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Abstract

Tuberculosis and helminth infections are co endemic in many parts of the world. This
geographical overlap has led to the hypothesis that helminth infections could exacerbate
the effects of Mycobacterium tuberculosis (Mtb) infection. Anthelmintic treatment has
been observed to be associated with improved mycobacterial cellular responses and
decreases in the frequency of Treg cells. The consequence of this immunomodulation
may affect the ability of the host to restrict the growth of mycobacteria or mycobacterial
killing. This study aims at investigating the modulations of the immune response profile
of latent tuberculosis (LTBI) and helminth co-infected patients and whether these
modulations are associated with a decrease in mycobacterial growth inhibition using a
mycobacterial growth inhibition assay (MGIA).UK migrants attending University
College Hospital London, UK with eosinophilia or suspected/diagnosed helminth
infection (Strongyloides spp and Schistosoma spp) and/or LTBI were bled at recruitment
(before anthelmintic treatment) and 4 months after completing anthelmintic treatment.
Helminth infected patients displayed poor growth inhibition on MGIA which was
improved after anthelmintic treatment which indicated this immunomodulation might be
helminth mediated. The percentage of CD4+ T cells expressing IFNy, TNFa and IL-2
were quantified by flow cytometry in PPD and ESAT-6/CFP-10 stimulated PBMC and
anthelmintic treatment was observed to increase the frequency of CD4+IFNy response.
LTBI-helminth coinfection was associated with significantly elevated levels of pro-
inflammatory and lower levels of anti-inflammatory cytokines after they were treated. IP-
10 was significantly upregulated and MCP-1 was significantly downregulated in LTBI-
helminth coinfected patients after anthelmintic treatment. The effect of IL-10 and TGFf
on MGIA were observed and suggested an immunoregulatory role in helminth infected
patients. Gene expression analysis by qRT-PCR showed varied responses and showed
significant fold changes of CXCL-10, arginase 1 and CD163 after the treatment. MGIA
and multiple immune parameters have shown that helminth infection can modulate a

variety of Mtb specific immune responses.



Acknowledgement

I sincerely express my gratitude to Allah, the Almighty, for giving me the opportunity,

courage and strength to undertake and pursue the studies for my PhD.

I would like to express my sincerest gratitude and deepest appreciation to my supervisor
Professor Hazel M Dockrell for her constant guidance, supervision, encouragement and
helpful advice. Thanks for having the confidence in me that I can complete this project
and for being an inspirational mentor whenever I felt the path was difficult. You have

always supported me and have given me the confidence to be independent.

From the Dockrell group, I would like to express my humble gratitude and thanks to Dr.
Steven Smith for his kind help in training me with ELISpot and Luminex, Dr. Ji-Sook
Lee for helping with PCR. I would like to thank Dr. Jacqueline Cliff for her relentless
help in my PCR and Cat 3 Laboratory work, in patiently helping me to transform a
‘cursed’ experiment to an adept piece of work and for her encouragement in every step of

this difficult journey.

My heartfelt thanks to Dr Helen Fletcher for her valuable advice, comments and inspiring
me whenever I was confused with any of my MGIA results. A special thanks to Dr.

Michael Brown for his scientific discussions and thoughtful suggestions.

I would like to express my special thanks to Carolynne Stanley for arranging blood from
LSHTM donors, for all the ordering and for being there to discuss almost everything. My
appreciation to Elizabeth King for the laboratory training, especially for helping me
solving the issues related to Flow cytometry, Dr. Andrea Zelmer and Natasha Spink for
their help with my MGIT tubes in the Cat 3 Laboratory. A special thanks to Higina

Fernandes for making all the travel arrangements and also for her friendly advices.

Dr. Shakera Siddiky, Mateusz H Agopsowicz, Clare Eckold, Dr. Abrar Alasmari-my
friends, I cannot thank you enough for your constant support. I will carry the memories of
wonderful moments we shared together- supporting each other in our lab work, discuss all
our confusion, and agony in our journey. Thanks for being such wonderful friends and

making this journey a positive and a loving experience.



I gratefully remember all the patients who have participated in this project and pray for
their better health and long life. I would like to express profound appreciation to Lilian

Tsang and Cristina F Turienzo who have consented and recruited the study participants.

This project would not have been possible without the funding provided by

Commonwealth Scholarship Commission, UK and IDEA Consortium.

I express my heartfelt gratitude to my father Professor AKM Nurul Anwar and my mother
Rahima Anwar for their infinite love, encouragement and blessing. Thank you for
patiently enduring me, having immense faith and confidence in me and living my journey
thousands of miles away back home. A special thanks to my brothers Ahmed Muntasir
Anwar, Abdul Hye Tipu, my sister Shahela Anwar and my two lovely nieces- Faiza and
Fayma, for their love and support. I remember my late Grandfather Dr Jalal Ahmed- who

always had encouraged me to reach the peak in whatever I do.

Last but not least, I would like to express my gratitude to Commonwealth Scholarship
Commission, UK for awarding me their prestigious scholarship to support my study and
research at LSHTM and the authority of Bangabandhu Sheikh Mujib Medical University,
Dhaka, Bangladesh for granting me study leave to pursue my PhD.

I extend my heartfelt gratitude and dedicate this work to all of you.



Table of contents Page

ADSEract e e 3
Acknowledgement ... 4-5
List of FIGUIeS e 11-13
List of Tables e 14
List of Abbreviations ...t 15-18
Chapter 1 Introduction  ...........cccooiiiiiiiiiiiiiee e 19-91
L1 TuberculoSiS o 19
1.1.1 Tuberculosis in the United Kingdom  .........ccccoeieiiieniiiiiiiiieeee, 19
1.1.2  Pathogenesis of tuberculosis ~ ...coociiiiiiiiii e 21
1.1.3 The innate immune response to TB  ...........ccooiiiiiiiniiiieeeeee, 23
1.1.3.1 Macrophages and dendritic cells..........cccceevuiriieniienieniieieeeeee, 23

1.1.3.2 Neutrophils e 24

1.1.3.3 Natural killer cells e 25

1.1.4 Roles of immune cells and cytokines in Mtb infection —........................ 25

1.2 Latent TB e 27
1.2.1 The global burden of LTBI ..o, 28
1.2.2 Models of LTBI e 30
1.2.3 Pathogenesis of LTBI e 32
1.2.4 Risk of infection progressing to diS€ase .........cccceeeveerieecieenieeiieeniennnenn 35
1.2.5 Preventive therapy for LTBI ..o, 37
1.2.6 Current regimen for LTBI .., 38

1.3 Biomarkers for LTBI identification 39
1.4 Helminths e 44
1.4.1 Global prevalence of helminth infection .........ccoceviiiiniininiienes 46
1.4.2 Helminth infection in UK migrants — ........cc.ccoeevieeiiienieeciienieeieenee e 47
1.4.3 Immune responses in helminth infection ........cccooeviiiiiiiniiniiinns 48
1.4.3.1 Responses to tiSSUC INJUIY  .ooceeeviieeiieiieeieeniie e 50

1.4.3.2 Interleukin 33 e 50

1.4.3.3 Interleukin 25 e 51

1.4.3.4 Innate lymphoid cells oo 52

1.4.4 Antibody responses in helminth infection...........cccccoceviiiiiinincnnenen. 53
1.4.5 Deficient Acquired Immunity —  ...cooooiiiiiiiiieeeee e 54

1.4.6 Dampening bystander responses in humans ........c..ccoceevevcienieneriencne 55



1.4.7 Cellular basis of immunomodulation  ............eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 55

1.4.7.1 Dendritic cells 55
1.4.7.2 Alternatively activated macrophages  .......ccceceeeienieeciienieeneene, 56
1.4.7.3 Regulatory T cellsS  .oooiiiiieieeeeeeee e 56
1.4.7.4 Regulatory B cells ..o 57
1.4.7.5 CD4+T helper effector cells  ..ocooiiieiiiiiiiiieeeee e 57
1.4.8 Innate effector cells in helminth infections.............cccoeeveevieniieiienineinnne 58
1.4.8.1 Eosinophils e 58
1.4.8.2 Mast cells and Basophils ..o 59
1.4.8.3 Neutrophils e 59
1.5 Schistosomiasis e 59
1.5.1 Immunological aspects of SchistoSOMIASIS.........cceevevierieriiieniieeieeriienieens 62
1.5.2 Clinical features e 64
1.5.3 DiagnosiS e 65
1.5.4 Treatment e 65
1.6 Strongyloidiasis e 66
1.6.1 Epidemiology e 66
1.6.2 Lifecycle e 66
1.6.3 Clinical manifestations .o 67
1.6.4 Immunopathogenesis e 68
1.6.5 Diagnosis e 71
1.6.6 Treatment e 71
1.6.7 Prevention e 71
1.7 Control strategies for soil transmitted helminths ..., 71
1.8 Helminth-Mycobacterium tuberculosis Co-infection ...........ccccoecvevvveiiennns 74
1.8.1 Potential mechanisms of helminth-induced modulation ....................... 75
L.8.1.1 ThI/Th2 shift =~ e 77
1.8.1.2 Regulatory T cells oo 78
1.8.2 Effects of helminth infection on diagnostic tests for LTBI ................. 79
1.8.3 Effect on progression towards active TB .........ccccoecveviieiieniiiiienieee. 80
1.8.4 Effect of helminth infection on BCG vaccination ...........ccccceeeveenevennnen. 81
1.8.5 Deworming and TB-helminth coinfection ..........ccccoceeveniiniininienens 82
1.9 Mycobacterial growth inhibition assay — ........ccceceecieriiieiienieeieesie e 84

