to be
separated into two further groups. 3 patients had a low proportion of Tem with a
corresponding high proportion of Temra cells. The remaining 4 patients had a high proportion

of Tem and low proportion of Temra cells. COPD patients did not group in this manner.

Control COPD p Value
n 7 5 i
64.86 66.8
s (52- 76) (585 - 74) 0.75
Gender M/F 3/4 573 -
Smoker -
(Never/Ex/Current) 17571 0/3/2
12.25 30.65
Pack Years (0.375 — 34.38) (14.44 — 40) 0.26
Cancer Diagnosis
(Yes/Unknown) 215 3/12 -
98.71 75.4
0,
TRV (92-112) (71.5 - 78.5) 0.001
0.763 0.607
0,
PEVITVER (0.752-0.8) (0.555 — 0.659) 0.0025

Table 4.7. Patient phenotypes of individuals used in Tmem experiments.
Individuals were defined as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown.
Unpaired t test performed.
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Figure 4.19. CD8+ Memory T cell populations in control and COPD lung. Lung
tissue was digested with collagenase and cells analysed by flow cytometry. Memory T
cells were gates as singlet CD3+ lymphocytes. T cells were divided by their expression
of CD4 or CD8 before gating of memory phenotype by expression of CD45RA and CCR7
(A) Proportion of CD8+ Tgm (CD45RA-CCR7-) (B) and CD8+ Tgmra (CD45RA+CCR7-)
cells in control and COPD lung parenchyma. Control n = 7, COPD n = 5. Mean and SEM
shown. Mann-Whitney test was performed.

PD-1 and CD57 expression by Tmem cells in controls and COPD

Memory T cell populations account for the majority of T lymphocytes found in lung
parenchyma and are likely to have previously encountered respiratory viral infection, further
work was performed to investigate phenotypic differences between Tmem subsets.
Expression of PD-1 by CD8+ Tewm cells was not significantly different between control and
COPD samples (p = 0.227). CD8+ Temra cells also expressed PD-1, but expression was
unchanged between control and COPD patients (p = 0.3617). CD8+ Tem cells expressed
similar levels of CD57 between controls and COPD individuals (p = 0.423). Although it
appeared that CD57 was expressed at a lower level by CD8+ Tegwmra cells in COPD, this was
not a significant difference (p = 0.133).
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Figure 4.20 Intrinsic PD-1 expression by CD8em and CD8emra T cells in controls
and COPD. Lung tissue was digested with collagenase and cells analysed by flow
cytometry. Memory T cells were gates as singlet CD3+ lymphocytes. T cells were divided
by their expression of CD4 or CD8 before gating of memory phenotype by expression of
CD45RA and CCR7 (A) Proportion of CD8+ Tgm (CD45RA-CCR7-) (B) and CD8+ Tgmra
(CD45RA+CCR?7-) cells in control and COPD lung parenchyma.. Control n =7, COPD n = 5.
Mean and SEM shown. Unpaired students t test or Wilcoxon signed-rank test was
performed.
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Figure 4.21. Intrinsic CD57 expression by CD8em and CD8emra T cells in controls
and COPD. Lung tissue was digested with collagenase and cells analysed by flow
cytometry. Memory T cells were gates as singlet CD3+ lymphocytes. T cells were divided
by their expression of CD4 or CD8 before gating of memory phenotype by expression of
CD45RA and CCR7 (A) Proportion of CD8+ Tgm (CD45RA-CCR7-) (B) and CD8+ Tgmra
(CD45RA+CCR7-) cells in control and COPD lung parenchyma. Control n =7, COPD n = 5.
Mean and SEM shown. Unpaired students t test or Wilcoxon signed-rank test was
performed.

No differences of PD-1 or CD57 expression by Tmem cells were seen between control and
COPD samples (Figure 4.20 and 4.21). Functional marker expression was then compared

between CD8+ Tem and Temra populations to characterise phenotypic differences between
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populations (Figure 4.22). CD8+ Temra cells appeared to express greater levels of PD-1
compared to Tem cells in both controls (p = 0.185) and COPD (p = 0.228), but neither
increase was statistically significant. Significant differences were observed between Tem and
Temra expression of CD57. Temra cells expressed CD57 to a significantly greater level than
Tem in control samples (p = 0.0156). Increased CD57 expression by Temra cells was seen as
a trend in COPD samples (p = 0.0625). This expression of CD57 by CD8+ Temra cells
suggests that these are terminally-differentiated cytotoxic cells, while Tem cells may have
greater proliferative potential.
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Figure 4.22. Comparison of PD-1 and CD57 expression by CD8em and CD8emra T
cells. Lung tissue was digested with collagenase and cells analysed by flow cytometry.
Memory T cells were gates as singlet CD3+ lymphocytes. T cells were divided by their
expression of CD4 or CD8 before gating of memory phenotype by expression of CD45RA
and CCR7. (A) CD8+ Tem and Temra cells were identified and expression of PD-1 (B) and
CD57 was measured in controls and COPD tissue. Control n = 7, COPD n = 5. Mean and
SEM shown. Wilcoxon signed-rank test was performed. (*) represents p < 0.05

Macrophage proportions are unchanged in COPD

T cells require interaction with antigen presenting cells in order to be activated and perform
their effector functions. In tissue, APCs can interact with T cells in the lung to promote or
inhibit cytokine or cytotoxic immune responses. Macrophages have also been identified as
being recruited to diseased lungs. Finkelstein et al. (Finkelstein et al., 1995) displayed a
relationship between lung parenchymal T cell and macrophage numbers in smokers, but
patients were not categorised by their lung function. Investigations into the role of
macrophages in COPD has largely been performed using samples from BAL (Wen et al.,
2010) or induced-sputum (Domagala-Kulawik et al., 2003). Macrophages were identified in
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the lungs as being CD45+HLA-DR+ but there was no statistical difference in the proportions
of these cells between control (mean = 16.2%) and COPD individuals (mean = 16.8%) (p =
0.86, Figure 4.23).

Control COPD p Value
L 16 12 i
63.94 65.58
he (52.5 — 74.75) (59-73) 0.7
Gender M/F 6/6 715 -
Smoker -
(Never/Ex/Current) 3/9/4 0/9/3
23.29 51.34
Pack Years (0.875 . 51.25) (26 50) 0.025
Cancer Diagnosis
(Yes/Unknown) 1175 715 -
96 78.92
0,
RV (82.35-1114) (68.5 — 92.95) 0.015
0.767 0.61
0,
PEVIIEVER 0729-0812) | (0542 0.668) <0.0001

Table 4.8. Patient phenotypes of individuals used in macrophage experiments.
Individuals were defined as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown.
Unpaired t test performed.
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Figure 4.23. Macrophage proportions in lung parenchymal tissue. Lung tissue was
digested with collagenase and cells analysed by flow cytometry. Macrophages were
defined as CD45+HLA-DR+ cells. Control n = 16, COPD n = 12. Mean and SEM shown.
Unpaired students t test was performed.
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Conclusions

Quantification of T cell populations was expanded to investigate lymphocyte proportions in
COPD, as changes in T lymphocyte composition in COPD may infer a protective or
pathogenic role in disease. Initial phenotyping of T lymphocytes was performed in peripheral
blood. Peripheral CD4+ and CD8+ T lymphocyte populations were identified and compared
between controls and disease. Blood lymphocytes expressed low levels of PD-1, but this was
upregulated in response to stimulation. Granzyme B was produced by CD4+ and CD8+ T
cells in response to stimulation, but IFNy responses as measured by flow cytometry were less

conclusive.

Identification of the lymphocyte population in control and COPD lung parenchyma was
performed utilising the optimised digestion protocol from Chapter 3. The proportion of CD8+
T cells was elevated in COPD lung compared to controls, and PD-1 expression by CD4+ and
CDB8+ T cells appeared to be upregulated in disease. The majority of CD4+ T cells in the lung
were Tem cells, while CD8+ T cells were mainly Tem or Temra phenotypes.

Blood and lung tissue were obtained from controls and COPD patients prior to undergoing
surgery. COPD individuals in this cohort where classified as either GOLD | or GOLD Il
according to their lung function. Significant differences and trends between health and
disease identified in this chapter and in later chapters may be enhanced or made clearer with
the inclusion of COPD patients with GOLD IIl or GOLD IV diagnosis. Study of these
individuals is currently limited in Southampton as few surgeries are performed on individuals
with the later stages of COPD. Blood work, BAL and bronchial biopsies could be obtained
from GOLD 11l and GOLD 1V individuals in future studies, allowing for comparisons to be

made between disease severities.

The exhaustion marker TIM-3 was not detected on the surface of T lymphocytes by flow
cytometry, and RT-PCR experiments confirmed that it was not expressed by CD4+ or CD8+
T cells in lung tissue. RT-PCR was also performed to measure gene expression of PD-1,
LAG-3, CTLA-4, CD27 and CD57. RT-PCR data suggested that CTLA-4 is downregulated
in CD8+ T cells from COPD tissues.
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The proportion of macrophages found in lung tissue was unchanged between health and
COPD. With evidence confirming their protective role in respiratory viral infections (Kim et
al., 2008; Schneider et al., 2014), the ability to mediate immune functions via anti-viral
cytokine secretion (Kohlmeier et al., 2010; Kumagai et al., 2007) may be of greater
importance than their proportion in tissue. DCs are understood to perform similar immune-
regulatory functions to macrophages. Previous work performed by the group investigated the
prevalence of DCs in human lung parenchyma. Using a similar gating strategy that was
utilised for identification of macrophages, a lineage marker was also used (Staples et al.,
2012). Data from these experiments identified approximately 1% of the CD45+EpCam-1-
HLA-DR+ population as being DCs. As Macrophages accounted for almost 20% of
CD45+EpCam-1-HLA-DR+ cells, macrophages are more dominant drivers of immune

responses in the lung than DCs.

The proportions of CD4+ and CD8+ T cells in the periphery were unchanged between
controls and COPD patients. This does not agree with the finding by Koch et al., who
identified an increase in peripheral CD4+ proportions (Koch et al., 2007). Koch et al. divided
their patient cohort into non-smokers, smokers and smokers with COPD. Such a distinction
was not made in our study, with the majority of controls and COPD patients being either ex-
smokers or current smokers. The greater CD4+ proportion of T cells in blood in this previous
study may be accounted for by the migration of CD8+ T cells into the parenchyma of COPD
patients as described herein and by others (Figure 4.10) (Ely et al., 2003). Such a change in T
cell proportions has been identified by Heidema et al. (Heidema et al., 2008) who observed a
decrease in RSV-specific CD8+ lymphocytes in blood during acute RSV infection. The
CD4:CD8 ratio then returned to pre-infection levels after viral clearance. Therefore the
frequency of CD4+ and CD8+ T cells appears to be dynamic, with proportions skewed

depending on smoking status, COPD diagnosis and viral infection.

In blood the majority of T cells were CD4+ (Control mean = 65%, COPD mean = 59.2%)
compared to 47.3% and 39.3% in tissue. CD8+ cells accounted for 24.4% of T lymphocytes
in control and 31.9% in COPD blood, compared to 31.2% and 42.7% respectively in tissue.
Different cell compositions in blood and lung may reflect different immune requirements for
host protection (Heidema et al., 2008; Teijaro et al., 2011; Teijaro et al., 2010). Furthermore
changes in immune cell numbers in blood may indicate systemic disease while cell

composition in the lung may indicate site specific disease responses. T cell proportions in
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blood were determined using a total of 7 control patients and 5 COPD individuals. This is a
relatively small sample size compared to lung parenchymal work, in which 20 control and 24
COPD patients were characterised. Therefore T cell proportions calculated from blood

samples may not be as accurate as those analysed from tissue.

The increased proportion of CD8+ T cells in the lung parenchyma of COPD patients may be
due to their previous encounter with viral antigen, rather than a naive population in blood. As
CD8+ T cells can elicit potent anti-viral responses (Mueller et al., 2010; Topham et al., 1997;
Yap et al., 1978), the raised proportions of CD8+ T lymphocytes in COPD lungs may
indicate increased frequency or recurring infection in these patients (Benfield et al., 2008;
Sethi et al., 2002). Thus mechanism of anti-viral defence may involve peripheral anti-viral
CD8+ T cell recruitment to the lungs, but also memory cells may be retained in tissues to
ensure a swift and specific immune response to pathogens. Knudson et al. (Knudson et al.,
2014) investigated the localisation of T cells in a murine model of viral infection. Infecting
mice with RSV or Influenza A virus saw recruitment of CD8+ T cells to the lungs, with viral-
specific T cells residing in the lungs for 30 days. Furthermore, the majority of IFNy-secreting

CD8+ cells were found in lung tissues rather than in the periphery.

The increased CD8+ population in tissue may account for the significant decrease in CD4+ T
cells rather than their absolute number. Anti-viral T cell responses are associated with CD8+
dominant responses, but CD4+ T cells are also required. Teijaro et al. (Teijaro et al., 2011;
Teijaro et al., 2010) have highlighted the importance of a competent CD4+ memory T cell
response in a murine model of influenza infection. Mice subjected to a lethal influenza
challenge were rescued by transfer of lung resident CD4+ memory T cells, an effect which
was significantly greater than transfer of naive or spleen memory CD4+ T cells. Furthermore
Wilkinson et al. (Wilkinson et al., 2012) recently demonstrated that in humans a cytotoxic
CD4+ population responds to influenza challenge. Intriguingly, individuals in which
influenza-specific CD4+ Tmem cells were detected prior to infection had reduced symptoms
and better disease outcomes upon infection. Therefore while inflammatory cell proportions
can indicate the role of certain cell phenotypes in disease, it is the functions of these cells

which confers protection.

Significant differences were seen for CD4+ and CD8+ T cells populations between health

and disease, but proportions of each subset overlapped between groups. This is not
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uncommon when analysing data from humans due to genetic and environmental variability
between individuals (Martin et al., 2014; Ye et al., 2014). Patients were age, gender and pack
years matched, but these are only a few key factors accounted for. Patients were excluded
from analysis if they had a significant co-morbidity which may affect results such as
idiopathic pulmonary fibrosis (Papiris et al., 2005), bronchiectasis (Gaga et al., 1998) or
asbestosis (Kumagai-Takei et al., 2013). The patients were diagnosed with cancer, and often
surgery performed would remove solid tumours. It was expected that in these instances the
lung tissue would have a greater proportion of CD8+ T cells as part of the immune response
to the tumours than healthy lungs (Fridman et al., 2012). The significant increase in CD8+ T
cells in COPD lungs is therefore greater than a control group which itself may have elevated

CD8+ T cell numbers.