1.9.1 PBMC based mycobacterial growth inhibition assay ............cccccceenneee. 85



1.9.1.1 Primary lymphocyte inhibition assay — ......cccccevvrvierienenrenienene &5

1.9.1.2 Secondary lymphocyte inhibition assay ......c..cccceccevveenenrieneenenee 86

1.9.2  Whole blood mycobacterial growth inhibition assay — .........cccccvenneee. 88
1.9.3 The BACTEC MGIT aSsay ~ oooierieeieeeeeeeeee et 89
1.9.4 MGIAs in preclinical animal models ..o 90
1.10 Rationale of the study oo 92
LIT Hypothesis et 92
112 Study AIMS et 92
Chapter 2: Materials and methods ..., 93-122
2.1 Study design e 93
2.1.1 Inclusion Criteria e 93
2.1.2  EXCluSion Criteria et 93
2.1.3 Ethical considerations e 94
2.1.4 Study subject’s reCruitment  ..ccoooieiieeiieeieeeeeree et 94
2.1.5  Study Sroups e 94
2.1.6 Blood collection e 95
2.1.7 Clinical data collection e 96
2.1.8 Tests for TB latency and helminth infection ...........ccocevevviiniininienen. 97
2.1.9 Immunological methods . 98

2.2 Mycobacterial Growth Inhibition Assay =~ .o 100
2.3 Flow Cytometry e 105
2.4 Exvivo IFNy ELISpot et 110
2.5 Enzyme-Linked Immunosorbent ASSaY ........ccccceeveeevieerienieeiiienieeieenneennnn 111
2.6 LumineX e 113
2.7 Realtime PCR assay = e 115-122
Chapter 3: Characterization of the migrant cohorts  .......................... 123-137
3.1 Characterization of the migrant COhOItS .........ccceeviierieeiiieniiiiieie e, 123
3.1 Migrant status e 124
3.1.2  Clinical data and history of treatment .............cceeveeeiiienieriiienieeienne, 125
3.1.3 Laboratory diagnosis of helminth infection .........cccocevievininnnnnnn. 126
3.1.4 Eosinophilia in helminth infected patients .........cccccoceveevirieneenennnn. 129
3.1.5 Other blood cell counts in these patients — ..........cccceeveeevieeciienieeieenne. 132



3.1.6 Monocyte/lymphocyte ratio and

Neutrophil/lymphocyte ratio in the migrants — .....ccccoceeveriieneenennnn. 134

Chapter 4: T cell responses to Mtb in clinical samples .............................. 138-150
4.1 T cell responses to Mtb in clinical samples — ......cccceeeieniieiienieiieeeeee 138
4.1.1 Results e 139
4.1.2 IFNy ELISpot responses to PPD and ESAT-6/CFP10  ..........cc..c....... 143

4.2 DISCUSSION  eoeerieiieseeie sttt ettt sbe et sttt st s be e 145-147
Chapter 5: Optimization of the MGIT assay  ...........cccccooiiiiiniiinicnnen, 151-165
5.1 Optimization of the MGIT assay =~ .o 151
5.1.1 Introduction e 151
5.1.2  BCG declumping to reduce variability — .........cccooviieiieniieniieieeienee, 152
5.1.3 Effect of anticoagulant on MGIA .........ccccoeiiiiiiiiiiieiee e 153
5.1.4 Impact of antibiotics on MGIA  ......ccciiiiiiiiiieee e 154
5.1.5 The effect of serum in the cell culture medium  .....cccceeviriinieennnn. 155
5.1.6 Impact of heat inactivation of SErumM  .......cccceevevierieeiiienieeiieieeiene 155
5.1.7 Culture mixing and rotation  ...ccoeoieiiiieiieee e 156
5.1.8 Cell lysis with sterile water — ....coooiiiiiiieeeee e 157
5.1.9 Individual variation in MGIA ..., 157
5.1.10 BCG vaccination and MGIA = ..o 158
5.1.11 Effect of PPD stimulation of cells in MGIA  ......ccociniiiiniinieeen, 159

5.2 DISCUSSION e 159-164
Chapter 6: Cellular components and MGIA ..., 165-178
6.1 Cellular components and MGIA . 165
6.1.1 Introduction e 165
6.1.2 Monocyte depletion e 165
6.1.3 ML ratioand MGIA s 168
6.1.4 Neutrophil/lymphocyte ratio and MGIA ... 170
6.1.5 Frequency of eosinophil count and MGIA ...........ccoeoieiiiiiiiniien, 170

6.2 The role of cytokines in the mycobacterial growth inhibition assay ............ 170
6.2.1 Therole of IFNyin MGIA e 170

6.2.2 Therole of IL-10 in MGIA oo 173



6.2.3 Therole of TGFP in MGIA i 174

0.3 DISCuSSION e 175-181

Chapter 7: MGIA in clinical samples .................ccooooiiiiiiiiiiiiieee, 182-193

7.1 MGIA in clinical samples e 182
7.1.1 Mycobacterial growth inhibition in controls, LTBI, helminth and

LTBI-helminth coinfected patients — .........ccceceevieriiieiienieeieeceeeen. 183

7.1.2 Effect of antigen stimulation on mycobacterial growth inhibition ..... 185

7.1.3  MGIT using Mtb Erdman and Mtb H37RV  ...ccooiiieiiiiieieee 187

7.2 DISCUSSION e e 191-196

Chapter 8: Antibody and cytokine responses in LTBI, helminth infected

and LTBI-helminth coinfected patients ... 197-206
8.1 Antibody and cytokine responses in LTBI, helminth infected
and LTBI-helminth coinfected patients — .........ccccceeveiienieeiienieecieeeee 198
8.1.1 Methods e 198
8.1.1.1 Measuring IgE concentrations in plasma from controls, LTBI,
helminth-infected and LTBI-helminth coinfected patients  ......... 198
8.1.1.2 IgG4 concentrations in controls, LTBI, helminth-infected
and LTBI-helminth coinfected patients — ..........ccccceeeereiierieenenne. 202
8.1.1.3 Measuring total IgA and antigen specific
IgA in LTBI infected patients — .......cccooceeevieniiieniienieeieeeee e 203
8.2 CytoKine reSPONSES e e 204
8.3 DISCUSSION e 206-209
Chapter 9: Gene exXpresSsiOn oo 210-226
9.1 qRT-PCR e 210
9.1.1 Results e 210
9.1.2 Modulation of gene expression after anthelmintic treatment  .......... 218
0.2 DISCUSSION e 220-229
Chapter 10 e 230-235
10.1 Summary e 230
10.2 Strengths and weaknesses of the study  ........cocceeiieiiiiiiiniien 231
10.3 Features of the MGIA ASsay ~  .oiiiiiiiiii i, 233
10.4 Future directions e 235
Bibliography 238-284
Appendices e 285-298

10



List of Figures

| Figure | | Page |

Chapter 1

Figure 1.1 Tuberculosis case reports, rates and annual percentage 20
change, UK, 2000-2015

Figure 1.2 Tuberculosis case notifications and rates by ethnic groups, UK 21

Figure 1.3 Outcome of TB infection 23

Figure 1.4 The granuloma 27

Figure 1.5 Global map of prevalence of LTBI 28

Figure 1.6 Progression of LTBI to active disease 36

Figure 1.7 Global prevalence of soil transmitted helminth infection 46

Figure 1.8 Global distribution of Schistosoma infection 61

Figure 1.9 World map showing the geographical distribution of co- 75
infection with helminths and tuberculosis

Figure 1.10 Proposed mechanism of immune modulation caused by 78
helminth infections affecting immune responses and
susceptibility to TB

Figure 1.11 Mycobacterial growth inhibition assays 87

Figure 1.12 MGIA using BACTEC MGIT 960 90

Chapter 2

Figure 2.1 MGIT standard curve 102

Figure 2.2 MGIT standard curve for Mtbh 104

Figure 2.3 Antibody titration to determine the optimum amount of 107
antibody required for single stain.

Figure 2.4 The complete gating strategy 109

Figure 2.5 Variability in expression of three reference genes 119
(HuPO, TBP and HPRT)

Chapter 3

Figure 3.1 The country of origin of migrants recruited in this study 125

Figure 3.2 Absolute eosinophil count (x10°/ml) in controls, LTBI, | 131
helminth and LTBI-helminth coinfected patients

Figure 3.3 Correlation between absolute eosinophil count and IGRA | 132
values of LTBI-helminth coinfected patients

Figure 3.4 Absolute monocyte counts in controls and helminth infected | 133
patients,in controls and LTBI-helminth coinfected patients

Figure 3.5 Absolute neutrophil counts in the controls, LTBI and LTBI- | 134
helminth infected patients before treatment

Figure 3.6 ML ratio in controls and helminth infected patients 135

Figure 3.7 IGRA values in IU/ml in helminth infected pre and post 135
treatment patients

Figure 3.8 Haemoglobin concentration (gm/dl) in control, helminth, 136
LTBI and LTBI-helminth coinfected patients

Figure 3.9 Correlation between haemoglobin concentration (gm/dl) and 136
IGRA values of LTBI patients

Figure 3.10 Correlation between age in years and IGRA values of controls | 137

11



| Figure | Page |

Chapter 4

Figure 4.1 Impact of anthelmintic treatment on CD4+IFNy+T cells in 140
LTBI-helminth coinfected patients.

Figure 4.2 PPD, ESAT-6/CFP10 and SEA antigen specific cytokine 141
expression in CD4+T cells.

Figure 4.3 The frequency of CD4+TNFa+T cells and CD4+IL-2+T cells 142
in LTBI patients.

Figure 4.4 The frequency of CD8+IFNy +T cells was measured in 143
controls, LTBI patients, helminth infected patients and LTBI-
helminth coinfected patients.

Figure 4.5 IFN-y ELISpot responses to PPD stimulation in controls, 144
LTBI, helminth infected and LTBI-helminth infected patients.

Figure 4.6 IFN-y ELISpot responses to ESAT-6/CFP-10 stimulation in 144
controls, LTBI, helminth infected and LTBI-helminth infected
patients.

Chapter 5

Figure 5.1 Methods of declumping BCG. 153

Figure 5.2 Effect of heparin and EDTA on MGIA 154

Figure 5.3 Effect of penicillin-streptomycin antibiotics and penicillin alone in 154
the cell rest medium.