PD-1-expressing lymphocyte populations were identified in lung parenchyma, with a trend
towards greater expression in COPD individuals. PD-1 expression was expressed at very low
levels in the periphery, but was significantly upregulated by CD4+ and CD8+ T cells in
response to stimulation. The inducible nature of PD-1 in response to activation was first
identified by Agata et al. (Agata et al., 1996) and this previous work agrees with the findings
presented above. PD-1 is a marker of T cell exhaustion, but it is also expressed by activated T
cells which appear to be fully functional (Wu et al., 2014). PD-1 is upregulated by T
lymphocytes in acute models of LCMV, but these are resolved before T cells display an
exhausted phenotype (Barber et al., 2006). Thus in the absence of TIM-3 and without any
functional evidence of exhaustion it would appear that, in the context of COPD, PD-1 is more
a marker of T cell activation. Thus the dynamics of PD-1 expression by T lymphocytes is
required.

TIM-3 was not expressed on the cell surface of CD4+ or CD8+ T cells derived from lung.
Previously, Gao et al. (Gao et al., 2012) identified TIM-3+ CD4+ and CD8+ T cells in the
parenchyma of patients with lung cancer using flow cytometry. Undetectable levels of TIM-3
were expressed in the periphery, while approximately 23% of CD4+ and 28% of CD8+
lymphocytes expressed TIM-3 at the tumour site. Goa et al. also analysed T cell populations
from tissue distal to the tumour site, similar to work shown in Figure 4.10. Data from this
study identified 11.5% of CD4+ and 8% CD8+ T cells were TIM-3 positive. Results from our

study do not agree with these findings, as TIM-3 was not detected on any of the T cell subsets
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derived from tissue. Moreover there was no expression of TIM-3 at the mRNA level (Figure

4.13) further suggesting no TIM-3 expression in these samples.

The T cell exhaustion phenotype has been characterised as PD-1+TIM-3+ T cells. Key to the
exhaustion mechanism is inhibition of antigen-specific T lymphocytes due to repeated
presentation of antigen. By only looking at the overall T cell populations from lung
parenchyma we have not dissected the nature of T cell specificity. Identification of T cell
exhaustion may require presentation of antigens which may be chronically expressed in
COPD. Candidates include antigen from RSV (Wilkinson et al.,, 2006a), nontypeable
haemophilus influenzae (NTHi) (Garmendia et al., 2014; Lugade et al., 2014) or potential
self-antigens (Lee et al., 2007).

CTLA-4 gene expression trends towards down-regulation in CD8+ T cells of COPD patients.
Current literature is unclear as to the implications of CTLA-4 expression in COPD, but
investigations into CTLA-4 polymorphisms appear to be the focus of several studies. Zhu et
al. (Zhu et al., 2009) reported CTLA-4 polymorphisms associated with disease, but a separate
study by Deng et al. (Deng et al., 2013) did not identify a relationship. CTLA-4 has also been
reported as being co-expressed with PD-1 on CD8+ T cells (Duraiswamy et al., 2011), but
CTLA-4 expression has not been implicated in T cell exhaustion directly. It is therefore
unclear as to whether down-regulation of CTLA-4 by CD8+ T cells would limit their ability
to be regulated by APCs and Treg cells.

Low levels of LAG-3 gene expression were detected in CD4+ and CD8+ lymphocytes in
lung parenchyma. In a murine model of influenza A infection, Strutt et al. (Strutt et al., 2012)
identified LAG-3 expression on secondary responder lymphocytes, while primary responses
did not express LAG-3. Furthermore, CD8+ T cells upregulate LAG-3 in a model of LCMV
chronic infection (West et al., 2011). Thus, LAG-3 may not be differentially expressed in the
steady state between controls and COPD. LAG-3 expression is poorly defined in humans, and
as is yet to be identified as a human marker of T cell exhaustion. As LAG-3 was identified in
the steady state in both controls and disease, its expression in humans requires further

examination.
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CD27 gene expression by CD4+ lymphocytes is unchanged between controls and disease, but
CD8+ T cells from COPD parenchyma may express CD27 to a greater level than controls.
Tmem cells which do not express surface CD27 are highly cytotoxic cells (Hamann et al.,
1997), and smokers have a greater proportion of CD8+ T cells which are CD27- (Koch et al.,
2007). Furthermore, influenza-specific CD8+CD27+ cells do not produce IFNy to the same
level as CD27- counterparts (He et al., 2003). Previous literature, combined with our data,
suggest that CD8+ T cells from COPD lung parenchyma may have impaired anti-viral
responses compared to controls.

T cell senescence is a natural phenomenon associated with aging (Akbar and Fletcher, 2005;
Effros, 2004). Analysis of CD57 was therefore performed with caution, as symptoms and
diagnosis of COPD are mostly seen in the elderly population. COPD samples used in this
chapter are age-matched with control samples, and thus a “baseline” level of senescence can
be identified. CD57 expression was unchanged in lymphocytes, but CD8+ T cells from
COPD sample appeared to diverge into CD57" and CD57" populations. CD57-expressing
lymphocytes have a poorly proliferative, terminally differentiated phenotype (Focosi et al.,
2010), but these cells also display potent cytotoxic responses (Brenchley et al., 2003;
Chattopadhyay et al., 2009). In the context of COPD, Olloqueli et al. (Olloquequi et al., 2012)
sampled the small airways and lung parenchyma of patients undergoing airway resection or
lung transplantation. Olloqueli et al. observed that CD57 expression on lymphocytes
significantly correlated with severe COPD. Combining our RT-PCR data yields potentially
conflicting results. With a population of poorly cytotoxic CD27+ T cells, but also a
population of CD57+ highly cytotoxic lymphocytes in the lungs of COPD patients. These
results, however, may also emphasise the complex nature of T cell functions in the lung, with
a combination of anti-viral response and regulatory inhibition occurring in a simultaneous
manner. Furthermore, if T cells are expressing an activated phenotype in stable COPD,
further investigation is required to identify what is the source of T cell activation. The
implications of marker expression are shown in Table 4.9.
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Marker Stable Activated Senescent Exhausted COPD
PD-1 Low High Unknown High Potentially
elevated
TIM-3 Undetected Undetected Undetected High Undetected
Low . .
LAG-3 expression Undetected Undetected High Low expression
Low . .
CTLA-4 expression Low/High High Unknown Downregulated
. Upregulated by
CD27 Variable Upregulated Low Unknown CD8-+ only
Low (High .
. . Potentially
CD57 Variable oncl'ﬁSRA High Unknown downregulated

Table 4.9. Functional markers and their expression during different activation
states. Table adapted from findings by (Agata et al, 1996; Barber et al, 2006;
Duraiswamy et al., 2011; Focosi et al., 2010; Hamann et al., 1997; He et al.,, 2003; Jin et
al., 2010; Koch et al,, 2007; Olloquequi et al., 2012; Strutt et al., 2012; West et al., 2011;
Wu et al,, 2014). Expression status in italics represents findings from work performed in
this thesis.

A limitation to the RT-PCR was again small sample numbers analysed. CD4+ and CD8+ T
cells from 6 control and 6 COPD tissue samples were used for RT-PCR. There are two key
reasons as to why sample numbers were low. Firstly, tissue did not always yield the required
2.5 x 10* CD4+ and CD8+ T cells. In samples vyielding insufficient cell numbers, data
generated by flow cytometry could still be analysed. Secondly, tissue that was used for the
influenza infection model (Chapter 5), required cell fixation, making it unsuitable for RT-
PCR. On occasion there was not a sufficient mass of tissue to perform experiments with both
fixed and unfixed tissue-resident cells. This work, however, has allowed the appraisal of

including RT-PCR work in future studies.

Work in Chapter 4 implicates CD8+ T cells in COPD by their increased proportion in lung. T
cells residing in tissue appear to have elevated PD-1 expression, but this alone does not
indicate an exhausted phenotype. RT-PCR data revealed that lymphocyte populations in lung
parenchyma may differentially express functional markers such as CTLA-4, CD27 and CD57,
and as such may not have a conserved phenotype in COPD. This was reiterated with Tmem
population characterisation, which saw significant differences in CD57 expression between
CD8+ Tem and Temra cells. With populations of cells identified and analysed in the steady
state, work involving viral challenge of human lung ex planted tissue could be performed to

analyse anti-viral inflammatory cell responses.
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Chapter 5

Experimental Study of PD-1 and PD-L1

expression In Lung Parenchyma

123



Introduction

Influenza A virus is a global concern, and one which is clinically relevant in COPD disease
outcomes. Influenza is a seasonal virus (Jenkins et al., 2012) which can cause an acute
infection in healthy individuals, but have fatal outcomes in the immunocompromised.
Exacerbations are life-threatening events in COPD, and a study by Gerke et al. (Gerke et al.,
2013) identified a correlation between hospitalisation due to COPD exacerbation and hospital
admission due to influenza infection. Furthermore Papi et al. (Papi et al., 2006) identified
respiratory viral infections, including influenza, as potential contributors to COPD
exacerbations by measuring patient sputum. Influenza can infect the lower airways of the
lung (Dakhama et al., 1999), and thus could be expected to infect epithelial cells and
macrophages of lung parenchyma in vivo. Therefore an inability to control influenza infection
by COPD patients may induce disease exacerbation and unchecked viral persistence. This
chapter focuses on T lymphocyte responses to tissue infection by X31 influenza virus, and

whether T cell anti-viral functions are impaired in COPD.

The archetypal role of T cell immunity is to protect against viral infection. Studies to date in
animal models have identified the important role of exhaustion signalling in choreographing
appropriate anti-viral immune responses (Freeman et al., 2000). Dysregulation of this axis
has been shown to lead to immune pathology when underactive (Erickson et al., 2012) or
chronic infection when persistent signalling occurs (Barber et al., 2006; Trautmann et al.,
2006; Velu et al., 2009). Lung derived cells are the key population of T cells in protection
against acute viral infection, however it is not possible to obtain lung samples from patients
experiencing acute viral infections. This limitation has led to the development of an ex-vivo
model of acute viral infection of lung tissue. The model is described and its utility in

determining dynamics of exhaustion signalling in this context is described herein.

Experimental infection of lung tissue by X31 influenza A virus was optimised to ensure a
significant proportion of epithelial cells and alveolar macrophages were infected. The
dynamic expression of the PD-1 ligand, PD-L1 was measured on epithelial cells and
macrophages in response to infection to determine their regulatory potential in this model.

Expression of PD-1 and TIM-3 was measured on lymphocytes by flow cytometry to identify
T cell exhaustion in response to virus. CD57 and CD107a expression was measured on CD4+

and CD8+ T cells to assess their potential to upregulate an anti-viral immune response. T cell
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functional markers were also measured on Tem and Tewmra cells to identify phenotypic

differences between lung memory populations.

Patient cohort

Patient data for influenza infection experiments was similar to that of the entire cohort and
that of Chapter 4. Numbers of control (n = 11) and COPD (n = 12) individuals was similar,
and groups were age matched (Table 5.1). Proportions of males and females were similar
between groups. Pack years appeared to be greater in COPD patients than controls (27.5 vs.
39.38) but this was not statistically significant (p = 0.29). FEV1% was significantly lower in
COPD than controls (102.4 vs. 74.45).

Control COPD p Value
N 11 12 §
69.73 68.17
s (61-78) (63 — 74.75) 0.69
Gender M/F 5/6 5/7 -
Smoker
(Never/Ex/Current) 31711 0/8/4 -
275 39.38
Pack Years (0,75 53.25) (3125 50) 0.29
Cancer Diagnosis
(Yes/Unknown) 6/5 6/6
102.4 74.45
0,
FEVI (93.5 - 113) (70 - 80) 0.0001
0.773 0.58
0,
PEVIIFVCY (0.752 - 0.796) (0515 — 0.642) <0.0001

Table 5.1. Patient phenotypes of control and COPD patients from which
parenchymal tissue was infected with X31 influenza virus. Individuals were defined
as COPD by spirometry if FEV1/FVC <0.7. Mean and IQR shown.

Influenza A infection of human parenchymal tissue

In order to infect epithelial cells and lung resident macrophages without Killing cells, titration
experiments were performed to calculate optimal virus dose (Figure 5.2). Infection rates were
determined by intracellular expression of the influenza protein Nucleoprotein-1 (NP-1),
which is only expressed during viral replication within the host cell (Figure 5.1). Increased
virus concentrations added to samples resulted in increased infection of epithelial cells (p =
0.004) and macrophages (p = 0.008). At the highest concentration used, a mean of 16.33% of
epithelial cells and 26.58% of macrophages were infected. No NP-1 expression was identified
in non-infected samples. Previous work by the group had shown that T cells were not infected
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by X31 in this explant infection model (Nicholas et al., 2013). A concentration of 1 x 10°

pfu/ml X31 Influenza A virus was used for subsequent experiments.

Non-Infected Infected

B
W\ EPCAM NP1+ W
= : =
<L <C
O U
o
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EPCAM NP1+

2

10
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Figure 5.1. NP-1 expression in non-infected and infected epithelial cells and
macrophages. 1cm3 sections of tissue were treated with 1x106 pfu/ml live X31 virus
(X31) or non-infected (NI) for 2 h before a 22 h incubation. (A) Proportions of
uninfected (B) and infected epithelial cells (C) and uninfected (D) and infected
macrophages expressing NP-1. Infected epithelial cells are represented as grey dots,

infected macrophages are represented as purple dots.
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Figure 5.2. Treatment of parenchymal tissue with increasing X31 influenza A
virus concentrations results in increased epithelial cell and macrophage infection.
1 cm3 sections of tissue were infected 2.5 x 104 pfu/ml, 5 x 10% pfu/ml, 1 x 105 pfu/ml or
1 x 106 pfu/ml X31 Influenza A virus stock for 2h followed by a 22 h incubation. No
virus was added to the non-infected (NI) samples. Tissue was collagenase digested as
previously described (A) epithelial cells (B) and macrophages were analysed for
infection by flow cytometry using FITC-labelled anti-NP-lantibody. n = 6. Mean and
SEM shown. One-way ANOVA p = 0.004 and p = 0.009 respectively.

Observational studies have reported that COPD patients are more susceptible to common
viral infections (Hurst et al., 2005), and that viral infection results in more severe symptoms
(Mallia et al., 2011) than control patients. The susceptibility of parenchymal tissue to
infection was measured in control and COPD samples (Figure 5.3). UV-treated X31 influenza
virus (UVX31) was included in the assays to control for innate immune responses. This was
no longer able to replicate, but could potentially be recognised by PAMPs on innate immune
cells and epithelial cells. Thus mechanisms driven by viral infection could be compared to
reactions generated by a non-infectious agent. The ability of X31 influenza A model had
previously been shown to infect epithelial cells and macrophages in human bronchial and
parenchymal tissues (Nicholas et al., 2013). Endothelium, fibroblasts, B cells and T cells
were not infected by X31. Therefore infection of epithelial cells and macrophages was
quantified. Epithelial cells and macrophages from UVX31 treated tissue did not express NP-1.
A mean of 10.38% of epithelial cells from control patients expressed NP-1 (Figure 5.3A)
compared to 9.13% form COPD samples (p = 0.7). There were no significant differences (p =
0.7) between proportion of macrophages from control (mean = 18.12%) or COPD (mean =
16.52%) tissue infected with X31 virus (Figure 5.3B). Thus it appears that susceptibility to

X31 infection was unchanged between controls and disease samples.
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Figure 5.3. Epithelial cell and macrophage infection by X31 Influenza A virus and
UV-irradiated control in human lung tissue. 1cm3 sections of tissue were treated
with UVX31, 1x10¢ pfu/ml live X31 virus (X31) or non-infected (NI) for 2 h before a 22 h
incubation. (A) Proportions of epithelial cells (B) and macrophages expressing NP-1
was quantified by flow cytometry. n=9 for controls and COPD. Mean and SEM shown.
Unpaired two-tailed t test was performed.

PD-1 is uprequlated during Influenza A infection

As there was no difference in the proportion of infected cells between health and COPD,
these data suggested that the mechanisms leading to COPD exacerbations may arise as a
failure to adequately control the immune response. PD-1 and PD-L1 expression were
therefore measured to investigate differential immune responses to epithelial cell and
macrophage infection. PD-1 expressing T cells have been obtained from the lung, spleen and
liver of murine models of acute and chronic viral infection (Aubert et al., 2011; Jin et al.,
2010), but these findings had not been replicated in humans. Figure 5.5 shows that during
X31 infection PD-1 was upregulated on CD4+ and CD8+ T cells in both control and COPD
parenchymal samples. CD4+ PD-1 expression in controls increased from a NI mean sMFI of
250.8 to 350.4 in X31 samples (p = 0.02). NI CD4+ T cells from COPD patients express a
mean SMFI PD-1 of 219.4 which increased to 288.8 with X31 treatment (p = 0.003). A
similar result was seen for CD8+ T cells (Figure 5.5B). Infection upregulated PD-1
expression in controls (mean sMFI = 177.1 to 240.9, p = 0.014) and COPD samples (mean
SMFI = 217.2 to 263, p = 0.049). CD4+ expression of PD-1 in NI samples is not significantly
different between the control group and COPD (p = 0.2142). There is also no difference seen
in CD8+ T cell expression in these samples (p = 0.4638). PD-1 is upregulated during X31
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infection, but the level of expression in CD4+ (p = 0.1815) and CD8+ (p = 0.4189) T cells in

unchanged between control and COPD samples.

Isotype control NI X31
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Figure 5.4. Representative plot of PD-1 expression by T cells after X31 Influenza
infection. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a
22 h incubation. PD-1 expression was measured by flow cytometry after incubation
with fluorescently-labelled antibody. (A) CD4+ T cells (D) and CD8+ T cells stained with
isotype control antibody. (B) PD-1 expression by NI CD4 T cells (E) and CD8 T cells. (C)
PD-1 expression by X31-treated CD4 T cells (F) and CD8 T cells. Plots representative of
20 experiments.
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Figure 5.5. PD-1 expression by T cells during X31 infection of lung parenchyma.
1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a 22 h
incubation. (A) Proportions of CD4+ (B) and CD8+ T cells expressing PD-1 were
quantified by flow cytometry. n = 10 for controls and COPD. Mean and SEM shown.
Wilcoxon signed rank test performed when comparing within disease groups. Mann-
Whitney test performed when comparing control group with COPD group. (*)
represents p < 0.05, (**) represents p <0.01.

Memory T cell populations have been identified in the lung as discussed in Chapter 4. As
these cells account for the majority of T cells found in lung parenchyma and are likely to
carry memory for past respiratory viral infections, further work was performed to investigate
phenotypic differences between Tmem subsets (Figure 5.6). PD-1 was upregulated by CD8+
Tem cells from control (p = 0.0234) and COPD (p = 0.0313) samples in response to X31
infection. Expression of PD-1 prior to infection was not significantly different between
control and COPD samples (p = 0.2266), nor was there a difference between infected samples
(p = 0.1926). CD8emra cells from control samples also upregulated PD-1 in response to
infection (p = 0.0078), but this was not seen in the COPD samples (p = 0.3125). As with
CD8ewm results, there are no significant differences between PD-1 expression in control and

COPD samples in either non-infected (p = 0.3617) or X31-treated samples (p = 0.1654).
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Figure 5.6. PD-1 expression by Tmem cells during X31 infection of lung
parenchyma. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before
a 22 h incubation. (A) Proportions of CD8+CD45RA-CCR7- (B) and CD8+CD45RA+CCR?7-
T cells expressing PD-1 was quantified by flow cytometry. Control n = 7, COPD n = 5.
Mean and SEM shown. Unpaired t test or Wilcoxon signed rank test performed when
comparing within disease groups. Mann-Whitney test performed when comparing
control group with COPD group. (*) represents p < 0.05, (**) represents p <0.01.

CD107a, but not TIM-3 or CD57 are upregulated by Influenza A infection

Expression of PD-1 alone is not sufficient to classify T cells as having an exhausted
phenotype. Co-expression of TIM-3 with PD-1 has previously been used to delineate between
activated and exhausted cells (Jin et al., 2010; West et al., 2011). Figure 5.8 shows combined
data from control and COPD samples. For CD4+ and CD8+ T cells, TIM-3 is not expressed
in non-infected lung parenchyma. Unlike PD-1 expression, TIM-3 is also not upregulated in

response to X31 infection.

131



CDS8

Isotype control

X31

10°
TIM-Z —————————=

Count

10% 10° 10 10

TIM3 —————=

3

Figure 5.7. Representative plot of TIM-3 expression by T cells after X31 Influenza
infection. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a 22
h incubation. TIM-3 expression was measured by flow cytometry after incubation with
fluorescently-labelled antibody. (A) CD8+ T cells stained with isotype control antibody. (B)
TIM-3 expression by NI CD8 T cells. (C) TIM-3 expression by X31-treated CD8 T cells.
Plots representative of 6 experiments.

A B
254 150 -
E 20 . = °
o 5100-
w197 ?
= =
= 104 =
3 —_ ¢ & 50
O 5. [a] o T
3] 1 3]
[ 1 ] —— e p— ®
0 % —— e P O-iﬂﬂﬂ—*—
S o) N D oy »
\Si"‘ + \SS"‘ ¥

Figure 5.8. TIM-3 expression by T cells during X31 infection of lung parenchyma.
1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a 22 h
incubation. (A) Proportions of CD4+ (B) and CD8+ T cells expressing TIM-3 were
quantified by flow cytometry. n = 6. Mean and SEM shown. Unpaired t test or Wilcoxon
signed rank test performed when comparing within disease groups.

CD57 is associated with fully differentiated cells and cells (Brenchley et al., 2003; Papagno
et al.,, 2004) which have potent anti-viral effector functions (Brenchley et al., 2003;
Chattopadhyay et al., 2009; Ibegbu et al., 2005). CD4+ T cells from control tissue and COPD
tissue recorded a wide range of CD57 expression values (NI sMFI 265 to 3945 and 422 to
2204 respectively), but CD57 was not upregulated in response to X31 (Figure 5.10A). CD8+
T cells expressed CD57 in non-infected tissues of controls and COPD samples, but also did

not upregulate CD57 in response to X31.
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Figure 5.9. Representative plot of CD57 expression by T cells after X31 Influenza
infection. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a
22 h incubation. CD57 expression was measured by flow cytometry after incubation
with fluorescently-labelled antibody. (A) CD8+ T cells stained with isotype control
antibody. (B) CD57 expression by NI CD8 T cells. (C) CD57 expression by X31-treated
CD8T cells. Plots representative of 12 experiments.
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Figure 5.10 CD57 expression by T cells during X31 infection of lung parenchyma.
1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a 22 h
incubation. (A) Proportions of CD4+ (B) and CD8+ T cells expressing CD57 were
quantified by flow cytometry. Control n = 7, COPD n = 5. Mean and SEM shown.
Unpaired t test or Wilcoxon signed rank test performed when comparing within disease
groups. Mann-Whitney test performed when comparing control group with COPD group.
Figure 5.11 illustrates the modulation of CD57 expression on Tmem cells in response to X31
treatment. CD57 expression is slightly but significantly upregulated by CD8+ Tem cells in
control (p = 0.0391) and COPD tissues (p = 0.0313) in response to infection. As with PD-1
expression, there were no differences in CD57 expression between control and COPD groups
at baseline (p = 0.4234) or during X31 infection (p = 0.271). Temra cells, however did not

upregulate CD57 in response to infection (Figure 5.11B). There was no significant increase in
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CD57 expression in control samples (p = 0.1094), but a trend (p = 0.0625) for increased
CD57 was observed in infected COPD tissues. Again there were no differences in CD57
expression between control and COPD groups at baseline (p = 0.2659) or during X31
infection (p = 0.345).
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Figure 5.11. CD57 expression by Tmem cells during X31 infection of lung
parenchyma. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before
a 22 h incubation. (A) Proportions of CD8+CD45RA-CCR7- (B) and CD8+CD45RA+CCR7-
T cells expressing CD57 was quantified by flow cytometry. Control n = 7, COPD n = 5.
Mean and SEM shown. Unpaired t test or Wilcoxon signed rank test performed when
comparing within disease groups. Mann-Whitney test performed when comparing
control group with COPD group. (*) represents p < 0.05.

A key immunological mechanism to control viral infection is the ability for T cells and NK
cells to kill infected cells via the release of perforin and granzyme. Cell degranulation can be
identified by the expression of CD107a on the surface of cytotoxic cells (Figure 5.13). CD4+
T cells from control samples significantly upregulated CD107a in response to infection (p =
0.03). There was a trend for a similar result with cells from COPD samples, but this did not
achieve significance (p = 0.12). This is possibly due to a small sample size and one patient
recording undetectable levels of CD107a for all conditions. CD8+ T cells also upregulated

CD107a in control explants (p = 0.03) but not in COPD samples.
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Figure 5.12. Representative plot of CD107a expression by T cells after X31 Influenza
infection. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before a 22
h incubation. CD107a expression was measured by flow cytometry after incubation with
fluorescently-labelled antibody. (A) CD4+ T cells (D) and CD8+ T cells stained with isotype
control antibody. (B) CD107a expression by NI CD4 T cells (E) and CD8 T cells. (C)
CD107a expression by X31-treated CD4 T cells (F) and CD8 T cells. Plots representative of
10 experiments.
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Figure 5.13. CD107a expression by T cells during X31 infection of lung
parenchyma. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before
a 22 h incubation. (A) Proportions of CD4+ (B) and CD8+ T cells expressing CD107a
were quantified by flow cytometry. Control n = 6, COPD n = 4. Mean and SEM shown.
Unpaired t test or Wilcoxon signed rank test performed when comparing within disease
groups. Mann-Whitney test performed when comparing control group with COPD group.
(*) represents p < 0.05.
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Analysis of Tmem populations also found disease-related differences in CD107a upregulation
in response to infection (Figure 5.14). As expected, Tem (p = 0.0112) and Temra (p = 0.0346)
cells from control patients upregulated CD107a in response to X31 influenza A infection.
Neither Tem (p = 0.125) nor Temra (p = 0.1995) cells from COPD samples unregulated
CD107a during acute infection. This distinction in responses between disease states was
emphasised by a trend suggesting that CD107a expression in Tem cells from infected control
tissue was greater than in COPD infected samples (p = 0.0559). The expression of CD107a
by Temra cells in infected tissue from controls was not significantly higher than that of Temra
cells in COPD (P =0.36). This is likely due to samples from control and COPD groups which
did not express detectable CD107a.
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Figure 5.14. CD107a expression by Tmem cells during X31 infection of lung
parenchyma. 1cm3 sections of tissue were treated with UVX31, X31 or NI for 2 h before
a 22 hincubation. (A) Proportions of CD8+CD45RA-CCR7- (B) and CD8+CD45RA+CCR?7-
T cells expressing PD-1 was quantified by flow cytometry. Control n = 6, COPD n = 4.
Mean and SEM shown. Unpaired t test or Wilcoxon signed rank test performed when
comparing within disease groups. Mann-Whitney test performed when comparing
control group with COPD group. (*) represents p < 0.05.

PD-L1 is upregulated by macrophages but not epithelial cells in response to X31

infection

Exhausted T cells lose their effector functions due to ligation of PD-1 by PD-L1. Thus PD-L1
was measured on epithelial cells and macrophages (Figure 5.16) to elucidate whether this
corresponded to viral infection and T cell upregulation of PD-1. The results indicated that
epithelial cells express PD-L1 in human parenchyma, but its expression is lower (NI pooled
controls and COPD sMFI = 142) than in macrophages (NI pooled sSMFI = 442.47) and is not
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regulated by acute X31 infection. Macrophages, however, upregulate PD-L1 in response to
infection in control samples (p = 0.016) and COPD samples (p = 0.049). The expression of
PD-L1 by macrophages in NI samples is unchanged between controls and COPD samples (p
= 0.0824). Although this p value could be described as a trend for increased expression PD-
L1 in healthy tissue, the majority of macrophages in both groups recorded undetectable levels
of the ligand. There was a similar trend for lower expression of PD-L1 in COPD observed
when comparing infected samples (p = 0.0926). Intriguingly, only one sample in the control
group did not express PD-L1 in response to infection, while macrophages in 4 of 9 COPD

samples fail to upregulate the ligand.