Figure 5.4 Comparison of human and bovine serum in the culture medium. 155

Figure 5.5 Effect of heat inactivation of serum on mycobacterial growth. 156

Figure 5.6 Effect of culture mixing and rotation on growth inhibition. 156

Figure 5.7 Effect of lysing with sterile water on mycobacterial growth 157
inhibition.

Figure 5.8 Individual variation in MGIA 158

Figure 5.9 MGIA variation in BCG vaccinated and BCG non-vaccinated 158
healthy donors.

Figure 5.10 Effect of PPD stimulation on MGIA. 159

Chapter 6

Figure 6.1 Human monocyte depletion. 167

Figure 6.2 Human monocyte depletion in BCG vaccinated and non vaccinated 168
healthy donors at LSHTM.

Figure 6.3 Association of ML ratio and mycobacterial growth (visit 1) 169

Figure 6.4 Association of ML ratio and mycobacterial growth (visit 2) 169

Figure 6.5 Association between IFNy ELISpot responses to PPD and 171
mycobacterial growth.

Figure 6.6 Association between IFNy ELISpot responses to ESAT- 172
6/CFP10 and mycobacterial growth.

Figure 6.7 Effect of IL-10 on mycobacterial growth 173

Figure 6.8 Effect of TGFB on mycobacterial growth 174

Figure 6.9 Effect of blocking IL-10, TGFf and IFNy using antibodies on 175
mycobacterial growth (visit 1)

1



| Figure | Page |

Chapter 7

Figure 7.1 Mycobacterial growth inhibition in controls, LTBI, helminth- 183
infected and LTBI-helminth infected patients (visit 1)

Figure 7.2 Mycobacterial growth inhibition in controls, LTBI, helminth 184
infected and LTBI-helminth infected patients (visit 1 and 2)

Figure 73 Mycobacterial growth inhibition in controls, LTBI, helminth 185
infected and LTBI-helminth infected patients

Figure 7.4 Mycobacterial growth inhibition responses with stimulation using 186
PPD, ESAT-6/CFP-10, SEA and AWA antigen

Figure 7.5 MGIT assay in healthy controls and LTBI infected patients using 188
BCG, Mtb Erdman and Mtb H37Rv

Figure 7.6 MGIT assay in helminth infected and LTBI-helminth co-infected 189
patients using BCG and M¢bh Erdman.

Figure 7.7 Correlation between BCG Aeras and Mtb Erdman growth. 190
Figure 7.8 MGIT assay in helminth infected and LTBI-helminth co-infected 191
patients infected with Schistosoma and Strongyloides spp

Chapter 8

Figure 8.1 Total IgE detected by ELISA in plasma from controls, LTBI, 199
helminth infected patients and LTBI-helminth coinfected patients

Figure 8.2 Antigen specific IgE responses by ELISA in controls, LTBI, 200
helminth infected patients and LTBI-helminth coinfected patients

Figure 8.3 Total IgE antibody concentrations and correlation 201
withmycobacterial growth inhibition

Figure 8.4 Total IgG4 responses by ELISA in controls, LTBI, helminth 202
infected patients and LTBI-helminth coinfected patients

Figure 8.5 Antigen specific IgG4 responses by ELISA in controls, LTBI, 203
helminth infected patients and LTBI-helminth coinfected patients

Figure 8.6 Total IgA and ESAT-6/CFP-10 specific IgA responses. 204

Figure 8.7 Cytokine concentrations in LTBI-helminth coinfected patients 205
detected by multiplex assay

Chapter 9

Figure 9.1 Relative IDO-1 expression in controls, helminth, LTBI and LTBI- 211
helminth coinfected patientswhen normalized to CD14 and HPRT

Figure 9.2 Relative arginase-1 expression in controls, helminth, LTBI and 212
LTBI-helminth coinfected patientswhen normalized to CD14 and
HPRT

Figure 9.3 Heat map of average gene expression in the control, helminth, LTB | 213
and LTBI-helminth coinfected groups relative to the reference gene
HPRT and CD14 at visit 1 and visit 2

Figure 9.4 Relative expression of CXCL10 in control, LTBI, helminth infected | 214
and LTBI-helminth coinfected patients when normalized to CD14
and HPRT

Figure 9.5 Relative CD14 gene expression in controls. LTBI, helminth and 215
LTBI-helminth coinfected patients when normalized to HPRT

12



List of Tables

Table Page

Table 1.1 Drug regimen for LTBI 38

Table 1.2 The major helminth infections and their distribution and 47
global prevalence

Table 1.3 Overview of MGIAs in animal models. 91

Table 2.1 MGIT standard curve equations. 104

Table 2.2 Panel of antibodies used 106

Table 2.3 Antibodies used for ELISA 113

Table 2.4 Primer sequences and properties of primers used in the qRT- 120
PCR experiments

Table 9.1 Gene expression in LTBI, helminth and LTBI- helminth 216
coinfected patients compared to controls , using CD14 as the
endogenous control

Table 9.2 Gene expression in LTBI, helminth and LTBI- helminth 217
coinfected patients compared to controls when normalized to
HPRT.

Table 9.3 Fold changes in gene expression following anthelmintic 218
treatment. The genes were normalized to CD14

Table 9.4 Fold changes in gene expression following anthelmintic 219

treatment. The genes were normalized to HPRT.

14



List of Abbreviations

AAM Alternatively activated macrophage

ADCC Antibody dependent cellular cytotoxicity

AFB Acid Fast Bacilli

ANOVA Analysis of variance

APC Antigen presenting cell

Arg 1 Arginase 1

ARI Annual risk of infection

APTB Acute pulmonary tuberculosis

ATP Adenosine triphosphate

AWA Adult worm antigen

BCG Bacille Calmette-Guérin

BMDM Bone marrow-derived macrophage

BMM Bone marrow macrophage

BSL3 Biosafety level 3

CAM Classically activated macrophage

CAT Category

CCL Chemokine legand

CCR CC Chemokine Receptor

CD Cluster of differentiation

cDNA Complementary DNA

CFA Complete Freunds Adjuvant

CFP10 Culture filtrate protein 10kDa

CFU Colony forming unit

CLR C-type lectin receptor

CcO Carbon monoxide

COPD Chronic obstructive pulmonary disease

CoA Coenzyme A

CR Complement receptor

CTL Cytotoxic T lymphocyte

CTLA Cytotoxic T lymphocyte-associated molecule

DAMP Danger-associated molecular patterns

DC Dendritic cell

DCregs Regulatory dendritic cells

DC-SIGN Dendritic cell-specific intracellular adhesion molecule-3-grabbing
non-integrin

DMSO Dimethylsulphoxide

DNA Deoxyribonucleic acid

DosR Dormancy survival regulator

DTH Delayed-type hypersensitivity

DTP Differential time to positivity

ECP Eosinophil cationic protein

EDN Eosinophil derived neurotoxin

115




EDTA Ethylenediaminetetraacetic acid

EHR Enduring hypoxia response

ELISA Enzyme-Linked Immunosorbent Assay
ELISpot Enzyme-linked ImmunoSpot

EPO Eosinophil peroxidase

ESAT-6 Early Secreted Antigenic Target 6kDa
FACS Fluorescence assisted cell sorter

FBC Full blood count

FBS Foetal bovine serum

FDG Flurodeoxyglucose

FMO Fluorescence minus one

FSC Forward scatter

FoxP3 Forkhead box P3

G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-monocyte colony stimulating factor
HBHA Heparin binding haemagglutinin adhesion
HCW Health care worker

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic Acid
HI Heat inactivated

HIV Human Immunodeficiency Virus

HPRT Hypoxanthine phosphoribosyltransferase
HRP Horseradish peroxidase

HTD Hospital for Tropical Diseases

HTLV-1 Human T cell lymphocytic virus 1
HuPO Human acidic ribosomal protein

ICS Intracellular cytokine staining

IDA Indoleamine 2,3-dioxygenase

IFN Interferon

IgA Immunoglobulin A

IgG4 Immunoglobulin G4

IgE Immunoglobulin E

IGRA Interferon gamma release assay

IL Interleukin

ILC Innate lymphoid cells

iNOS Inducible nitric oxide synthase

INH Isoniazid

kDa Kilodalton

KO Knock-out

LAM Lipoarabinomannan

LF Lymphatic filariasis

LM Lipomannan

LSHTM London School of Hygiene and Tropical Medicine
LTBI Latent TB infection

1A




MA Mycolic acid

MAN-LAM Mannose-capped lipoarabinomannan

MBL Mannose binding lectin

MBP Major basic protein

MCP-1 Monocyte chemotactic protein-1

MGIA Mycobacterial growth inhibition assay

MGIT Mycobacterial growth indicator tube

MHC Major histocompatibility complex

MIP Macrophage inflammatory protein

mRNA Messenger Ribonucleic Acid

ML Monocyte to lymphocyte

MR Mannose receptor

Mtb Mycobacterium tuberculosis

NADH Nicotinamide adenine dinucleotide

NCBI National Centre for Biotechnology Information
NICE National Institute for Health and Clinical Excellence
NK Natural killer

NLR Neutrophil/lymphocyte ratio

NO Nitric Oxide

NOD Nucleotide oligomerization domain

NOS Nitric oxide synthase

NRAMP Natural resistance associated protein

NRP Non-replicating state of persistence

NTD Neglected Tropical Diseases

OADC Oleic acid, albumin, dextrose and catalase

OD Optical density

PAMPS Pathogen-Associated molecular pattern

PANTA Polymyxin B, amphotericin B, nalidixic acid, trimethoprim, azlocillin
PBMC Peripheral blood mononuclear cells

PBS Phosphate buffer saline

PCR Polymerase chain reaction

PDL Programmed death ligand

PET-CT Positron emission tomography and computed tomography
PIM Phosphatidylinositol mannoside