Control COPD p Value
n 9 9 -
Age (6473%.5) (576?'4712.5) 0.36
Gender M/F 415 3/6 -
(Neve?/rggj(garrent) 3/5/1 07475 -
Pack Years (é 3131,15) (39. 3%4;7755_ 25) 0.031
e | s -
FEV1% (95} 92i515) (607—2.7295.25) 0.0007
FEVI/FVCH% (0.75(? '—7%.798) (0.602 f%.esg) < 0.0001

Table 5.2. Patient phenotypes of individuals used in epithelial cell and
macrophage experiments. Individuals were defined as COPD by spirometry if
FEV1/FVC <0.7. Mean and IQR shown. Unpaired t test performed.
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Figure 5.15. Representative plot of PD-L1 expression by epithelial cells and
macrophages after X31 Influenza infection. 1cm3 sections of tissue were treated with
UVX31, X31 or NI for 2 h before a 22 h incubation. PD-L1 expression was measured by
flow cytometry after incubation with fluorescently-labelled antibody. (A) Epithelial cells
(D) and macrophages stained with isotype control antibody. (B) PD-L1 expression by NI
epithelial cells (E) and macrophages. (C) PD-L1 expression by X31-treated epithelial

cells (F) and macrophages. Plots representative of 18 experiments.
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Figure 5.16. PD-L1 expression by epithelial cells and macrophages during X31
infection of lung parenchyma. 1cm3 sections of tissue were treated with UVX31, X31
or NI for 2 h before a 22 h incubation. (A) Proportions of epithelial (B) and
macrophages expressing PD-L1 was quantified by flow cytometry. n = 9 for controls and
COPD. Mean and SEM shown. Unpaired t test or Wilcoxon signed rank test performed
when comparing within disease groups. Mann-Whitney test performed when comparing
control group with COPD group. (*) represents p < 0.05
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Conclusion

Lung tissue was infected to observe changes in functional markers on T cells, epithelial cells
and macrophages in response to X31 influenza A virus. This challenge model was utilised to
attempt to characterise dysfunctional T cells responses to influenza, and identify potential T
cell exhaustion. CD4+ T cells from control and COPD tissue appeared to responds to
infection in a functional manner, while CD8+ T cells in COPD showed inhibited cytotoxic
capabilities. Further investigation of the CD8+ lymphocyte population identified Temra cells
as being dysfunctional in response to influenza virus. This dysfunction did not appear to be
regulated by the exhaustion signalling pathway. Macrophage from control and COPD
samples upregulated PD-L1 in response to infection, but this was not reproduced by epithelial
cells.

Increased concentration of X31 virus used to challenge parenchymal tissue increased the
proportion of epithelial cell and macrophage infection. As shown previously (Nicholas et al.,
2013), only epithelial cells and macrophages had detectable NP-1 expression and thus were
targeted for infection by influenza virus. Infection of these cells is likely to be representative
of infection in vivo. Sheng et al. (Sheng et al., 2011) performed autopsies and
immunohistochemical analysis on lungs from individuals who died from infection with the
1918 pandemic influenza HIN1 virus. A key finding of their work was that viral RNA was
detected in epithelial cells and macrophages, but no other cell types. As epithelial cells
provide a physicochemical barrier in the lungs and macrophages are involved in tissue
surveillance, these cells may be the first to encounter virus and thus may be targeted for

infection by influenza.

There were no differences in the proportion of epithelial cells and macrophages which
expressed NP-1 between control and COPD groups. Previous literature suggests that
individuals with COPD are more susceptible to infection than healthy individuals (Hurst et al.,
2005; Inghammar et al., 2014). Our work had limitations which potentially could have led to
no differences in susceptibility between controls and COPD. The COPD patient cohort
consisted of patients classified as GOLD stage | or stage Il as these patients were suitable for
surgical lung resection. Viral infection is a trigger of disease exacerbations (Seemungal et al.,
2001; Wilkinson et al., 2006b), and exacerbation frequency correlates with COPD severity
(Hurst et al., 2010). Therefore as GOLD stage Il and IV patients were not recruited, the most
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susceptible individuals with COPD may not have been investigated. Analysis of NP-1
expression is an accurate method of identifying infected epithelial cells and macrophages.
The ability of influenza virus to successfully shed has been measured by Dr. Nicholas using
similar methodology, but determining re-infection has proved challenging and this was not
measured in my study. Therefore while control and COPD tissue was infected equally,
potential differences in viral shedding or viral persistence is unknown in this model. The
concentration of virus used to infected samples was selected as it infected the greatest
proportion of epithelial cells and macrophages. This level of infection may be the plateau of
infection before excessive cell death is induced. Therefore challenge of lung parenchyma
with lower concentrations may reveal different susceptibilities to infection between control
and COPD groups. Influenza is only one virus for which COPD individuals may be more
susceptible. RSV (Mallia et al., 2011), rhinovirus (George et al., 2014; Wilkinson et al.,
2006a) and adenovirus (McManus et al., 2007) have all been implicated in COPD
exacerbations, and may infect COPD patients to a greater extent than healthy individuals.
Data for the degree of X31 infection was generated from 9 control and 9 COPD samples.
These patients may be representative of their respective groups, but they may be relative

outliers which skew results and prevent accurate conclusions from being made.

As epithelial cells can function as antigen presenting cells (Papi et al., 2000), it would stand
to reason that they may be able to modulate and potentially inhibit immune responses. The
expression of PD-L1 by epithelium in the tumour microenvironment indicates poor prognosis
in several solid cancers (Hino et al., 2010; Nakanishi et al., 2007). In recent years this has
progressed from mouse tumour cell lines (lwai et al., 2002) to murine models and now has
clinical applications (Thompson et al., 2004; Topalian et al., 2012). It appears that although
epithelial expression of PD-L1 does not attenuate T cell responses in the acute model of X31

infection, these cells may play a role in chronic infection.

Upregulation of PD-L1 in response to viral infection has been shown in human cell lines, yet
PD-L1 was inconsistently expressed and was not modulated by X31 infection in our analysis
of the human lung epithelium. Utilising flow cytometric techniques, Stanciu et al. (Stanciu et
al., 2006) reported the upregulation of PD-L1 by H292, BEAS-2B and A549 epithelial cell
lines in response to 24 h RSV infection. Further work by the group of Sebastian Johnston
with BEAS-2B showed that RSV-induced upregulation of PD-L1 was associated with T cell

inhibition (Telcian et al., 2011). Discrepancies between PD-1 expression may be due to
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differential PD-L1 responses between epithelial cells in bronchial cell lines and epithelial
cells in primary parenchyma. A secondary finding in a study by Erickson et al. (Erickson et
al., 2012) was the requirement of PD-L1 to induce inhibition of T cell responses to influenza
infection. This group performed RT-PCR analysis on human bronchial epithelial cells lines
and lung tissue from influenza-infected mice. This suggests that PD-L1 expression may be
upregulated after 24 h at the gene expression level, but may require more time for that to be

translated into cell surface expression.

Using the explant model of acute Influenza A infection it was demonstrated that PD-1 was
upregulated by CD4+ and CD8+ T cells in both control and COPD tissues (Figure 5.5). This
is insufficient evidence to suggest that these cells display an exhausted phenotype, but it does
indicate T cell activation in response to X31 treatment. Models of LCMV infection have
established the dynamics of PD-1 expression in response to acute and chronic viral infection
in mice. Responses to acute and chronic strains of LCMV are similar until approximately 7-8
d post-infection (Barber et al., 2006; Wherry et al., 2007; Youngblood et al., 2011). Erickson
et al. (Erickson et al., 2012) investigated T cell responses in the acute setting using a murine
model of RSV and Influenza infection. PD-1 was upregulated as with LCMV models, with
virus-specific cells showing the greatest levels of expression. McNally et al. (McNally et al.,
2013) also recorded PD-1 expression by CD4+ and CD8+ T cells in response to acute
Influenza infection in a murine model. As our experiments were harvested at 24 h,
conclusions regarding chronic infection cannot be made. However, acute infection in the
human ex vivo model appears to yield similar results to those of the previously reported in

vivo murine model (McNally et al., 2013).

Work performed in Chapter 4 indicated that there was a trend for an increased proportion of
CD4+ T cells to express PD-1 in the lungs of stable COPD patients compared to controls.
Comparison of non-infected samples in this chapter did not reveal a similar trend in the
measurement of PD-1 sMFI on CD4+ T cells. This may be due to sampling differences as
tissue analysed for PD-1 expression in Chapter 4 was not used for infection work performed
in Chapter 5. Furthermore analysis of the proportion of PD-1 expressing cells and the
expression of PD-1 on a per cell basis (SMFI) may not be interchangeable for the PD-1
marker. Analysis of antigen-specific modulation of PD-1 expression is required, as this may

be lost when analysing the total CD4+ or CD8+ T cell population.
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PD-1 upregulation by CD8+ T cells in models of chronic infection is expected due to their
well characterised anti-viral (Bivas-Benita et al., 2013; Cox et al., 2013) and anti-tumour
properties (van der Bruggen et al., 1991; Wolfel et al., 1995). Whether CD4+ T cells can
exhibit an exhausted phenotype, and whether their progressive loss of function is similar to
CD8+ T cells, is currently unknown. In the explant model PD-1 was upregulated by both
CD4+ and CD8+ T cells in response to X31 infection. It has been established that CD4+ T
helper cells can promote CD8+ T cell responses during viral infections (Cardin et al., 1996;
Matloubian et al., 1994). Therefore T cell exhaustion in CD4+ T cells may prevent promotion

of CD8+ responses, even if CD8+ T cells were fully functional.

As it appears that PD-1 and PD-L1 were upregulated during infection, it was perhaps
surprising to find no expression of TIM-3 by cells from the lung parenchyma. Jin et al. (Jin et
al., 2010) addressed the importance of TIM-3 expression in a murine model of LCMV. While
T cells expressing PD-1 had displayed inhibited effector functions, cells co-expressing PD-1
and TIM-3 were most affected. Intriguingly blocking TIM-3 did not restore T cell function
which was shown by PD-L1 blocking antibodies. As T cells exhaustion is a progressive loss
of function, TIM-3 may only be expressed at the least functional “end-stage” of exhaustion.
What can be concluded from the lung TIM-3 data is that there is no evidence of TIM-3
expression prior to viral challenge, and TIM-3 does not appear to contribute to T cell
dysfunction in COPD. Furthermore the acute explant model may not be sufficient to identify

T cells at their most exhausted state.

The release of granzyme B and perforin is utilised by CD8+ T cells to induce apoptosis of
virally-infected cells (Peters et al., 1991). Intercellular staining of these proteins was not
performed due to variable levels of Granzyme B detection in non-stimulated samples
(Chapter 4), but CD107a can be used as a surrogate marker for T cell cytotoxic degranulation
(Peters et al., 1991). CD107a is a lysosomal membrane protein which is revealed on the
surface of degranulated cells, implicating CD107a-expressing cells in secretion of perforin
and granzyme B. Antibodies used to identify CD107a expression were added to cell samples
after X31 infection protocol and 22h incubation had been completed. Expression of CD107a
is dynamic during T cell stimulation, and may be intracellularily recycled from the cell
surface. Thus the levels of CD107a detected on T cells is representative of the end stage of
the infection which may differ from those taken at earlier time points. CD107a was

upregulated by CD4+ and CD8+ T cells in controls but not COPD samples in response to
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influenza infection. An inability to produce cytotoxic proteins in response to viral infection
infers a susceptibility to infection and potentially a failure to clear the pathogen. Loss of
cytotoxic function is a characteristic of T cell exhaustion, thus further emphasising that
upregulation of PD-1 alone may not indicate T cell exhaustion, but in combination with
impaired CD107a responses it can suggest impaired T cell function. Cytotoxic responses are
predominantly associated with CD8 T cell and NK cells, but in this model CD107a was also
upregulated by CD4 T cells. This finding adds to the growing literature of cytotoxic CD4+ T
cells in viral infection (Fang et al., 2012; Jellison et al., 2005), including influenza
(Wilkinson et al., 2012). It is unclear as to whether cytotoxic CD4+ T cells are a unique
subset of T cells, or whether their killing ability is induced during an impaired CD8+

response.

It was intended that investigation of the Tmem population in the explant model would
identify anti-viral responses by long-lived T cells which have already encountered respiratory
pathogens. As COPD individuals may suffer recurrent or prolonged infections, it was the
Tmem compartment which would be most likely to express dysfunctional characteristics in
response to influenza challenge. Two distinct functional populations were identified in the
CD8+ T cell subset, Tem and Tewmra cells. The role of these cells was elucidated by
differential expression of CD57, CD107a and PD-1 (illustrated in Table 5.3). The lack of
CD107a upregulation combined with upregulated CD57 by Temra cells in COPD tissue
would suggest an anergic phenotype of this cell population (Table 4.9). The failure to
upregulate PD-1 implies that this inhibition or dysfunction is independent of the classical T
cell exhausted phenotype. Therefore there may be regulatory mechanisms in the COPD lung
which inhibit the cytotoxic capabilities of Temra cells, but this has not been identified in our
work. It appears that the terminally differentiated Temra population in COPD show signs of
senescence and inhibited functionality. It is yet to be elucidated as to whether these cells fully
display an exhausted or anergic phenotype, or to the extent they can protect the host in an in

Vivo context.
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PD-1 CD57 CD107a

Tem Control Upregulated Upregulated Upregulated

Trend towards

Tem COPD Upregulated Upregulated .
upregulation
Temra Control Upregulated Unchanged Upregulated
Trend for
Temra COPD Unchanged Unchanged

upregulation

Table 5.3. Expression of key cell markers by memory CD8 T cells in response to
X31 infection of tissue.

In summary, work performed in Chapter 5 identified epithelial cells and macrophages as
targets for viral infection in the human lung explant. Macrophages upregulate PD-L1 in
response to infection, although there is a trend for reduced expression of PD-L1 in COPD
tissue. Epithelial cells do not appear to modulate PD-L1 expression in response to infection,
but this may be due to the relatively short incubation time (24 h). Therefore macrophages
may be the key regulatory cell during acute influenza infection. CD4+ and CD8+ T cells
from tissue upregulated PD-1 in response to infection but did not express TIM-3 suggesting
these cells do not express an exhausted phenotype. CD107a expression, however, was
upregulated by CD4+ T cells in control and COPD, but only in controls was CD107a
upregulated by CD8+ T cells. This implies CD8+ T cells from COPD lung tissue have
functionally impaired cytotoxic capabilities. CD8+ Tem and Temra appeared to have different
functional profiles through characterisation of CD107a and CD57 expression. This work
addressed inflammatory cell responses to influenza infection of lung parenchyma. Further
work to explore mechanisms of T cell-macrophage interactions can be investigated using an
in vitro model of infection using blood-derived cells, in which cell surface marker and IFNy

responses can be measured in response to X31 challenge.
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Chapter 6

Analysis of Control of Human Functional T cell
Responses During Experimental Influenza

Infection
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Introduction

Chapter 5 detailed the responses of T cells and macrophages to influenza infection in the lung.
A key finding of this work was the upregulation of CD107a by CD8+ T cells during acute
infection, demonstrating a functional anti-viral immune response in healthy controls, but this

was lacking in COPD patients.

To extend our study to investigate the role of T cells in response to acute viral infection,
assays to measure T cell cytokine production were utilised. ELISpot is a validated
methodology to identify and quantify the frequency of cytokine-producing cells. This assay
utilises monoclonal antibodies to identify cells producing a pre-determined cytokine (such as
IFNy). Cytokine producing cells are identified by coloured spots developing upon a
membrane which are then counted. If the number of cells present in the well is known, the
number of spots formed can be represented as number of spot forming colonies (SFCs)/1 x
10° cells. Furthermore ELISpot is a flexible system in which supplements can be added to

wells to measure the promotion or inhibition of cytokine production.

A limitation of the lung parenchyma infection model is the small yield of cells compared to
blood models and culled murine models of infection. Work discussed in Chapter 2
emphasised that cell marker preservation was of paramount importance in this study, even if
this resulted in potential lower cell yields. Each well of an ELISpot requires a minimum
recommended number of 5 x 10* effector cells. Due to the number of variables wishing to be
tested, it was not practical to continue using cells derived from lung tissue. The mass of tissue
required for such investigations would exceed what was obtained from surgery and factoring
in the cost of antibodies required, time to process tissue and sort cells using FACS

necessitated another source of cells to be sought.

Work was therefore continued and expanded to understand control of T cell responses to viral
infection that would help inform interpretation of our earlier data by utilising an in vitro
model of infection of monocyte-derived macrophages (MDM) and autologous T cells derived
from blood. Blood was obtained from healthy volunteers, and thus comparisons between T
cell responses between health and COPD were not performed. In this chapter, IFNy
production by T cells was measured by ELISpot in response to co-culture with Influenza A-

infected MDMs. IFNy responses were also measured when cells were treated with fluticasone
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propionate, retinoic acid or aPD-L1 blocking antibody. T cells were also analysed for
expression of PD-1, TIM-3, CD107a and NKG2D in response to these treatments.

MDMs are infected by X31 Influenza A virus

The differentiation of blood monocytes to MDMs has previously been validated as a model of
lung macrophages (Tudhope et al., 2008; Young et al., 1990) and has been utilised by the
research group (Staples et al., 2012). Dr. Staples previously constructed a protocol for the
infection of monocytes by influenza A virus to give similar levels of infection to that
observed in tissue explants (K.J. Staples et al., 2014) (Figure 5.3).

To ensure that MDMs were infected, MDMs were exposed to X31 Influenza A virus for 2 h
followed by washing. These cells were then cultured for a further 22 h before analysis by
flow cytometry. Figure 6.1. shows the infection of MDMs by X31 influenza using a similar
gating strategy to tissue macrophages. Approximately 55% of MDMs were infected using
this protocol. PD-L1 expression was also measured on these infected MDMs (Figure 6.2). NI
samples expressed a SMFI of 507, and this is upregulated to a SMFI of 1883 upon infection.
Thus, like macrophages in lung parenchyma, MDMs are infected by X31 influenza A and

respond to this infection by upregulating PD-L1 surface expression.
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Figure 6.1. MDM infection by X31 Influenza A Virus. MDMs were treated with X31 or
NI for 2 h before washing. MDMs were gated on the singlet cell population expressing
CD45+ and HLA-DR+. Expression of NP-1 was used to determine MDM infection by X31.
(A) Non-infected sample and (B) X31-treated sample. Blue dots represent uninfected
MDMs, pink dots represent infected MDMs. Data representative of 2 experiments.
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Figure 6.2. MDMs upregulate PD-L1 in response to X31 Influenza A infection.
MDMs were treated with X31 or NI for 2 h before washing. (A) Isotype control antibody
was added to measure background fluorescence. (B) Non-infected (C) or X31-treated
MDMs were labelled with PE-labelled PD-L1 antibody.

Interaction between Influenza A infected MDMs and T cell induces IFNy production

Experiments had been previously performed with PBMCs to quantify IFNy production by
intra-cellular staining (Chapter 3). There was difficulty in optimisation of this protocol, with
undetectable levels of IFNy expression recorded in CD4+ T cells. Therefore an ELISpot

technique was employed to assess T cell IFNy production.

In order to observe virus-specific IFNy production rather than T cell activation due to HLA-
mismatch, autologous lymphocytes were incubated with MDMs were infected by X31, in
ELISpot assays. MDMs were incubated with X31 virus for two hours before washing and
addition to an ELISpot plate prepared for detection of IFNy. Autologous T cells were added
to the ELISpot wells and cells were cultured for 18 h. The ELISpot protocol was then
performed as described in Chapter 2 (Figure 2.1). For initial experiments 5 x 10* MDMs and
2.5 x 10° T cells were used per well to give a 1:5 Target:Effector ratio as recommended by

the manufacturer as responder frequency was unknown and possibly low.

Figure 6.3 shows the number of SFCs detected by ELISpot in response to MDM and T cell
co-culture after treatment of MDMs with UV-irradiated virus or live X31 virus. The number
of T cells producing IFNy is significantly greater in wells containing X31-infected MDMs
(mean SFCs = 804.6) than non-infected MDMs (mean SFCs = 90, p = 0.0086). Live X31 also
induces greater IFNy production than UVX31 (p = 0.0182).
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To ensure that infected MDMs were required for T cell secretion of IFNy, experiments were
performed in which monocyte-depleted PBMCs (lymphocytes) were treated with X31 in a
similar manner to MDMs. IFNy production under these conditions is shown in Figure 6.4
MDMs do not produce IFNy in response to infection. Similarly T cells alone produce very
low levels of IFNy (mean sMFI = 80.56), and this is significantly lower than wells containing
infected MDMs and autologous lymphocytes (mean sMFI = 788.3, p = 0.0368). Therefore
live virus alone is not sufficient to induce IFNy responses by T cells in the absence of MDMs.
Work previously performed by the group indicated that MDMs are preferably infected by
X31, and T cells do not appear to be targets of infection (Staples et al., 2009). Furthermore it
appears that antigen presentation by MDMs is required for optimal T cell responses. The
lymphocyte population comprises of T cells, but also B cells which can function as APCs
(Avalos and Ploegh, 2014). In this model, however, it appears that no cell in the lymphocyte
population could present antigen as there was no IFNy release without the co-stimulation
provided by MDMs Previous work by the group has shown than B cells are not infected by

X31 influenza virus in a similar model, and this may be a reason for poor T cell stimulatory

responses.
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Figure 6.3. IFNy production by T cells in response to infected MDMs. MDMs were
treated with UVX31, X31 or NI for 2 h before washing. 5 x 10* MDMs were added to
wells of an ELISPOT plate and were co-cultured with 2.5 x 105 lymphocytes. The
ELISPOT plate was incubated at 379C for 18 h before analysis. n = 4. Mean and SEM
shown. Paired students t test was performed. p < 0.05 (*), p < 0.01 (**).
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Figure 6.4. IFNy production by T cells requires MDMs. MDMs or lymphocytes were
treated with UVX31 or X31 for 2 h before washing. 5 x 10#* MDMs were added to wells of
an ELISPOT plate and were co-cultured with 2.5 x 105 lymphocytes. Wells not
containing MDMs (T only), and wells containing MDMs only were also measured for
their ability to produce IFNy. The ELISPOT plate was incubated at 372C for 18 h before
analysis. n = 3. Mean and SEM shown. Paired students t test was performed. p < 0.05 (*).
Initial ELISpot work was performed using 2.5 x 10° lymphocytes/well, but subsequent
experiments recorded values which were beyond the limit of ELISpot detection (Figure 6.5).
as the software was unable to give reproducible counts above 350 spots per well. If wells
exceeded this number of spots, colonies overlapped and did not allow for accurate assignment
and counting by the software. As IFNy production is routinely reported as spot forming
colonies (SFCs)/1x10° cells, the number of spots in each well was multiplied by 4 to give a
final value in these preliminary experiments. Figure 6.5 B shows results from 3 experiments
in which X31 infection recorded excessive values (these were represented as 1400 SFCs/1 x
10° cells). The numbers of lymphocytes was reduced to 1 x 10° cells/well, with the
Target:Effector ratio reduced to 1:2 (Figure 6.6). As fewer cells were present within each
well, the maximum SFC detection limit was increased from 1400 to 3500 SFC/1 x 10° cells
(spots counted in wells were multiplied by 10 rather than 4). X31 infection of MDMs resulted
in increased IFNy production by T cells (p = < 0.0001) as seen in Figure 6.6. From a total of
11 experiments, of which samples were performed in triplicate, only 1 well exceeded the
detection limit (recorded as 3500 SFC/1 x 10° cells). Therefore the concentration of 5 x 10*

MDMs and 1 x 10° lymphocytes/T cells was used for all further experiments.
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Figure 6.5. IFNy production by T cells exceeded detection limit in response to
infected MDMs. MDMs were treated with X31 or NI for 2 h before washing. 5 x 104
MDMs were added to wells of an ELISPOT plate and were co-cultured with 2.5 x 105
lymphocytes. The ELISPOT plate was incubated at 372C for 18 h before analysis. (A)
Well of ELISpot plate under saturated and unsaturated conditions. Picture is
representative of 3 experiments. (B) Number of SFCs/1 x 106 lymphocytes co-cultured
with NI or X31-treated MDMs. Mean and SEM shown. n = 3. Paired students t test was
performed. p = 0.0008 (**).
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Figure 6.6 IFNy production was upregulated by T cells in response to infected
MDMs. MDMs were treated with X31 or NI for 2 h before washing. 5 x 104* MDMs were
added to wells of an ELISPOT plate and were co-cultured with 1 x 10> lymphocytes. The
ELISPOT plate was incubated at 372C for 18 h before analysis. n = 11. Mean and SEM
shown. Paired students t test was performed. p < 0.01 (**).

IFNy is produced by CD4 and CDS8 T cells

IFNy was produced by lymphocytes in the presence of infected MDMs, but these cells consist
of a mixed T cell population (i.e. CD4+ and CD8+ cells), NK cells and other innate lymphoid
cells which may also produce IFNy. Therefore the lymphocyte population was purified to
yield CD4+ and CD8+ T cells. 1 x 10° CD4 +or CD8+ T cells were added to 5 x 10 MDMs
in a 1:2 Target:Effector ratio. Figure 6.7 shows that both CD4+ T cells (p = 0.0114) and
CD8+ T cells (p = 0.001) significantly upregulate IFNy production in response to X31-
infected MDMs compared to NI MDMs. CD8+ T cells (mean sMFI = 1555) appear to be the
dominant T cell subset for IFNy production compared to CD4+ T cells (mean sMFI = 899.3,
p = 0.0037).
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Figure 6.7 IFNy production was upregulated by CD4 and CD8 T cells in response to
infected MDMs. MDMs were treated with X31 or NI for 2 h before washing. 5 x 104
MDMs were added to wells of an ELISPOT plate and were co-cultured with 1 x 105 CD4+
or CD8+ T cells. The ELISPOT plate was incubated at 372C for 18 h before analysis. n =
10. Mean and SEM shown. Paired students t test was performed. p < 0.05 (*), p < 0.01

The production of IFNy as detected by ELISpot was combined with flow cytometic analysis
of PD-1 expression using the in vitro model (Figure 6.8). MDMs were separated after 2 h
infection. These cells were either used in the previously described ELISpot experiment, or
they were co-cultured with autologous T cells for 18 h before labelling with antibody and
analysed by flow cytometry. Figure 6.9 illustrates PD-1 expression by T cells co-cultured
with non-infected or X31 infected MDMs. Only one CD4+ sample showed increased PD-1
expression in response X31, with the remaining 3 samples recording unchanged expression
(Figure 6.10A). All CD8+ samples showed increased PD-1 expression upon co-culture with
X31 infected MDMs (Figure 6.10B), but this did not achieve statistical significance (p =
0.119).
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Figure 6.8. Combination of ELISpot and flow cytometry. MDMs were infected as
previously described. A proportion of these cells were used in ELISpot experiments to
quantify IFNy responses by T cells. Remaining MDMs were used in flow cytometic
experiments in which key cell surface markers on T cells were analysed.
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Figure 6.9 PD-1 expression by T cells co-cultured with MDMs. After co-culture with
MDMs, PD-1 expression by T cells was measured. (A) Isotype control was added to
measure background fluorescence for CD4 and (B) CD8 T cells. (C) PD-1 expression by
CD4 (D) and CD8 T cells cultured with non-infected MDMs. (E) PD-1 expression by CD4
(F) and CD8 T cells cultured with X31 infected MDMs. Data representative of 4
experiments.
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Figure 6.10 PD-1 expression by T cells in response to infected MDMs. MDMs were
treated with X31 or NI for 2 h before washing. 5 x 104 MDMs were co-cultured with 1 x
105 lymphocytes at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells expressing PD-
1 was quantified by flow cytometry. n = 4. Paired students t test was performed.
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The expression of CD107a was also measured on T cells after co-culture with MDMs. This
expression is illustrated in Figure 6.11. CD107a appears to be upregulated by CD4+ (Figure
6.12A) and to a greater extent CD8+ T cells (Figure 6.12B) in response to X31-infected
MDMs. Upregulation is not significant, possibly due to low sample numbers and one sample
which did not express any detectable CD107a in either cell phenotype. It is currently
unknown if the lack of CD107a expression was reflective of the patient phenotype or whether

there was an error in sample processing.
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Figure 6.11 CD107a expression by T cells co-cultured with MDMs. After co-culture
with MDMs, CD107a expression by T cells was measured. (A) Isotype control was added
to measure background fluorescence for CD4 and (B) CD8 T cells. (C) CD107a
expression by CD4 (D) and CD8 T cells cultured with non-infected MDMs. (E) CD107a
expression by CD4 (F) and CD8 T cells cultured with X31 infected MDMs. Data
representative of 3 experiments.
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Figure 6.12. CD107a expression by T cells in response to infected MDMs. MDMs
were treated with X31 or NI for 2 h before washing. 5 x 10* MDMs were co-cultured
with 1 x 10> lymphocytes at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells
expressing CD107a was quantified by flow cytometry. n = 3.

As with work in lung parenchyma (Chapter 5), the expression of TIM-3 was analysed by flow
cytometry. TIM-3 was also not expressed at a detectable level in this blood model of acute
influenza infection (Figure 6.13). In addition to PD-1, CD107a and TIM-3, NKG2D
expression was measured (Figure 6.14). NKG2D is a receptor expressed in some innate-like
cells and T cells which can detect virally-infected cells or tumour cells (Lanier, 2008).
Identification of NKG2D expression within the T cell population would indicate that IFNy
production was due to the cytokine environment or TLR ligation (bystander activation)
(Sckisel et al., 2014) rather than TCR-dependant T cell activation. In these experiments,
however, NKG2D was not detected and thus production of IFNy was associated with CD4+

and CD8+ T cells TCR-dependant responses.
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Figure 6.13 TIM-3 expression by T cells co-cultured with MDMs. After co-culture
with MDMs, TIM-3 expression by T cells was measured. (A) Isotype control was added
to measure background fluorescence for CD4+ and (B) CD8+ T cells. (C) TIM-3
expression by CD4+ (D) and CD8+ T cells cultured with non-infected MDMs. (E) TIM-3
expression by CD4+ (F) and CD8+ T cells cultured with X31 infected MDMs. Data

representative of 3 experiments.
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Figure 6.14 NKG2D expression by T cells co-cultured with MDMs. After co-culture
with MDMs, NKG2D expression by T cells was measured. (A) Isotype control was added
to measure background fluorescence for CD4 (B) and CD8+ T cells. (C) NKG2D
expression by CD4+ (D) and CD8+ T cells cultured with non-infected MDMs. (E) NKG2D
expression by CD4+ (F) and CD8+ T cells cultured with X31 infected MDMs. Data
representative of 3 experiments.