PPD Purified protein derivative

PRR Pattern recognition receptor

PZA Pyrazinamide

QFT-GT Quantiferon TB Gold-In Tube

qRT-PCR Quantitative real time polymerase chain reaction
RANTES Regulated on activation, normal T cell expressed and secreted
RCT Randomized controlled trial

RD-1 Region of difference-1

17




RELM Resistin like molecule

RIF Rifampicin

RNA Ribonucleic acid

RNIs Reactive nitrogen intermediates

ROIs Reactive oxygen intermediates

ROS Reactive oxygen species

RPMI Roswell Park Memorial Institute

rIL1-10 Recombinant IL-10

rTGFpB Recombinant transforming growth factor f3
SAFE Surgery, antibiotic, facial cleanliness, environmental improvements
SR Scavenger receptor

SDH Succinate dehydrogenase

SEA Soluble egg antigen

SEB Staphylococcal enterotoxin B

SEM Standard error of the mean

SOCS-1 Signal transducer of cytokine signalling 1
SSC Side Scatter

SSI Statens Serum Institute

STAT6 Signal transducer and activator of transcription 6
STH Soil transmitted helminth

TAG Triglyceride

TB Tuberculosis

TBP TATA box binding protein

TCM T central memory cell

TEM T effector memory cell

TCR T cell receptor

TDM Trehalosedimycolate

TGF Transforming growth factor

Th Helper T cell

TLR Toll-like receptor

TMB Tetramethylbenzidine

TNF Tumour necrosis factor

Tregs Regulatory T cells

TSLP Thymic stromal lymphoprotein

TST Tuberculin skin testing

TTP Time to positivity

UCL University College London

UIN Unique identification number

UNICEF United Nations International Children’s Emergency Fund
WASH Water, sanitation and hygiene

WBA Whole blood bactericidal activity

WHO World Health Organization

YLD Years lived with disability

1R




Chapter -1 Introduction

1.1 Tuberculosis

Tuberculosis (TB) is an airborne infectious disease caused by organisms of the
Mycobacterium tuberculosis complex. TB is a major public health care problem and
remains a major cause of morbidity and mortality worldwide (1). In 2015, there were an
estimated 10.4 million new (incident) TB cases worldwide, of which 5.9 million (56%)
were among men, 3.5 million (34%) among women and 1.0 million (10%) among
children. Six countries accounted for 60% of the new cases: India, Indonesia, China,

Nigeria, Pakistan and South Africa (2).

Only 5-10% of these infected groups develop active disease during their lifetimes. The
remaining 90-95% remain latently infected without developing active disease or
becoming infectious. The biological risk factors that increase their susceptibility to TB
include malnourishment, poor housing, HIV infection, diabetes, prison, tobacco smoking,
etc. Host genetic factors, geographic and ethnic clustering of tuberculosis, strain
variability and genetic diversity of Mycobacterium tuberculosis (Mtb) contribute to the

risk of developing tuberculosis (3).

It was estimated that in 2014, the global burden of LTBI was 23.0% (95% uncertainty
interval: 20.4%— 26.4%), amounting to approximately 1.7 billion people. WHO South-
East Asia, Western Pacific, and Africa regions had the highest prevalence and accounted
for around 80% of those with LTBI (4). Among this large reservoir of asymptomatic
LTBI patients, 8-10 million active TB cases emerge each year resulting in the deaths of

nearly 1.7 million people (5).

1.1.1 Tuberculosis in the United Kingdom

In 2015, a total of 5,758 TB cases were notified in England, a rate of 10.5 cases/100,000
population. The number of cases and rate of TB in the non-UK born population in
England have declined year-on-year since 2011, with a decrease of more than 10% each
year since 2012.The majority (60%) of non-UK born cases occurred among those who
have lived in the UK more than six years, whereas, the rate of TB in the UK born

population declined in 2015, with a decrease of 23% since the peak in 2012. Of the UK
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born TB cases notified in 2015 where the ethnic group was known, the majority (60.0%,
928/1,547) were from the White ethnic group, 21.5% (332/1,547) from South Asian
ethnic groups (Indian, Pakistani and Bangladeshi) and 13.3% (206/1,547) from Black
ethnic groups (Black-Caribbean, Black-African and Black-Other).
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Figure 1.1: Tuberculosis case reports, rates and annual percentage change, UK, 2000-2015
Source: Enhanced Tuberculosis Surveillance system (ETS), Office for National
Statistics (ONS). Data extracted: April 2016. Prepared by: TB Section, National
Infection Service, Public Health England (6).

In 2015, as in previous years, the most frequent countries of birth for non-UK born cases
were India, Pakistan, Bangladesh and Somalia (26.3%, 15.9%, 5.2% and 4.4%,

respectively).
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Figure 1.2: Tuberculosis case notifications and rates by ethnic groups, UK. (2016)
Source: Enhanced Tuberculosis Surveillance system (ETS), Office for National
Statistics (ONS) Data extracted: April 2016. Prepared by: TB Section, National
Infection Service, Public Health England (6).

1.1.2 Pathogenesis of tuberculosis

Mitb is transmitted by the aerosol route from person to person. When inhaled, Mtb are
deposited into the lower respiratory tract and reach alveoli where they initially infect the
alveolar macrophages. Although macrophages phagocytose and destroy the bacilli, still

Mtb has adapted to the intracellular environment which renders them able to survive and

replicate within these phagocytic cells (7).

Recognition of mycobacterial components by innate immune cells through different
pattern recognition receptor (PRR),TLRs,Nucleotide Oligomerization Domain (NOD)
like receptors, and C type lectin have all been implicated in recognition of
mycobacteria and in the initiation of cytokine responses (8). The most important Mtb cell
surface ligands that interact with TLRs and other receptors include the 19, 27 kDa
lipoproteins, 38 kDa glycolipoprotein, glycolipids like phosphatidylinositol mannoside

(PIM), lipoarabinomannan (LAM) and mannose capped lipoarabinomannan (Man-
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LAM), trehalose dimycolate (TDM) and lipomannan (LM)(9). Signals generated through
TLR promote proinflammatory immune responses including activation of nuclear
transcription factor (NF)-kB and production of cytokines and chemokines and recruitment
of DC-SIGN that induces suppression of immune responses. TLR activation leads to direct
killing of bacilli by nitric oxide (NO) dependent and NO independent pathways
(8)(10)(11)(12). The macrophage mannose receptor can facilitate phagocytosis of Mib.
The alveolar macrophage can also induce cytokine production—including Interleukins
(IL)12, 1L23, 1L27, IL35, interferon gamma (IFNy) and tumor necrosis factor-alpha
(TNFa) and can also aid in the production of reactive metabolites such as NO that have

antimycobacterial properties (13).

Mtb reside in the phagosome and priming of the CD4+T cell response requires the
presentation of Mtb antigens through the MHC class II pathway. Class 1 pathway
presentation of Mrb antigen may be a result of the exocytosis of phagosomes, uptake of
apoptotic blebs or recycling of MHC molecules with peptide replacement. NO and RNI
generated by iNOS in the macrophages exert its toxic effects on the bacilli. iNOS
recruitment into the phagosome is inhibited by M¢b. Hypoxia and respiration inhibition by

NO induce a dormant state in M¢b leading to their persistence (14).

Antimycobacterial mechanisms of the macrophage include lysosomal killing of Mitb
mediated by ubiquitin derived peptides that destroy Mtb by autophagy, impairing the
membrane integrity and allowing NO to kill M¢b effectively. During this time bacilli
resist the bactericidal mechanisms of macrophages by preventing phagosome-lysosome
fusion, by escape from phagosomes/ phagolysosomes and by causing macrophage
necrosis (13). The escape from the phagosome is aided by Early Secreted Antigenic
Target 6kDa (ESAT-6) protein and culture filtrate protein 10 (CFP-10) encoded by region
of difference (RD) 1, that is present in all virulent M¢bh and absent from all BCG strains.
ESAT-6 also helps in apoptosis of macrophages, cytolysis of alveolar epithelial cells and
in dissemination of TB (15). The released bacilli multiply extracellularly and are
phagocytosed by another macrophage that fails to control their growth and is then
destroyed.

In the majority of cases, the necrotized lesions heal with scarring and calcification. The
pathogen can remain silent inside the body without causing any symptoms and less than

10% of the latent TB cases become reactivated infections. If the patient fails to contain
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the initial infection, or if it is reactivated in a latently infected individual, the patient

develops active TB.

Possible outcomes of TB infection are illustrated in Fig. 1.3.
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Figure 1.3: Outcome of Mtb infection. Picture taken from
http://www.oxfordimmunotec.com/international/products-services/healthcare-
professionals/tuberculosis/ (16).