Fluticasone inhibits T cell IFNy production

Corticosteroids are commonly used in the treatment of COPD despite the inability of these
drugs to slow disease progression (Yang et al., 2012), to improve mortality rate (Calverley et
al., 2007), and patient populations who are not responsive to treatment. Corticosteroids can
reduce inflammation in the lung and may be beneficial during disease exacerbations (Woods
et al., 2014), but this may also inhibit the immune response to respiratory pathogens. In order
to ascertain whether the phenotypes we were observing in the COPD lung were an
epiphenomenon caused by steroid use, the effects of the steroid fluticasone propionate on T

cell responses to MDM infection were analysed.
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ELISpot experiments were performed using the lymphocyte population in which fluticasone
propionate was used as a steroid treatment MDM post-infection (Figure 6.15). In a similar
result to Figure 6.6, X31 infected samples recorded more spot forming colonies than non-
infected samples (p = 0.0107). Fluticasone-treated samples infected with X31 also
upregulated T cell IFNy production compared to non-infected samples (p = 0.0178). In
infected samples, treatment with fluticasone (mean sMFI = 761.7 SFC) significantly reduced
the number of spot forming colonies seen compared to non-treated cells (mean SMFI = 2448,
p = 0.0105). To ensure that fluticasone was inhibiting IFNy but not killing cells, experiments
were performed to measure cell viability and MDM infection levels in fluticasone-treated
samples (Table 6.1). Facilities for flow cytometry prohibited the use of live virally-infected
cells, requiring cells to be fixed for analysis. Thus viability was only measured in uninfected
samples. Treatment of MDMSs and lymphocytes slightly reduced cell viability from 71.4% to
65.3%. The proportion of infected MDMs was also slightly reduced from 36.8% to 33.4%
with fluticasone treatment. Although cell viability and infection of MDMs may be lowered in
fluticasone-treated samples, it is unlikely to be sufficient to account for the significant
decrease in IFNy production seen in Figure 6.15. Representative ELISpot wells can be seen in
Figure 6.15.
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Figure 6.15 Fluticasone inhibits IFNy production by T cells. MDMs were treated
with X31 or NI for 2 h before washing. 5 x 10* MDMs were co-cultured with 1 x 105
lymphocytes with or without 100 nM fluticasone propionate (FT) at 37°C for 18 h. (A)
Wells of ELISpot plate with or without fluticasone. Picture is representative of 4
experiments. (B) Number of SFCs/1 x 106 lymphocytes co-cultured with NI or X31-
treated MDMs. n=4. Mean and SEM shown. Paired students t tests were performed. p <
0.05 (*).

NI NI +FT X31 X31+FT P value
Viability 60.9 52.88
(%) (12.2) (11.79) ) i 0.125
Infection 31.58 28.26
(%) - - (14.84) (16.89) 0.188

Table 6.1 Fluticasone effects on cell viability and MDM infection. MDMs were
culture and co-cultured with lymphocytes as previously described. Viability and
infection of cells was measured by flow cytometry. Mean and SD shown. Viability n=4,
Infection n=5. Wilcoxon signed rank test performed.

CD4+ and CD8+ T cells were again isolated from lymphocytes and co-cultured with infected

MDMs and fluticasone (Figures 6.16). There were no differences in baseline IFNy expression

for either CD4+ (Figure 6.16A) or CD8+ T cells (Figure 6.16B), despite one sample
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recording greater IFNy production in samples without fluticasone treatment. Comparing
infected samples, there was a trend (p = 0.0631) for CD4+ T cell IFNy production to be
inhibited with fluticasone treatment (Figure 6.16C). CD8+ T cell IFNy production was
significantly decreased (p = 0.0117) in response to fluticasone treatment (Figure 6.16D). Both
CD4+ and CD8+ T cell IFNy production is attenuated with fluticasone treatment, but CD8+ T

cells appear to be more susceptible to inhibition by corticosteroids.
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Figure 6.16 IFNy production by CD4 and CD8 T cells treated with fluticasone.
MDMs were treated with X31 (C-D) or NI (A-B) for 2 h before washing. 5 x 10* MDMs
were co-cultured with (A+C) 1 x 105 CD4+ (B+D) or CD8+ T cells and (C-D) 100 nM
fluticasone propionate at 372C for 18 h. (A) n=3, (B) n=4., (C) n =5, (D) n=8 Mean and
SEM shown. Paired students t tests were performed. p < 0.05 (*).

Measurement of PD-1 in CD4+ and CD8+ cells (Figure 6.17) did not reveal differences in
expression during fluticasone treatment, suggesting corticosteroids do not have a direct role
in promotion of T cell exhaustion. CD4+ T cells did not appear to have altered CD107a
expression in response to fluticasone treatment (Figure 6.18A). Expression of CD107a on

fluticasone-treated CD8+ T cells followed a similar pattern to untreated samples (Figure
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6.18B). Although appearing to upregulate CD107a, CD8+ T cells that were fluticasone and
X31-treated did not achieve statistical significance when compared to untreated samples (p =
0.0938). As with data shown in Figure 6.12, the inability to detect CD107a expression on one
sample may conceal patterns of CD107a expression in response to either influenza virus or

fluticasone.
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Figure 6.17 PD-1 expression by CD4 and CD8 T cells treated with fluticasone.
MDMs were treated with X31 or NI for 2 h before washing. 5 x 104 MDMs were co-
cultured with (A) 1 x 105 CD4+ (B) or CD8+ T cells with or without 100 nM fluticasone
propionate at 37°C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells expressing PD-1 was
quantified by flow cytometry. n=4. Mean and SEM shown. Paired students t tests were

performed.
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Figure 6.18. CD107a expression by CD4 and CD8 T cells treated with fluticasone.
MDMs were treated with X31 or NI for 2 h before washing. 5 x 104 MDMs were co-
cultured with (A) 1 x 10> CD4+ (B) or CD8+ T cells with or without 100 nM fluticasone
propionate at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells expressing CD107a
was quantified by flow cytometry. n=3. Mean and SEM shown. Paired students t tests
were performed.
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Retinoic acid attenuates T cell IFNy production

COPD patients may be characterised with nutritional deficiencies which contribute to the
progression of disease. Hall et al . (Hall et al., 2011a) have shown that in Vitamin A deficient
mice, T cell IFNy responses are significantly reduced. During T. gondii infection, retinoic
acid treatment of mice recovered T cell potential to produce IFNy and significantly increase
parasite clearance. Conversely, retinoic acid appears to play a role in the generation and
maintenance of inducible Treg cells (iTreg) which can maintain tolerance to non-harmful
antigens at mucosal sites (Benson et al., 2007; Curotto de Lafaille et al., 2008; Hadis et al.,
2011).

Experiments were performed to elucidate the ability of retinoic acid to promote or inhibit T
cell function in the context of influenza infection (representative wells shown in Figure
6.19A). Figure 6.19B shows that addition of retinoic acid inhibits upregulation of IFNy
production in response to X31 treatment (p = 0.1622). When compared to X31 infection
without RA (Figure 6.19.C), IFNy producing T cells are significantly fewer in RA treated
samples (mean sMFI= 1116, p = 0.0173) than X31 alone (mean sSMFI = 2370).
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Figure 6.19. Retinoic acid inhibits IFNy production by T cells. MDMs were treated
with X31 or NI for 2 h before washing. 5 x 10* MDMs were co-cultured with 1 x 10°
lymphocytes with or without 50 nM retinoic acid (RA) at 372C for 18 h. (A) Wells of
ELISpot plate with or without 50 nM retinoic acid. Picture is representative of 6
experiments. (B) Number of SFCs/1 x 10 lymphocytes co-cultured with NI or X31-
treated MDMs with or without 50 nM retinoic acid. n=4. (C) Number of SFCs/1 x 106
lymphocytes co-cultured with X31-treated MDMs with or without 50 nM retinoic acid. n
= 6. Mean and SEM shown. Paired students t tests were performed. p <0.05 (*).

The lymphocyte population was again separated to yield CD4+ and CD8+ T cell populations
(Figure 6.20). There was no difference at baseline levels of IFNy production by CD4+ T cells
in response to retinoic acid treatment. Differences in means may be accounted for by one
sample in which relatively a high number of IFNy-producing cells were identified. Frequency
of IFNy-producing CD8+ T cells was similar between non-infected samples and retinoic acid
treated samples. When comparing retinoic treated and non-treated infected samples (Figure
6.20), CD4+ T cells appeared to have reduced IFNy production compare to non-treated
counterparts but significance was not achieved (p = 0.1373). CD8+ T cells from retinoic acid
treated samples expressed a mean SFC of 1049, while non-treated infected samples recorded
a SFC mean of 1247. Therefore retinoic acid treatment of CD4 T+ cells resulted in a 40%
loss of SFCs, while this loss was 16% in CD8+ T cells. Therefore retinoic acid may play a

more significant role in CD4+ T cell IFNy production compared to CD8+ T cells,
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Figure 6.20. IFNy production by CD4 and CD8 T cells treated with retinoic acid.
MDMs were treated with X31 or NI for 2 h before washing. 5 x 10#* MDMs were co-
cultured with (A) 1 x 105 CD4+, (B) CD8+ T cells with or without 50 nM retinoic acid at
37°C for 18 h. (C) X31-treated MDMs with 1 x 105> CD4+ or (D) CD8+ T cells
supplemented with 50 nM retinoic acid. (A) n=3, (B) n=4. (C) n=5. (D) n=6. Mean and
SEM shown. Paired students t tests were performed.

PD-1 expression by retinoic acid treated cells was unchanged in response to X31 infection of
MDMs (Figure 6.21). PD-1 expression for two samples was increased in response to retinoic
acid treatment independently of X31 infection. Figure 6.21 illustrates the upregulation of PD-
1 expression by retinoic acid treatment alone. Thus retinoic acid may play a role in PD-1
expression, but the mechanism is currently unknown. Retinoic acid treatment also appeared
to upregulate CD107a expression independently of X31 infection (Figure 6.23). Retinoic
acid-treated CD4+ T cells did not significantly increase CD107a expression in non-infected
samples (p = 0.1647) nor X31-treated samples (p = 0.1563). CD8+ T cells also did not

achieve significance in response to retinoic acid (NI p = 0.1597, X31 p = 0.1406).
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Figure 6.21 PD-1 expression by CD4 and CD8 T cells treated with retinoic acid.
MDMs were treated with X31 or NI for 2 h before washing. 5 x 10* MDMs were co-
cultured with (A) 1 x 105 CD4+ (B) or CD8+ T cells with and without 50 nM retinoic
acid at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells expressing PD-1 was
quantified by flow cytometry. n=4. Mean and SEM shown. Paired students t tests were
performed.
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Figure 6.22. PD-1 expression by T cells co-cultured with MDMs. After co-culture
with MDMs, PD-1 expression by T cells was measured. (A) PD-1 expression by CD4 (B)
and CD8+ T cells cultured with non-infected MDMs. (C) PD-1 expression by CD4 (D) and
CD8+ T cells cultured with non-infected MDMs and 50 nM retinoic acid.
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Figure 6.23. CD107a expression by CD4 and CD8 T cells treated with retinoic acid.
MDMs were treated with X31 or NI for 2 h before washing. 5 x 104# MDMs were co-
cultured with (A) 1 x 10> CD4+ (B) or CD8+ T cells with and without 50 nM retinoic
acid at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells expressing CD107a was
quantified by flow cytometry. n=3. Mean and SEM shown. Paired students t tests were
performed.

Effects of PD-L1 blocking antibody on T cell IEFNy production

Blocking of PD-1:PD-L1 interactions has been shown to reverse T cell exhaustion in models
of chronic viral infection (Barber et al., 2006). MDMs and lymphocytes were supplemented
with anti-PD-L1 blocking antibody (aPD-L1) and the number of SFCs was measured (Figure
6.24). X31 infection combined with isotype antibody recorded a SFC mean of 2072, while
aPD-L1 treatment recorded a SFC mean of 1966. These values were both lower than X31
infection alone in which the SFC mean was 2448. As there was no apparent effect of
blocking PD-L1 for the entire lymphocyte population, experiments were performed with
purified CD4+ and CD8+ T cells (Figure 6.25). Treatment with either isotype control
antibody (p = 0.0908) or oPD-L1 (p = 0.091) trended towards decreased IFNy production
compared to X31 treatment alone, but this did not achieve significance. Treatment with aPD-
L1 antibody did not significantly increase IFNy production by CD4+ T cells compared to
isotype antibody (p = 0.1142). There was a trend, however, for CD8+ T cells supplemented
with treated aPD-L1 to record a greater IFNy response than with isotype control antibody

supplementation (p = 0.0881).
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Figure 6.24. IFNy production by T cells in response to blocking PD-L1. MDMs were
treated with X31 or NI for 2 h before washing. 5 x 10* MDMs were co-cultured with 1 x
105 lymphocytes with isotype control antibody or aPD-L1 blocking antibody at 37°C for
18 h. (A) Wells of ELISpot plate with isotype control antibody or aPD-L1 blocking
antibody. Picture is representative of 4 experiments. (B) Number of SFCs/1 x 10°
lymphocytes co-cultured with X31-treated MDMs with isotype control antibody or aPD-
L1 blocking antibody. n = 4. Mean and SEM shown. Paired students t tests were
performed.
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Figure 6.25. IFNy production by CD4 and CD8 T cells is not increased in response
to blocking PD-L1. MDMs were treated with X31 for 2 h before washing. (A) 5 x 104
MDMs were co-cultured with 1 x 105 CD4+ or (B) CD8+ T cells with isotype control
antibody or aPD-L1 blocking antibody at 372C for 18 h. (A) n = 3, (B) n = 4. Mean and
SEM shown. Paired students t tests were performed.

Analysis of PD-1 expression on CD4+ T cells suggested that PD-1 was not upregulated on T
cells in response to aPD-L1 or isotype control antibody. The three samples analysed,
however, recorded a wide range in PD-1 expression (X31 oPD-L1 sMFI range 19-185 —
Figure 6.26) which may mask treatment effects. CD8 T cells expressed a lower variation of
surface PD-1, but again neither isotype antibody nor aPD-L1 treatment appeared to induce
[FNy production. CD107a expression was unchanged on CD4+ T cells in response to control
antibody or blocking of PD-L1 (Figure 6.27). Again one sample had no detectable CD107a
expression under any treatment which could cloud analysis. Intriguingly, one sample
upregulated CD107a when treated with aPD-L1 antibody (sMFI = 48) compared to isotype
control (SMFI = 17). Due to small sample numbers it cannot be hypothesised as to whether
blocking PD-L1 has had an effect on CD107a expression, or whether this sample is merely an

outlier.
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Figure 6.26 PD-1 expression by CD4 and CD8 T cells treated with aPD-L1 blocking
antibody. MDMs were treated with X31 or NI for 2 h before washing. 5 x 10* MDMs
were co-cultured with (A) 1 x 10> CD4+ (B) or CD8+ T cells and and Isotype control
antibody or aPD-L1 antibody at 372C for 18 h. (A) sMFI of CD4+ (B) and CD8+ T cells
expressing PD-1 was quantified by flow cytometry. (A) n = 3, (B) n = 4. Mean and SEM
shown. Paired students t tests were performed.
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Figure 6.27 CD107a expression by CD4 and CD8 T cells treated with aPD-L1 blocking
antibody. MDMs were treated with X31 or NI for 2 h before washing. 5 x 10* MDMs were
co-cultured with (A) 1 x 10° CD4+ (B) or CD8+ T cells with and without 10pg/ml isotype
control antibody or aPD-L1 blocking antibody at 37°C for 18 h. (A) sMFI of CD4+ (B) and
CD8+ T cells expressing CD107a was quantified by flow cytometry. n = 3. Mean and SEM
shown. Paired students t tests were performed.
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Conclusions

Loss of IFNy production is characteristic of the T cell exhaustion phenotype (Wherry et al.,
2003; Yi et al., 2010). Inhibited T cell response may occur in response to corticosteroids, the
most commonly administered treatment to limit inflammation in COPD lungs.
Supplementation with retinoic acid in this model allowed for elucidation on its regulatory
properties, which may inhibit cell responses to influenza. Furthermore, blocking of PD-L1 on
infected MDMs was postulated to increase T cell IFNy responses during infection. Therefore
therapeutics could be developed in order to prevent PD-1:PD-L1 signalling and enhance anti-

viral T cell responses in COPD patients.

CD4+ and CD8+ T cells upregulated IFNy production in response to influenza-infected
MDMs. CD4+ and CD8+ lymphocytes appeared to upregulate CD107a, suggesting cytotoxic
capabilities. CD4+ T cells did not upregulate PD-1, but there was a trend for PD-1
upregulation by CD8+ T cells in response to infected MDMs. Fluticasone inhibited IFNy
production by T cells but did not appear to modulate PD-1 or CD107a expression. Retinoic
acid supplementation decreased IFNy production, but upregulated PD-1 and CD107a on T
cells. a PD-L1 blocking antibody had no effect on IFNy production by CD4+ T cells, but it
may increase IFNy response by CD8+ T cells. Treatment effects are summarised in Table 6.2

Macrophages display many immune-regulatory functions and plasticity depending on their
environment (Stout et al., 2005). A key function in viral infection is the ability to internalise,
process and present viral antigen to T cells (Hume, 2008; McCormack et al., 1993). In the
ELISpot experiments, MDMs were required in order for T cells to secrete IFNy, with virus
alone insufficient to generate a response. Therefore the ability of MDMs to present viral
antigen was identified as a key mechanism for IFNy production. Previously the group, in
collaboration with Prof. McMichael and colleagues, had shown the ability of Tmem cells to
upregulate IFNy production in response to APCs loaded with influenza peptide pools
(Wilkinson et al., 2012). McMichael and colleagues identified the Tmem population as IFNy
producers, while work in Chapter 6 did not phenotype T cells as naive or memory cells. If the
naive population is not responsive in this model, measurement of PD-1 and CD107a would
have a diluted effect and potential upregulation by Tmem cells may be lost in the total
lymphocyte population. Thus, categorising Tmem responses may identify a more focused

response which is not seen in the total T cell population.
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While MDMs were shown to process and present antigen to T cells, B cells from blood did
not in this model. B cells are a component of the lymphocyte population which was treated
with X31 Influenza A virus. X31-treated lymphocytes did not produce IFNy in response to
this viral challenge. B cells have been established as APCs (Avalos and Ploegh, 2014), but
this may be limited to lymph node follicles and secondary/tertiary lymphoid organs (Batista
and Harwood, 2009). Whitmire et al. (Whitmire et al., 2009) studied the effect of B cell
depletion on T cells in a murine model of virus infection. It was observed that primary
responses were not inhibited by B cell depletion, but these mice responded poorly to
secondary infection. Therefore B cells may have a greater role in generating T cell memory
responses rather than inducing upregulation of protective IFNy during an acute viral infection.
In response to MDM infection by X31 Influenza A, the mean number of SFCs produced by
the lymphocyte population was 2275 SFCs/1 x 10° cells. Using this value the responder
frequency was calculated as 0.2275% (range = 0..133-0.329%). Using the same calculation,
CD4+ responder frequency was 0.089% and CD8+ responder frequency was 0.155%.
Heidema et al. (Heidema et al., 2008) utilised virus-specific tetramer staining to quantify and
locate RSV and Influenza specific T cells during acute infection. Tetramer staining of CD8+
T cells revealed that 0.1-0.83% of CD8+ T cells recognised a single RSV epitope. A
responder frequency of 0.2275% generated by the ELISpot experiments is thus within this
range. As NKG2D, a marker for bystander T cell activation (Chu et al., 2013), it was not
expressed by T cells in a virus-free environment, nor was it upregulated in response to
infection. These data suggest that IFNy production in the MDM infection model is likely due
to activated TCR-dependant influenza-specific CD4+ and CD8+ T cells. Walsh et al. (Walsh
et al., 2008) determined that peak NKG2D expression by bystander CD8+ T cells was
achieved at day 7 in a murine model of virus-induced encephalitis. Analysis of NKG2D
expression in our study was measured at 24 h, and may be premature to determine bystander

activation.

PD-1 upregulation by CD4+ and CD8+ T cells in response to X31 influenza A was recorded
in the lung tissue but only by CD8+ T cells in the in vitro blood model. Furthermore,
macrophages in lung tissue and MDMs in the blood model both upregulated PD-L1 in
response to infection. This may be explained by the greater naive T cell proportions in blood
than in tissue. Naive T cells which are not antigen experienced may not upregulate PD-1
within 24 h of first antigen exposure, while this process may be accelerated for Tmem cells.

Using a murine model of chronic infection, Vezys et al. (Vezys et al., 2006) hypothesised
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that infiltrating naive T cells to the site of infection generated a diverse T cell pool in
conjunction with poorly-proliferative Tmem cells. These naive cells provided anti-viral
responses which were not seen in the Tmem cells. Therefore in the blood model of influenza
infection, CD4+ T cells may not upregulate PD-1 until a later time point, beyond the acute

phase of infection.

The role of PD-1:PD-L1 interactions is well detailed in models of chronic infection, but is
less clear in an acute setting. Barber et al. (Barber et al., 2006) described upregulation of
CDB8+ T cell effector function when PD-L1 was blocked during chronic LCMV infection, but
no change was seen during acute LCMYV infection. Rowe et al. (Rowe et al., 2008) described
a decreased proliferative and protective ability of CD8 T cells in a model of Listeria
monocytogenes infection in response to PD-L1 blocking, while Channappanavar et al.
(Channappanavar et al., 2012) describe enhanced CD8+ T cell responses to primary and
secondary HSV infection. Findings from Chapter 6 suggest that aPD-L1 blocking antibody
may enhance CD8+ IFNy responses and therefore do not concur with the original finding of
Barber et al. in which blocking of PD-L1 in an acute setting does not enhance or inhibit [FNy

production.

CD4+ T cells and CD8+ T cells from healthy individuals upregulated CD107a in the tissue
infection model, but the expression of CD107a expression was unclear in the blood model.
CD107a appeared to be upregulated in response to X31, especially for the CD8+ T cell
population, but small sample numbers were a limitation for analysis. Increased sample
numbers would determine whether the sample expressing no detectable CD107a was
representative of T cell cytotoxic responses in this model. The ELISpot technique is a
measurement of IFNy-producing cells, and does not identify T cell cytotoxicity. In this study
CD107a was used as a surrogate marker for degranulation, but this may not be as accurate as
a functional cytotoxic assay such as a Cr>'-release assay which measures target-cell killing
(Wilkinson et al., 2012). From results in Chapter 6 there are potentially conflicting hypothesis
generated. In this model the production of IFNy by T cells may be the dominant effector
response, with little or no MDM cell-killing. Alternatively, T cells may kill infected MDMs
using other mechanisms such as Fas:FasL interactions. A desired outcome of this study was
to compare T cell function in the lung infection model with the blood infection model. While
there are similarities in PD-1 and CD107a expression between the two models, more samples

are required for the lung and blood systems to be directly comparable.
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Delmas et al. (Delmas et al., 2007) observed that virally-infected APCs may not be subject to
cell killing. Experiments by Delmas et al. showed that cell killing preferentially favoured
peptide-pulsed cells, rather than virally-infected cells. In order to test this finding by Delmas
et al., a Low-density lipoprotein (LDL) assay could be included in future work. This
experiment assesses the level of cell killing from culture supernatants. Supernatants from
ELISpot wells containing infected MDMs with lymphocytes could be compared to wells
containing non-infected MDMs and lymphocytes. This work could be expanded to assess
killing in response to fluticasone, retinoic acid and aPD-L1 blocking antibody.

As previously discussed, the expression of TIM-3 may only occur at the end stages of T cell
exhaustion. As the data herein are derived from an acute infection of MDMs and their
interactions with naive T cells, it was unlikely that either TIM-3 expression or upregulation
would be observed in this model. TIM-3 expressing T cells have been identified in the blood
of HIV patients (Jones et al., 2008; Sakhdari et al., 2012). This is likely due to the chronic
nature of the disease and also the key viral targets of infection are CD4+ T cells themselves.

Data from ELISpot experiments illustrated that treatment of MDMs and lymphocytes with
fluticasone inhibits T cell production of IFNy. Fluticasone treatment did not appear to affect
MDM viability or the proportion of infected cells (Table 6.1). Other functions, such as
antigen presentation and cytokine rerelease, were not measured and therefore may play factor
in decrease IFNy production in fluticasone-treated samples. Therefore inhibition may be
induced due to macrophage, T cell or dual fluticasone-induced mechanisms. Although there
was no effect on CD107a expression on T cells, loss of IFNy production alone may prevent
the ability of T cells to elicit an anti-viral response. COPD patients in the lung parenchyma
infection cohort had been receiving corticosteroid treatment prior to surgery. Therefore a
potential confounding factor when comparing control and COPD patients in the tissue model
may be the use of steroids. As fluticasone had no effect on PD-1 or CD107a expression, these
data suggest patient administration of steroids may also have no effect in the tissue model.
The use of corticosteroids as a treatment for COPD patients, especially in later stages of
disease, is intended to reduce inflammation in the lungs. If this treatment, however, impairs
the ability of T cells to confer protection against viruses, these patients may be susceptible to
recurrent, more severe or prolonged viral infections. Thus, further studies to assess the effects
of steroids on cytotoxic T cell activity are warranted both in the MDM model and also in the

lung explant model.
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Retinoic acid treatment appeared to inhibit IFNy production by lymphocytes, but CD8+ T
cells alone did not appear to be inhibited. Nolting et al. (Nolting et al., 2009) and Hall et al.
(Hall et al., 2011b) have described the role of retinoic acid and its receptors in the
differentiation of naive CD4+ T cells into inducible T regulatory cells (iTreg). This alone
could explain the inhibition of IFNy production in samples containing both CD4 T cells and
retinoic acid, but the upregulation of PD-1 independently of infection is also characteristic of
iTreg cells. A recent publication by Penaloza-MacMaster et al. (Penaloza-MacMaster et al.,
2014) elegantly details the dynamics of Treg function in the context of a murine LCMV
model of acute and chronic infection. In their investigation, Tregs constitutively expressed
PD-1 prior to infection. Thus PD-1 expression may be upregulated due to expansion of the
Treg population independently of X31 infection. Alternatively, concentrations of retinoic acid
used may have a toxic effect on the T cells. No experiments were performed to assess
potential T cell death or apoptosis in response to retinoic acid treatment and therefore cannot

be rejected as a mechanism for altering T cell surface marker expression.

Treatment IFNy PD-1 CD107a
X31 Increased Increased by CD8 Increased
T cells
Fluticasone Inhibits No effect No effect
Retnj0|c Inhibits Increase Increased
Acid
aPD-L1
blocking Increased by CD8 No effect No effect
i T cells
antibdy

Table 6.2. Treatment effects of T cell outputs from the MDM infection co-culture
model.

Work in Chapter 6 demonstrates the importance of antigen presenting cells for the generation
of anti-viral responses by T lymphocytes. Secretion of IFNy by T cells appears to correlate
with increased PD-1 and CD107a expression but small sample numbers may mask these
processes. When combined with data from Chapter 5, PD-1 expression appears to be a
marker of T cell activation and does not confer an exhausted or inhibited phenotype in the
acute infection setting. Treg expansion may explain inhibited IFNy production and increased

PD-1 expression in response to retinoic acid treatment.
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Chapter 7

Discussion
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Conclusions

The aim of this project was to improve our understanding of key mechanism which contribute
to the development and progression of COPD. By characterising T cell populations in the
blood and lungs of COPD patients and controls. | aimed to identify the contribution of
exhaustion and loss of T cell function to the clinical phenotype. My intention was to elucidate
the paradox of COPD individuals with increased CD8+ T cell numbers in the lungs who
poorly controlled viral respiratory infections. In this final chapter I will summarise results
from this thesis and discuss their limitations. | will then discuss how this work could be

expanded.

Defining COPD in the cohort

COPD is not a singular condition in itself, it is a combination of chronic bronchitis,
emphysema and small airways disease, and abnormal inflammatory responses culminating in
a progressive loss of lung function. In this study individuals were defined as COPD by
spirometry if their FEV1/FVC ratio was < 0.7. COPD patients were either GOLD | or GOLD
II severity and these were combined to form the “COPD” group. Individuals from GOLD III
and GOLD IV were unavailable for recruitment as they were not suitable for surgery. Since
disease exacerbation frequency was previously shown to correlate with COPD severity (Hurst
et al., 2010), the inclusion of more severe COPD patients may have revealed more prominent
T cell dysfunction in these individuals. Further attempts to characterise disease were made
but this was rarely fruitful and often bed-side notes were the only form of data available to
the research group. The inability to phenotype patients in a detailed manner was due to two
main factors. Firstly, patients recruited to the study mostly lived outside Southampton, and on
occasion they did not live in the Hampshire area. This made access to patient lung function
data and possible CT scans challenging. Secondly patients were recruited from individuals
scheduled for lung re-section surgery to remove lung tumours on an ad hoc basis dependent
upon when surgery was scheduled and if patients consented to tissue donation. Therefore
patients were identified by their availability and willingness to participate rather than COPD

characteristics.