1.1.3 The innate immune response to Mtb

The major innate cell types involved in dealing with Mtb infection are macrophages,

neutrophils, dendritic cells and natural killer cells.
1.1.3.1 Macrophages and dendritic cells

Alveolar macrophages and dendritic cells are the first line defence against inhaled
particles and microorganisms that deposit in the lung. Alveolar macrophages of
susceptible individuals undergo alternative activation following infection with Mtb. This
phenomenon is associated with reduced oxidative radical generation, altered cytokine

responses and reduced microbial action (17). Macrophages express a variety of pathogen
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recognition receptors, such as the mannose receptor (MR), dectin receptor (beta-glucan
receptor), scavenger receptors (SRs), complement receptors (CRs), mannose binding
lectins (MBL), DC-SIGN, CD14 and TLRs (18)(19)(20). Apart from recognizing their
ligands and mediating phagocytosis, macrophage receptors are involved in activating
several downstream pathways and influencing the ensuing inflammatory responses (21).
Subsequently, the pathogenic bacteria engage with vesicular trafficking machinery
inducing inhibition of phagosomal maturation. Inhibiting phagosome-lysosome fusion
and acidification of the phagosome degrade and can avoid killing and degradation (22).
The natural resistance associated membrane protein (NRAMP) is found on the surfaces of
the lysosomes of macrophages and migrates to the phagosome compartment after
phagocytosis, where NRAMP plays an important role in controlling infection by
removing iron and other divalent cations from the phagosomal environment (23).
Activated macrophages produce cytokines and according to the pattern of cytokine
secretion they are classified as M1 and M2 phenotypes. The innate response against Mtb
begins with the recognition of the bacterial components leading to IFNy, reactive oxygen
species (ROS), and reactive nitrogen intermediates (RNI). However, in susceptible
individuals, the infected macrophages display an alternative activation of macrophages
which is characterized by diminished RNI and ROS production and increased secretion of
Th2 cytokines like IL-4, IL-5, IL-10, and IL13. This cytokine profile may inhibit Thl
responses by antagonizing IFNy and decreasing IL-1, IL-6 and TNFa(24). Unlike
macrophages, dendritic cells express CRs, MRs, and DC-SIGN that mediate uptake of
Mtb in the alveoli of the lungs. DCs act as antigen presenting cells in M¢b infection,
which helps in bridging between innate and adaptive immunity. Once infected, the
dendritic cells then migrate to the regional lymph nodes, where they prime naive T cells

leading to T cell expansion and secretion of cytokines (25)

1.1.3.2 Neutrophils

Neutrophils are less well studied than other immune compartments of the host response to
Mitb infection. Neutrophils are the most commonly infected phagocyte in the lungs in
human TB (26). The interaction of neutrophils and macrophages and the downstream
effects of T cell activity, could result in a range of outcomes from early clearance of
infection to dissemination of viable bacteria and also an attenuated immune response. It is
controversial as to whether human neutrophils can kill Mtb. Both killing and the failure

of killing are possible outcomes in vivo depending on the host and the mycobacteria.
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Efficient killing could allow the neutrophil to halt the infection at an early stage while the
absence of killing would allow the disease to progress locally and also to traffic the
organism to distant sites including the systemic circulation (27). Neutrophils influence the
development of acquired immunity through the production of IL-12, MCP and other
cytokines, which can attract T cells and help their maturation (28). The role of neutrophils

is still complex and under investigation by the researchers.

1.1.3.3 Natural Killer cells

Natural killer (NK) cells and macrophages are major components of the body’s innate
immune system, contributing significantly to the body’s ability to synergistically inhibit
the growth of Mthin immune compromised individuals lacking a sufficient T cell
response. Direct mechanisms of control by NK cells are largely through the secretory
products perforin, granulysin, and granzymes, as well as multiple membrane-bound death
receptors that facilitate target directed lysis. NK cells also have a role in indirectly
stimulating an immune response through IFNy mediated activation of macrophages and
monocytes with multiple signalling pathways, including both reactive oxygen species and

reactive nitrogen species (29).

1.1.4 Roles of immune cells and cytokines in Mth infection

Activation of CD4+T cells leads to secretion of cytokines such as IFNy and TNFa that
induce macrophage activation. It causes apoptosis of infected macrophages through
Fas/Fas ligand interactions, and induction of other immune cells to produce
immunoregulatory cytokines such as IL-10, IL-12, and IL-15. It is critical for CD4+T cell
function and can also control the intracellular growth of Mth by a NO dependent

mechanism(30).

CDS8HT cells may be cytotoxic for Mtb infected macrophages. They can directly kill Mtb
via granulysin, perforin, granzyme, hydrolases and extracellular ATP and facilitate the
control of acute and chronic infection. The cytotoxicity can lead to intracellular killing of
Mtb and also releases the viable intracellular mycobacteria, which may lead to their
uptake by effective microbicidal macrophages (31). Unconventional T cells such CDI

restricted T cells, and yo T cells also confer protection.
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B cells may play a role in priming the immune response. B-cell deficient mice have been
shown to be more susceptible to primary TB infection and had increased bacterial loads

(32).

IFNyis the key component of protective immunity against TB. IFNy activates
macrophages to kill intracellular bacilli. It augments antigen presentation leading to
recruitment of CD4+ and CD8+T cells and participates in mycobacterial killing.
TNFa provides a major protective role in TB by its involvement in both immunity and
immunomodulation. It also initiates cell migration and formation of granulomas. TNFa
induces the expression of chemokines such as IL-8, MCP-1, RANTES and sends signals

to immune cells for recruitment (33).

Additional cytokines with important roles include IL-12 and IL-17, produced by Th-17
cells. In a human study it was shown that 1L-17 producing cells also made I[FNy and had
the phenotype of Thl central memory or effector memory T cells (33). IL-4 production is
induced during clinical TB and indicative of active disease. Immunoregulatory cytokines

such as IL-10 and TGFp exert inhibitory responses against TB.

Granulomas are formed as consequences of the interaction between pulmonary
inflammation and host immune responses. Granulomas are initiated by resident
macrophages that phagocytose the bacilli and release proinflammatory cytokines-helping
in recruitment of immune cells. These are surrounded by collars of lymphocytes including
CD4+T cells which may enhance the anti-mycobacterial responses by releasing IFNy.
The centre of this type of granuloma is caseous, a necrotic state that probably consists of
dead macrophages and other cells. This area is hypoxic. Mycobacteria in this granuloma
can be found in macrophages (either in contact with T cells or not) in the hypoxic centre
or possibly even in the fibrotic rim; this provides the mycobacteria with different
microenvironments. The other type of granuloma is the non-necrotizing granuloma which
is usually seen in active disease and consists primarily of macrophages and some
lymphocytes. Mtb bacilli are found within macrophages in these lesions. Fibrotic lesions
are seen mostly in latent tuberculosis but also in active disease and are composed almost
completely of fibroblasts, with a minimal number of macrophages. Although it is possible
to culture bacilli from some fibrotic lesions, it is not clear where the bacilli reside

(possibly in macrophages or in the fibrotic area) or what the microenvironment is like.
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Well-organized granulomas are entirely dependent on an effector Thl response and can
restrict Mtb growth. Non-necrotic and fibrous granulomas are observed in LTBI with
fewer inflammatory cells. Proper functioning of granulomas can determine the outcome
of infection.
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Figure 1.4: The granuloma. The figure shows a) the classic tuberculous granuloma, b) non-
necrotizing granuloma c) fibrotic granuloma taken from (34)

1.2 Latent TB

Latent tuberculosis infection (LTBI) is classically defined as measurable immune
sensitization to Mtb in the absence of active disease manifestations, such as fever, chills,
night sweats, weight loss, cough, haemoptysis, or a new opacity on chest radiograph.
Immune reactivity to Mtb is assessed by either tuberculin skin testing (TST) or interferon-
gamma release assay (IGRA), with a positive result by either method indicating LTBI.
LTBI can be viewed as an equilibrium between host and bacillus. In most cases, the host
response is sufficient to combat active disease for life time, however, occasionally the
immune response fails to protect and the infection reactivates to cause active disease (35).
Latent TB is generally equated with bacterial containment in some inactive form and
includes a diverse range of individuals from those who have completely cleared the
infection with substantial memory T cell responses to TB antigens to individuals who are

incubating actively replicating bacteria in the absence of clinical symptoms (36). The
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basic mechanisms involved in maintaining a latent Mtb infection or the causes of
reactivation are still difficult to explain, due to the difficulty in developing and
manipulating animal models of latent tuberculosis. The design of an adequate animal
model of latent Mtb infection is hampered by the lack of knowledge about the biological
characteristics of both the tubercle bacilli and host immunity during human latent

tuberculosis (37).

1.2.1 The global burden of LTBI

The population carrying a LTBI is commonly quoted as “one third” as one third of the
global population, a reservoir of approximately 2.3 billion individuals (38). Houben and
Dodd constructed trends in annual risk of infection (ARI) for countries between 1934 and
2014 using a combination of direct estimates of ARI from LTBI surveys and indirect
transmission of ARI calculated from World Health Organisation (WHO) estimates of
smear-positive TB prevalence. In 2014, the global burden of LTBI was estimated to be
23% amounting to approximately 1.7 billion people. WHO South East Asia, Western
Pacific and Africa regions were all estimated to have LTBI prevalence in the general
population of above 20%, whereas the WHO Eastern-Mediterranean, Europe and
Americas regions all had LTBI prevalence of below 17%. Around 80% of the world’s
latently infected TB patients are in the WHO South-East Asia, Western Pacific and Africa
regions (39).
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Figure 1.5: Global map of prevalence of LTBI(39)
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China and India had the highest LTBI burden, having approximately 350 million
infections, followed by Indonesia at about 120 million infections. The substantial
increases in TB burden in Africa and South-East Asia are rapidly increasing in the
younger age groups compared to other ages. It is estimated that 56 million people
worldwide are at high risk of developing TB disease because of reinfection. Assuming the
current LTBI activation rate of 0.15% per year, LTBI incidence will be 16.5/100000 per
year in 2035, which is above the 10/100000 per year target in the End TB strategy (39).

Health care workers (HCWs) are at increased risk of acquiring LTBI in comparison to the
rest of the healthy population. The risk of TB in HCWs is higher in the low and middle
income countries that account for 80% of global TB cases. The estimated annual
incidence of LTBI is 3.8% to 8.4% among HCWs with varying TB incidence. In country-
wise subgroup analysis, the pooled prevalence of LTBI was lowest in Brazil (37%),
followed by India (43%), China (54%), and South Africa (64%) among countries with
higher TB incidence(40).

Stratified pooled estimates for the LTBI rate for countries with low (<50 cases/100,000
population), intermediate (50-100/100,000population), and high (>100/100,000
population) TB incidence were 3.8% (95% confidence interval [CI] 3.0%—4.6%), 6.9%
(95% CI 3.4%-10.3%), and 8.4% (95% CI 2.7%—-14.0%), respectively. Increased
exposure and suboptimal infection control measures in high burden countries and also
cough etiquette and respiratory hygiene can predispose to transmission of TB infection at
the physician-patient interface especially in high burden countries. HCWs with active TB

are also a potential source of infection transmission to other HCWs (40).