178



The evidence of CD8+ T cells in COPD pathology

Two key papers have observed that an increased proportion of CD8+ T cells are present in
human bronchial (O'Shaughnessy et al., 1997) and subpleural parenchyma (Saetta et al., 1998)
tissues of COPD lung. These papers were the results of very small sample numbers.
O'Shaughnessy et al. recruited 5 control and 11 COPD individuals, while Saetta et al.
recruited 7 controls and 9 COPD patients. CD8+ cell numbers were also calculated by
immunohistochemistry and manual counting of T lymphocytes. In comparison, work in this
thesis measured CD4+ and CD8+ T cell proportions in 20 control and 24 COPD individuals.
Furthermore high-throughput flow cytometry analysis allowed much greater numbers of cells
to be analysed per-sample than with immunohistochemistry. My data indicating that greater
proportions of CD8+ T cells are present in human lung parenchyma of COPD individuals is
therefore a valuable addition to current literature confirming and expanding these previous
studies. However, the significance of this shift in CD4:CD8 ratio in the COPD lung remains
to be elucidated. In this thesis | have looked at markers of T cell activation and exhaustion in
order to identify dysfunction in T lymphocytes which may contribute to severity or
pathogenesis of COPD.

Altered T cell proportions are seen in parenchyma but not blood

In contrast to the data derived from lung tissue, the proportions of CD4+ and CD8+ cells
were unchanged in blood from control and COPD patients in a small sample of the cohort.
Also, while blood contained a mixed proportion of naive and memory T cell subsets, the
majority of T lymphocytes in tissue were either Tem or Temra cells. As the T cell
composition of blood is different to tissues, the study of explanted lung parenchyma could
reveal novel mechanisms of protection or dysregulation. The majority of published human
COPD research investigates samples from blood (Grundy et al., 2013; Koch et al., 2007),
sputum (Wang et al., 2013; Wen et al., 2010), BAL (Grundy et al., 2013; Wen et al., 2010)
and bronchial biopsies (Hattotuwa et al., 2002; Wen et al., 2010). A complete characterisation
of disease, however, cannot be complete without study of the small airway tissues, a key site

for the disease mechanisms of COPD.
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T cells express PD-1 but no other markers of exhaustion in stable COPD

The expression of an exhausted T cell phenotype has been identified in murine models of
chronic infection (Barber et al., 2006; Fourcade et al., 2010), in human cancer (Ahmadzadeh
et al., 2009) and HIV (Peretz et al., 2012; Trautmann et al., 2012). PD-1 expression appeared
to be expressed on a greater proportion of CD4+ and CD8+ T cells in COPD tissue compared
to controls using flow cytometric analysis but this was not significant and was not replicated
in RT-PCR work. Furthermore, TIM-3 expression was undetectable by flow cytometry and
RT-PCR. Contrastingly, LAG-3 expression was detected by RT-PCR, but there was no
difference in expression between T lymphocytes from control or COPD tissue. Thus poor
control of viral infection in COPD does not appear to be due to functionally exhausted T cells.
Instead, trends towards elevated expression of CD27 and downregulated expression of CD57
in CD8+ T cells by RT-PCR suggests activation rather than exhaustion in stable COPD.
Therefore, T cells may be activated in the stable lungs of COPD patients, but the origin of
this activation is unknown. Expansion of sample numbers and inclusion of LAG-3, CD27 and
CTLA-4 into flow cytometry work may allow more defined activation status of lung T cells.
However, baseline expression of markers may not provide a full picture of cellular function
and responses to viral infection. | therefore utilised a model of influenza infection in order to

investigate the how lung T cells respond to a respiratory viral challenge.

CD8+CD45RA+CCR7- TeMRA cells express impaired responses to influenza infection in
COPD

Work investigating T cell responses to influenza A infection of lung parenchyma identified
functional impairment in the Tmem population. T memory cells are characterised by their
prior exposure to antigen, thus it was these cells which may be most likely to be exhausted.
CD8+ Temra cells from COPD tissue did not upregulate PD-1 in response to tissue infection,
unlike CD8+ Tem and CD4+ T cells. CD8+ Temra also did not upregulate CD107a in COPD
tissues, unlike their counterparts in control tissue. CD8+ Temra from COPD patients
therefore may have impaired cytotoxic capabilities and may be unable to kill virally-infected
cells during infection of COPD patients. At the time of investigation there was no literature
found which addressed the role of CD8+ Tgpmra cells in COPD. Shen et al. (Shen et al., 2010)
correlated expression of PD-1 on Temra cells in human blood with higher viral loads of HCV.
Temra cells may be inhibited in response to chronic viral infection, with no upregulation of

CD107a in response to tissue infection. PD-1 was not upregulated by CD8+ Tgmra in the
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tissue infection model, but this may reflect a lack of activation rather than an absence of
exhaustion. Furthermore the upregulation of CD107a by CD4+ T cells may indicate an
attempt by the host to compensate an impaired anti-viral response by CD8+ Tewmra cells.
Investigation is required into the role of CD8+ Tgmra cells both in COPD and in the context
of respiratory viral infection, not least the antigen specificity of these cells. PD-1 expression
and associated exhaustion is associated with chronic viral infection and there are reports of
chronic RSV infection in a frequently exacerbating COPD cohort (Wilkinson et al., 2006a).
Screening all of the explant tissue obtained for chronic viral infection was beyond the scope
of the present study, but given the variation in T cell responses derived from COPD tissue it
would be interesting in future studies to correlate the T cell phenotype observed with the

presence of chronic viral infection.

Corticosteroids inhibit T cell IFNy expression but do not modulate PD-1 or CD107a

Corticosteroids are the main therapy used to limit lung inflammation during COPD
exacerbations (Barnes, 2011; Woods et al., 2014), but there is a recognised concern that
corticosteroids may have little benefit in stable COPD (Calverley et al., 2007; Suissa and
Barnes, 2009; Yang et al., 2012). In Chapter 4, a trend for an increased proportion of T cells
expressing PD1 was observed in COPD patients. In order to exclude this upregulation being
an effect of inhaled corticosteroid use in COPD, in chapter 6 the effect of administration of
fluticasone on MDM-T cell co-cultures was investigated. Whilst fluticasone inhibited T cell
production of IFNy, this steroid did not modulate PD-1 or CD107a responses. Furthermore,
PD-1 upregulation in response to COPD tissue infection was upregulated by CD4+ and CD8+
T cell populations in response to viral infection. As these patients used corticosteroids prior
to surgery, it appears PD-1 expression is independent of steroid treatment. Corticosteroids do
dampen IFNy-mediated T cell responses, but its mechanism of inhibition does not appear to
work through enhancement of T cell exhaustion. Corticosteroids, however, remain a

confounding factor for research comparing samples from control and COPD patients.

Retinoic acid mediates PD-1 expression independently of infection

Retinoic acid has been shown to promote CD4+ T cell differentiation into a regulatory
phenotype (Hall et al., 2011a; Nolting et al., 2009). Retinoic acid also promotes Treg
migration to mucosal sites, implicating a role in tolerance (Hall et al., 2011b). Current

literature suggests that Treg cells constitutively express PD-1 (Penaloza-MacMaster et al.,
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2014), and this may explain PD-1 expression levels in retinoic acid treated samples in
Chapter 6. Treg populations were not measured in the lung parenchymal tissues, nor was the
nutritional status of patients known. Therefore more work is required to elucidate the role of
retinoic acid, Treg cells and abnormal inflammation in COPD lungs.

Effects of blocking PD-1:PD-L1 interactions in acute influenza infection.

The low number of samples analysed prevented firm conclusions and disease implications to
be made, however my data suggests blocking PD-L1 does not increase IFNy production by
CD4+ T cells during acute influenza infection. Blocking of PD-1:PD-L1 has been shown to
restore exhausted T cell functions in chronically infected mice (Barber et al., 2006), and also
may have clinical applications in human cancers (Lipson et al., 2013; Topalian et al., 2012).
Barber et al. did not find an upregulation of T cell responses in a murine model of acute
LCMYV, but data from chapter 6 identified a trend for CD8+ T cells to increase IFNy
production in response to X31 to a greater level than control antibody. This is certainly a
point of interest revealed by the MDM infection model. X31 infection of tissue could be
supplemented with aPD-L1 blocking antibodies to investigate IFNy responses. ELISpot
would not be a suitable measure for IFNy production in this model, but supernatant analysis

by ELISA may reveal different levels of IFNy production by tissue T cells.

Macrophages express PD-L1 in response to viral infection

Previous investigation into PD-L1 regulation of responses to respiratory viruses has focussed
on expression by epithelial cells (Erickson et al., 2012; Stanciu et al., 2006; Telcian et al.,
2011). Viral infection of control and COPD tissue did not modulate PD-L1 expression by
epithelial cells, although it was constitutively expressed, albeit at a very low level. In contrast,
macrophages from these tissues did significantly upregulate PD-L1, although macrophages
from almost half of the COPD samples did not express PD-L1. Therefore the COPD group
may be phenotypically divided by the expression of PD-L1. If aPD-L1 blocking antibody
were to be considered in treatment of COPD, there may be a population of COPD individuals

who may not be responsive to treatment.
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The hypothesis that T cell exhaustion contributed to COPD was not confirmed, although
further work is required to identify virus-specific T cells. PD-1 was expressed at low levels
on lung T cells and was upregulated in response to influenza challenge. PD-L1 was
constitutively expressed on epithelial cells but was only upregulated by macrophages. aPD-
L1 blocking antibody promoted limited IFNy responses in CD8+ T cells in response to MDM
infection. Corticosteroids inhibit T cell function independently of the exhaustion pathway,

while retinoic acid may promote Treg differentiation.
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Future work

As previously discussed, sample numbers are low in many experiments. This is especially
true for surface expression analysis of PD-1, CD57 and CD107a in the explant model of X31
infection. Expansion of the number of lung samples challenged with influenza ex vivo would
help eradicate the skewing of results by potential outliers and allow confirmation or rejection
of current trends. Furthermore, due to the heterogeneity of COPD, more detailed patient data
is required, both in terms of lung function, but also characterisation of potential emphysema
chronic bronchitis and air trapping. Targeted recruitment of COPD patients for study would
allow for a highly phenotyped cohort to be studied, and this may provide more consistent
results than was seen in this thesis. Access to full lung function data, including Transfer
Factor of the lung for carbon monoxide (TLco — measurement of air trapping), Diffusing
Capacity divided by the alveolar volume (DLCO/VA - pulmonary gas exchange
measurement) and Kco (diffusing capacity of the lung, could be assessed, while CT scanning
of patients would also aid the identification of emphysema. Due to the current nature of
patient recruitment, this is not currently available at Southampton in respect of explanted lung.
Bronchial biopsies obtained via bronchoscopy could be performed to yield tissue from these
sites, but transbronchial biopsies are not routinely performed for safety reasons and thus

disease mechanisms restricted to the small airways could not be analysed.

To further understand the relationship between CD8+ T cells in the lungs and viral infection,
PCR analysis could be performed using lung parenchyma to detect viral or bacterial
RNA/DNA which would suggest current or latent infection of the individual. As T cell
exhaustion is associated with chronic infection, identification of pathogen genetic material
would imply pathogen antigen availability. Furthermore if virus was detected in tissue

samples, this would focus lymphocyte investigation on T cells specific for that pathogen.

Tetramer staining for anti-influenza T cells was originally proposed before initiation of this
study. This was not fulfilled due to the nature of patient recruitment as HLA expression of
patients was unknown. If patient details were known in advance of surgery, HLA-typing
could be performed, Tetramers could not be HLA-matched and anti-viral T cells could be
identified. T cell exhaustion has been shown to be an antigen-specific response to chronic
infection (Barber et al., 2006; Wherry et al., 2007). Thus the current protocol examining the

entire CD4+ and CD8+ population, and the whole Tmem populations, may not be focussed
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enough to identify exhaustion. The blood infection model revealed a responder frequency rate
of 0.2275% of lymphocytes. Even if this population is increased in tissue (the site of
influenza infection), the exhaustion signal may be lost amongst non-specific T cells.
Expression exhaustion and functional markers would be analysed to characterise these cells
in COPD tissue, and identify whether influenza-specific exhaustion contributes to disease

severity.

In addition, the role of CD8+ Temra cells is poorly understood in respiratory disease. This
thesis evaluated response of several T cell phenotypes simultaneously in response to X31
challenge. As CD8+ Temra cells appear to be functionally impaired, further analysis with

greater focus is required.

As discussed in chapter 6, CD107a is a surrogate marker for T cell degranulation. The MDM
infection model could be expanded to include Cr*' release assays which would determine
specific T cell killing. This would be especially relevant in the context of CD8+ Tewmra cell
which appear to have impaired upregulation of CD107a, and whose cytotoxic potential may
be inhibited.

Supernatants from lung parenchyma infection experiments have been collected and stored at -
80°C. It was the intention of this study to analyse supernatants for cytokine production,
including IL-6, IL-8, IFNy and IL-10. Multi-parameter Luminex experiments were not
performed due to time restrictions, but cytokine profiles can be compared between controls
and COPD samples in the future. Inflammatory cytokine environments may activate T cells
in an antigen-independent manner (Sckisel et al., 2014). While viral-specific T cells may be
exhausted and allow for impaired viral clearance, bystander activation of T cells may result in

tissue damage by poorly regulated T cell cytotoxic function.

185



Summary

This thesis has detailed results from a number of different techniques to further understand
the role of tissue resident lung T cells in COPD pathogenesis and the responses of these cells
to viral challenge. Optimisation of both blood and tissue models of infection has revealed
new T cell subtypes of interest which may be associated with dysfunctional response to
infection. The importance of macrophages as mediators of T cell function via PD-L1
expression is a novel finding in the context of COPD, and this work provides a platform for
further work to be performed in the lung parenchymal model. T cell exhaustion was not
identified in stable state nor in response to influenza infection. T cell dysfunction, however, is
likely to be heterogeneous across patients and disease phenotypes. The ability to analyse
tissue cells in a flexible challenge model offers real opportunities to develop new therapeutic

interventions which may improve outcomes in this important disease.
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