Studies of immigrants moving from high to low TB burden countries can also be another
potential risk group for LTBI. Risk of TB is especially high in the first few years of
migration, although they remain at higher risk of infection for decades after entry to low
income countries. It is difficult to establish whether this infection is acquired as a delayed
reactivation or by reinfection following recent transmission from visiting the endemic
country or from the local community. McCarthy et al, has demonstrated that TB
diagnosis is rare after 15 years of immigration if individuals havea low risk of reinfection.
About 230 migrants from high burden countries of South-East Asia who migrated to UK
were studied. About 10.4% had arrived in UK 11-15 years previously and 5.6% more
than 15 years previously (41).
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1.2.2 Models of LTBI

The actual “state” of TB bacilli during LTBI continues to be a question for research.
Autopsy studies in the early 20" century suggested that viable bacteria could be isolated
from tissue samples in patients who died of TB in endemic countries (42). In LTBI, the
bacillus stops growing and enters a state of stationary phase and eventually becomes non-
replicating bacilli that retains the ability to resume growth within the granuloma (43).
These bacilli are often referred to as dormant, persistent and non-replicating bacilli. It is
assumed that the dormant and nonreplicating bacilli are contained within the granuloma
but autopsy also suggested that viable bacteria may be present in apparently normal lung
tissue in patient with tuberculous infection but no clinical disease (44). The physical
location of the bacilli and the metabolic status of the bacilli in LTBI remains poorly

understood.

The first and most well-characterized murine model of LTBI was the Cornell model and it
was first described in the 1950s (45). In this model, mice were inoculated intravenously
with 1x10° to 3x10° viable bacilli of Mth H37Rv, followed by treatment with
pyrazinamide (PZA) and isoniazid (INH) anti-mycobacterial chemotherapy for 12 weeks
beginning within 20 minutes after infection to reduce the bacterial load to very low or
undetectable bacilli levels. In this drug-induced model of LTBI, very low or no bacilli
were detected for several months after this treatment, analogous to LTBI in humans. But
in many mice, the latent infection spontaneously reactivated and caused active disease.
The administration of cortisone reduced the time for spontaneous reactivation for 50% of
the mice from 7 months to 2.5 months (46). This model was adapted to use an aerosol
route of delivery of Mtb in order to mimic the natural route of infection (47). This model
focused more on the ability of mycobacteria to persist or replicate following antibiotic
regimens than on the host immunity involved in maintaining a latent infection. The
modified Cornell model showed that reactivation occurs if the production of reactive
nitrogen intermediates (RNI) is blocked by a nitric oxide synthase inhibitor-
aminoguanidine, which has relative specificity for NOS2 (48). There is no standard
protocol for establishing latency with the Cornell model. Scanga et al., examined the
Cornell model variants for their applicability to immunologic studies of LTBI. They
evaluated the rate of spontaneous reactivation following the antibiotic regimen or

reactivation with immunosuppressive regimens that included NOS2 inhibition, in vivo
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neutralization of IFNy, in vivo neutralization of TNFo and pharmacologic pan-
immunosuppression using glucocorticoids. They showed that the outcome of the Cornell
model was highly dependent on the parameters used to establish the latency and that each

variant of the model has certain limitations (37).

Before the Cornell model, there were two other mouse models of LTBI. In the first
model, mice were aerogenically infected with a low dose of Mtbh (5 to 10 CFU), and
within 3 months the pulmonary bacillary burden stabilized at 3 to 4 logl0 (47). This
clinically quiescent phase of the infection was maintained for 15 to 18 months but after
that the infection began to reactivate and the mice succumbed to tuberculosis. This low-
dose model has the important advantage of mimicking natural latency in that it relies
solely on the host immune response for control of the infection, but it has the
disadvantage of a high bacillary burden that is unlikely to be found in human LTBI
Using a modified low-dose model of murine latent tuberculosis, it was previously

demonstrated that RNI play an important role in preventing reactivation (49).

A non-human primate model of latency is currently being developed, which would
potentially be very relevant to the human clinical condition (50). Cynomolgus macaques
infected with a low dose of Mtb are the only animal model in which both active disease
and latent infection have been described and characterized (51). Gross signs of disease are
observed as early as 4 weeks post infection (52). By the sixth week post infection, greater
production of mycobacteria-specific IFNy in PBMC was observed among monkeys who
developed active disease later than in the monkeys with latent infection (51). About 40%
of cynomolgus macaques infected with such low dose aerosol challenge did not go on to

get disease and remained latently infected (53).

A dynamic model of latent infection has been proposed in which endogenous reactivation
as well as damaging response occurs constantly in immunocompetent individuals. The
model suggests that during initial stages of infection, Mtb grows well inside the
phagosome and then escapes from the phagolysosome and released to the extracellular
milieu due to macrophage necrosis (43)(54)(55)(56). Some of these extracellular bacteria
stop replicating due to the hypoxic environment, nutrient deprivation and the presence of
bactericidal enzymes released from immune cells. The metabolically inactive, non-
replicating /dormant bacilli resist killing and may survive in the face of a strong immune

response (43). The model also suggested a role for foamy macrophages that emerge
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during the chronic inflammatory process due to phagocytosis of cellular debris rich in
fatty acids and cholesterol in the dissemination of infection. The model suggested that the
foamy macrophages phagocytose metabolically inactive, dormant extracellular bacilli. At
the same time, tubercle bacilli do not grow in the intracellular environment, as the
macrophages are activated (57)(58)(59)(60). The foamy macrophages containing
phagocytosed bacilli then drain from the lung granuloma towards the bronchial tree and
lodge the bacilli into different regions of the lung parenchyma due to aerosols generated
by inspired air and in this process bacilli may also be lodged in the upper lobe of lungs,
where they are exposed to higher oxygen pressure. This oxygen pressure in the upper
lobes also supports rapid extracellular bacillary growth. The subsequent inflammatory

response leads to tissue destruction, liquefaction and extracellular bacillary growth (60).

All these models are potentially very useful in modelling human LTBI to evaluate the
immunological factors important for controlling such infection and also to evaluate
potential therapeutic options. But these models are very expensive, complex, variable and
time consuming (61). The outcome of these models depends on certain variables like
antibiotic regimen, length of the treatment period, dosage of mycobacterial challenge
used, the length of antibiotic-free rest period and strains of mice used. Botha and Ryffel
described the limitations of these models which includes spontaneous reactivation,
difficulties in inducing reactivation and generating phenotypically altered mycobacteria
(62). Also these models have high inter-group variability and depend on group size, cost

and availability of a BSL3 containment facility (61).

1.2.3 Pathogenesis of LTBI

In the majority of TB cases, Mtb infection induces the development of specific acquired
cell mediated immunity inhibiting the growth of mycobacteria without their eradication
(63). In such individuals, tuberculosis bacilli live in a dormant state. Well organised
granulomas are entirely dependent on an effector Thl response and mediate restriction of
mycobacterial growth either within IFNy activated macrophages or within the adverse
conditions of the necrotic caseum (64). Granulomas are dynamic lesions with cells dying,
debris being removed and new cells entering. It is assumed that, within granuloma, there
is an equilibrium of actively dividing Mtb and Mtb adapted to the stress generated within
activated or foamy macrophages that do not kill Mtb but are capable of inhibiting their
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growth. Thus the bacilli are thought to enter a state of non-replicating persistence within

the necrotic part of the lesion (65).

The persistence of TB bacilli in granuloma is accompanied by the changes in bacterial
metabolism and in host metabolism that are driven by Mtb effector proteins and
glycolipids. In the granuloma the bacilli are subjected to various stress conditions like
nutrition deficiency, acidic pH and inhibition of respiration by nitric oxide. The
transcription factor Rv3133c, named dormancy survival regulator (DosR) directly
coordinates the expression of approximately 50 genes and DosR induces the metabolic
changes that allow the mycobacteria to enter dormancy. All these factors lead to the
transformation of Mtb into a dormant state (42). The dormant bacilli are able to minimize
their metabolic and replicative activity and also inhibit their growth and development.
They become resistant to immune attack and can avoid elimination by the effector

immune cells (66).

The “Wayne” model of hypoxia induced dormancy, where bacteria were grown in liquid
medium in sealed tubes with limited head space gradually reducing oxygen supply,
showed a non-replicating state of persistence (NRP) which was characterized by reduced
metabolism and increased drug tolerance. In this state, bacterial viability remained
unchanged for weeks to months with synchronized replication resuming following
reactivation (67). The resultant similarities between bacteria grown in vitro under hypoxic
conditions and clinical cases of LTBI have made the model an important tool for

investigating the molecular basis of mycobacterial dormancy (68).

Activation of DosR, is mediated through two classic transmembrane sensor histidine
kinases, DosS and DosT. DosS senses cellular redox status and DosT senses dissolved
oxygen concentration (69). Despite its dominance of gene expression under hypoxia,
varying responses, such as genetic inactivation of DosR resulted in a mild loss of viability
in vitro(70)(71)(72). Upregulation of the DosR regulon is not specific to hypoxic changes
and it can also be activated by CO and NO.

Studies have shown that, while the DosR regulon is strongly induced at the initiation of
anaerobiasis, this level is not maintained for a long time. With sustained periods of

hypoxia another set of genes, called the enduring hypoxia response (EHR) are
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upregulated. The relevance of the EHR overall bacterial adaptation to the hypoxic
condition is yet not understood (73)(74).

A reduction in net carbon flux is a hallmark of hypoxia-induced dormancy in Mib,
whereas a source of carbon and energy are required for prolonged survival and later

resumption of growth (68).

Under hypoxia and stress, Mtb experiences significant decreases in ATP and increases in
its NADH/NAD+ ratio with a blocked electron transport system, whereas ATP synthesis
via the electron transport system is an important requirement for bacterial survival under
these conditions. This suggests that despite cessation of replication, Mtb maintains both
an energized membrane and constitutive ATP production, even in the absence of

molecular oxygen (75).

Macrophages undergo substantial phenotypic changes when exposed to reduced oxygen
tension and it has been suggested that hypoxia modulates the central effector functions of
macrophages with secretion of significantly enhanced amounts of the major
proinflammatory cytokines IL-1 and TNFa, chemokines, proangiogenic factors and
eicosanoids (76)(77). HIF1a plays a key role in macrophage adaptation to low oxygen
tension and helps in the production of key immune effector molecules like granule
proteases, antibacterial peptides, TNFa and NO. Mi et al., showed that pattern
recognition receptor-dependent stimulation of macrophages under hypoxia led to

increased expression of NOS2 which is very important for antibacterial immunity (78).

It has been concluded that macrophages cultured at low oxygen tension are less
supportive of mycobacterial growth. A low PO, closer to that found in tissue, did not
affect the free living bacteria but significantly reduced the growth of intracellular
mycobacteria. This growth inhibitory effect was said not be due to differential response to
IFNy and TNFa at low oxygen condition but rather it might be due to a shift from
oxidative towards glycolytic metabolism. This was supported by other studies (79)(80).

Macrophages in granulomas are both antimycobacterial effectors but also the host cell for
Mtb. Immunohistochemical analysis of granulomatous lesions from the Mtb infected NHP
model suggested that macrophages with anti-inflammatory phenotypes (CD163+iNOS+

Argl high macrophages) localized to the outer regions of granulomas, whereas the inner
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regions were more likely to contain macrophages with proinflammatory and bactericidal
phenotypes (CD11c+ CD68+ CD163 9™ iNOs+ eNOS+ Argl ™ macrophages) (68). The
highly hypoxic granuloma centre is the focus of antimicrobial activity and is surrounded
by an area of reduced proinflammatory activity and gradually increasing oxygen tension.
The foamy macrophages are located mainly in the interface region surrounding the central
necrosis and this location may reflect the perfect niche and prime location for Mtb to
initiate a new infection. Histologically, a latent lesion shows thick fibrosis, mineralization

and/or central caseation as shown in chronically infected cynomolgus macaques (81)(82).

An insufficient upregulation of adhesion molecules on circulating lymphocytes may
hinder the localization of antigen-specific lymphocytes within the lungs and this might
affect the formation of granulomas (83). Decreased outer membrane permeability also
protects Mtb from killing by ubiquitin-derived peptides. Thus some non-replicating bacilli

may escape elimination by the immune system and so may persist (84).

Several Mtb components such as 19-kDa lipoprotein, Man-LAM, cord factor etc can
modulate antigen processing and presentation by mycobacterial protein and glycolipid
antigens by MHC class I, MHC class II and CD1 molecules. Mtb bacilli may suppress the
presentation of antigens to T lymphocytes and macrophages (58). An insufficient
activation of effector CD4+, CD8+ and y/d T cells, CDI1 restricted and cytotoxic T cells,
will result in defective microbicidal functions of macrophages and other immune cells

leading to tissue damage and dissemination (85)(86)(87).

A particular subset of regulatory T cells, named CD4+CD25+FoxP3+D4GDI+T cells,
contribute to the containment of Mth in both human and murine models. These cells
secrete Rho GDP dissociation inhibitor (D4GDI), instead of immunoregulatory
cytokines, such as TGFP or IL-10. This factor acts on macrophages, enhancing the
production of IL-1B, TNFa and reactive oxygen species and indirectly contributes to

DosR regulon activation , and the arrest of mycobacterial growth (88).

1.2.4 Risk of infection progressing to disease

Based on epidemiological studies, known risk factors for reactivation of LTBI include:

HIV, malnutrition, tobacco smoke, renal failure, alcoholism, indoor air pollution,
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alcoholism, silicosis, diabetes, malignancy and immunosuppressive treatment such as

with glucocorticoids (38)(89)(90).
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Figure 1.6: Progression of LTBI to active disease. The figure shows-a) The fate of TB infection
is determined by predisposing factors influencing the outcome. b) Precipitating
factors that may lead to progression of latent TB infection to active TB (91).

The effect of anti-TNFa therapy is prominent in the macaque model of LTBI, where

anti-TNFa resulting in almost complete reactivation in animals with no previous signs or

symptoms of active disease for at least six months from the time of infection (62). In

patients treated with Infliximab, the risk of TB is increased initially up to 20 fold with

43% of TB cases presenting within 90 days of administration of anti-TNFa. therapy (92).

HIV remains the most common risk factor for reactivation of TB. The risk of reactivation
among HIV patients is almost 10 fold higher than for non HIV patients (93). A higher rate
of disseminated, extra pulmonary disease was also observed in HIV-infected patients with
TB. A CD4+T cell count of less than 200 cells/ml regardless of antiretroviral therapy was
associated with risk of TB progression. In HIV and TB co-infection, there is HIV induced

loss of mycobacterial specific CD4+T cells, Mtb induced increases in HIV load in serum
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and macrophages, a shift from a Th1 to a Th2 response via alteration in IL-10, Tregs, IL-
12, IL-4 and TNFa, loss of granuloma integrity and alterations in apoptotic mechanisms

(94).

1.2.5 Preventive therapy for LTBI

Drugs that contribute most to treatment for latent TB (Rifampicin, pyrazinamide) have
the greatest sterilizing ability, target persisting organisms and provoke resuscitation of
non-replicating bacilli and couple this with rapidly bactericidal therapies such as with
isoniazid (95). Monotherapy is used in treating latent tuberculosis as the bacillary load is
so low that the chance of developing resistant mutants is very unlikely. INH inhibits
synthesis of mycolic acids, the major constituents of the cell wall, and displays a biphasic
killing with rapid and early bactericidal activity against actively replicating bacilli but it
has less efficacy in killing bacilli with low metabolic activity (96). However, this therapy
does not predict sterilizing activity (efficacy of preventing relapse in humans and in
animal models). Rifampicin and pyrazinamide have more potent sterilizing activity and
newer anti TB drugs such as rifapentine, TMC-207 and moxifloxacin also have also
potent sterilizing activity (97). Martinson et al., demonstrated that 12 doses of rifapentine
and INH given weekly for 3 months is an effective preventive therapy for LTBI (98). The
challenge is to evaluate novel LTBI regimens. The only endpoint for clinical trials is the
absence of disease and to demonstrate clinical efficacy needs large sample sizes and
prolonged follow up. A surrogate marker may allow rapid evaluation of the therapy. An
alternative approach is PET/CT imaging to evaluate treatment response. 18F-
Fluorodeoxyglucose (FDG), a marker for metabolic activityis taken up by activated
neutrophils and macrophages. Sites of TB even in the absence of clinical sign symptoms
accumulate FDG avidly and this is reduced following anti-TB therapy
(99)(100)(101)(102). Whereas, Stephanus et al., showed that even after receiving full TB
treatment, some APTB patients in South Africa and South Korea were not able to
eradicate TB completely and showed marked heterogeneity in treatment responses. They
have showed that the PET/CT scan of these patients at the end of treatment exhibited
lesions with an ongoing inflammatory response and some patients showed intensified or
new TB lesions (103). Similar results were observed in a study conducted by Stetzmueller
et al., (104). Further research is required to unravel the interaction between the local host

response and TB, disease progression and anti-TB treatment responses (105).
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1.2.6 Current drug regimens for LTBI

Drugs Dose(mg) | Duration Frequency Comment

INH 300 6—9 months Daily Standard Ist line in
HIV-/HIV+

INH 300 36 months Daily Recent evidence for
greater efficacy in HIV+

INH 900 6—9 months Twice weekly | Alternative regimen-
allows directly observed
therapy

RIF 600 4 months Daily Alternative regimen

RIF+INH 600+300 3 months Daily Alternative regimen

RPE+INH 900+900 3 months Once weekly | Recently reported as
effective in HIV+ and
HIV—-

RIF+PZA 600+2000 | 2 months Daily Hepatotoxicity issues in
HIV- no longer
routinely recommended

Table 1.1: Drug regimen for LTBI (106).INH = Isoniazid, RIF = Rifampicin, PZA =
Pyrazinamide, RPE = Rifapentine

The NICE guidelines contain detailed recommendations for persons with LTBI in the
UK. All HIV-negative persons aged 16 to 65 years of age, migrants, aged 16-65 years,
who have entered the UK from a high incidence country (=150 per 100,000 or Sub-
Saharan Africa, within the last 5 years and had been previously living there for >6
months are eligible for LTBI testing and those who are found to have LTBI are offered
chemoprophylaxis- either a combination of Rifampicin and INH for three months or INH
on its own for six months. HIV-positive persons of all age groups with LTBI are offered
six months of INH and children (positive TST or IGRA and who have not been BCG
vaccinated) are also offered chemotherapy if they are aged 1 to 15 years of age if they
have been contacts of patients with smear-positive pulmonary TB. All individuals who

are eligible for chemotherapy but decline should be given information and advised about
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symptoms of active TB. NICE previously did not recommend chemoprophylaxis for any
individuals above the age of 35 years old, unless they were HCWs or had an underlying
illness with a high risk of reactivation (eg HIV). One reason for this age cut off is that the

risk of hepatoxicity increases with age (107).

Until now, TB control has focused on detection and management of active disease, but to
reach the WHO End TB strategy to reduce the TB death rate by 95% and TB incidence
rate by 90% by the year 2035, it is also imperative to understand and manage the
important reservoir of LTBI patients. Safer and more effective treatment of latent TB and
effective pre or post-exposure vaccines would be the best ways to reduce the incidence of

TB and to move forward towards the 2035 End TB target.

1.3 Biomarkers for LTBI identification

Biomarkers are measurable characteristics that can form the basis of surrogate end points.
Biomarkers can be indicators of disease or indicative of host immunity. In some cases,
these biomarkers can be indicative of the protective efficacy of a vaccine as correlates of
protection. Biomarkers of infection or of risk of progression to disease could also
contribute to both the development of diagnostic assays for TB and help to identify those

at greater risk of progression (108).

Several efforts have been undertaken to distinguish between active and latent TB. LTBI is
characterized by a high heterogeneity of lesions; some of the latently infected TB patients
exhibit only the remnants of a waning infection, while some of them present with a
slowly progressing form of the disease or may progress to a chronic non-progressing
infection (109). What actually constitutes a protective immune response in this chronic
infection still remains unclear. There is a need to develop new diagnostic tools and
systemic screening based on newer biomarkers and/or newer antigens which are
associated with latent TB, but not with active TB which may direct more efficient
treatment to the infected individuals. Tools are also needed to screen the treatment
response to LTBI, or to a post-exposure vaccine, or a screening test that detects
individuals with LTBI, who are likely to progress in the next 5-10 years, all of which are

part of Pillar 3 of the WHO End TB strategy (110).

We need to identify biomarkers for people who are at risk of progressing towards active TB

disease, in a subclinical phase with minimally active pathology or immunopathology. These
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predictive biomarkers could be mycobacterial products or markers of host response within
blood, urine or through skin testing. Careful follow-up of the LTBI population at risk over

time might allow the identification of some useful biomarkers and correlates of risk.

There is no gold standard test for the diagnosis of LTBI. The diagnosis of LTBI is based
on reactive tuberculin skin testing (TST) and /or positive interferon gamma release assay
(IGRA). IGRA (either QuantiFERON TB Gold In Tubes (Qiagen,the Netherlands; QFT-
GIT) or the newer QFT-GIT Plus or T-SPOT.TB (Oxford Immunotec, Marlborough, MA,
USA)) measure in vitro IFNy production by whole blood ELISA or an Enzyme-linked
ImmunoSpot (ELISpot) assay on peripheral blood mononuclear cells (PBMC)
respectively (111). Blood is stimulated with peptides from Mtb specific antigens (ESAT-
6, CFP10 and TB 7.7 for QFT-GT). The antigens used in this assay are encoded by genes
that are deleted in the vaccine strain of BCG and most environmental mycobacteria of
clinical relevance. IGRAs cannot distinguish between LTBI and active TB in
immunocompetent individuals, in high risk individuals with immunosuppressive
conditions or in children but are not affected by prior BCG vaccination and have no cross
reactivity with most environmental mycobacteria. Screening for LTBI in low TB
incidence countries is aimed towards high risk populations -like recently infected
individuals, close contacts of active TB cases, recent immigrants from TB endemic areas

or immunocompromised populations (112).

TST triggers a PPD-driven T-cell mediated delayed type hypersensitivity reaction (DTH).
Two IU of the PPD preparation is used and skin induration 26 mm to 210mm (210mm in
BCG vaccinated, 26 mm in HIV infected) is regarded as a positive TST.This response
involves monocytes and previously primed T-cells, which are attracted to the skin where
they proliferate and secrete cytokines. TST does not differentiate between infection with
virulent Mtb, exposure to environmental mycobacteria or prior immunization with BCG.
Its sensitivity is low in HIV infected or other immunocompromised individuals (113).The
TST is also influenced by inter and intrareader variability and the immunosuppression

status of the host (114).

The TST and IGRA rely on DTH or T cell immune response following reexposure to Mtb
specific antigens (115). There is good correlation between TST and IGRA in low TB
endemic settings, but high levels of discordance have been observed with individuals having

TST negative but IGRA positive results with some reverse reports as well. The discordance
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is assumed to be due to BCG vaccination which has effect on TST but not on IGRA.

Neither diagnostic test reflects the activity of any infectious focus or the risk of
progression to active disease. Both the tests show evidence of spontaneous reversion over
time that might provide a negative result for those patients who are previously exposed
and immune sensitized by Mrb. A two-step testing strategy may identify these patients,
where an initially negative TST boosts the immune response to subsequent TST positive
(116).To measure alternative cytokines or to detect central memory populations using
flow cytometric assays could provide a better marker of exposure and history of immune
sensitization, as the IGRA after its short incubation (16 to 24 hours) identifies primarily
ESAT-6/CFP10-specific effector cells (117). Host biomarkers may prove important in
stratifying the risk of development of TB (118).

Different immunoassays have been proposed to aid LTBI identification- for example,
IFNy responses in untreated LTBI cases and unexposed subjects, where unexposed
individuals displayed lower IFNy levels by QFT-GT (119). Evaluation of serum pro-
inflammatory cytokines like IL-6, MCP-1, plasma concentrations of markers involved in
the TLR 4, fractalkine, IL-4 and monocyte chemoattractant protein (MCP) have been
described (120)(121).

One potential candidate to help with diagnosis is the interferon inducible protein (IP-10),
production of which in response to Mtb antigens could be used as a marker of infection.
To be used for the diagnosis of LTBI, IP-10 still depends on stimulation with Mtb
antigens. IP-10 has also been assessed as a potential biomarker to monitor treatment
response to TB medication. Biraroet al., measured the IP-10 concentrations in QFN
supernatants from latently infected individuals compared to uninfected contacts and
active TB. IP-10 was able to differentiate between the uninfected and latently infected
contacts with sensitivity of 87.1% and specificity of 90.9%(122). However, IP-10 was not
able to differentiate latent infection from active disease except when Mtbh specific to
mitogen specific ratios were used in HIV negative adults. The study showed good
agreement between IP-10 and QFN, moderate agreement between IP-10 and TST and
poor agreement between QFN and TST. Wergeland ef al., also demonstrated how IP-10
differentiated between active TB disease and LTBI or QFN negative controls in a high
TB endemic setting. IP-10 therefore has a good potential to diagnose latent TB (123).
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DosR regulon encoded antigens such as Rv2626¢, Rv2624c and Rv2628 were also
validated in different studies as they were recognized by household contacts or TST
positive individuals and also could induce the secretion of significant amounts of IFNy in
comparison to non-infected individuals (124). Other latency antigens such as Rv1733c,
Rv2029c and HBHA are also promising tools for identifying LTBI individuals and also to
distinguish recent LTBI from remote LTBI (125)(126).

Blood transcriptional profiling has the potential to be used as a diagnostic test and has
improved our understanding of disease pathogenesis. A study by Berry et al., performing
whole blood gene expression profiling reported an 86-transcript type 1 IFN inducible
signature that was specific for active TB and the signature was overexpressed in
neutrophils. The signature was associated with the radiographic extent of pulmonary TB.
Transcriptional profiles of 10-25% of latent TB patients clustered with active TB patients.
This proportion was equal to the predicted frequency of patients progressing toward active
TB (109). Whole blood transcriptomic analysis has the potential to provide biomarkers for
those with LTBI at highest risk of TB and may act as a diagnostic marker for LTBI with
sub-clinical active infection or a higher burden latent infection, although longitudinal
studies are required to validate this. Sweeney et al., compared gene expression in patients
with LTBI and other diseases versus ATB patients using a validated multicohort analysis
framework (127). Three public TB gene expression datasets GSE19491, GSE373250 and
GSE42834 composed of 1023 whole blood patient samples were chosen to be used if they
were statistically differentially expressed in active TB compared with LTBI and other
diseases, the diagnostic capability was not affected by HIV status and BCG vaccination,
and if there was significant correlation with severity of active disease. The three gene set
could improve clinical diagnosis and treatment response monitoring, although this needs to
be confirmed by prospective validation with a targeted assay. The three-gene set should
ease translation to clinical practice and might prove cost effective in the resource-poor
environments in which tuberculosis is prevalent. The correlation of the tuberculosis score
with disease severity also suggests that it might be possible to use the test for a predictive
enrichment strategy for new drug trials. Zak et al., identified a 16 gene signature of risk in
LTBI and household contacts for South African and Gambian cohorts. The signature
predicted tuberculosis progression with a sensitivity of 66-1% (95% CI 63-2-68-9) and a
specificity of 80-6% (79-2-82-0) in the 12 months preceding tuberculosis diagnosis (128).

The risk signature was excellent for differentiating tuberculosis disease from latent
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infection and from other disease states. The newly described signature also holds potential

for highly targeted preventive therapy.

Multiparameter flow cytometry can be used to evaluate the proportion of T central (TCM)
and T effector memory (TEM) subsets and multifunctional T cells- where the ratio of
TCM and TEM can serve as a biomarker of the presence of infection as suggested in
different studies (129). Studies have analysed the presence of both TCM and TEM in
PBMCs of individuals with LTBI, where a response to RD1 stimulation in LTBI was
characterized by TCM phenotype. Adekambi et al.,, have described a distinct effector
memory CD4+T cell signature in latent Mtb infection, which was differentiated from that
in clinically cured TB patients (130). Caccamo et al., suggested that a multifunctional T
cell profile is associated with the presence of live replicating TB rather than operating as
a marker of protection (129). Multi-parametric flow analysis of T cells thus has the
potential to distinguish those with replicating bacteria from those who have naturally

cured their infection. This will provide insights to target preventive therapy for LTBI.

Sandgren et al., systemically reviewed data on initiation and completion rates for LTBI
treatment and observed that the rates were frequently suboptimal and varied greatly
within and across populations (131). Populations with higher risk of TB infection like
HCWs, in mates and the homeless were at higher risk of low initiation and completion
rates. Improvement in treatment adherence and completion at risk groups might improve
the effectiveness of latent TB treatment and stop progression towards active TB disease.
An alternative to shortening to treatment can be to target the persisting organisms and
their resuscitation. Bactericidal drugs like INH can strengthen this process. This approach
will require more refined understanding of the mechanism behind the resuscitation and

the complex metabolic states of this organism.

To find a test that can best evaluate novel LTBI regimens is another challenge. Peripheral
biomarkers indicative of treatment response of LTBI might prove an important tool. A
surrogate marker of clinical response, early (2 months) culture conversion in active TB,
14-day bactericidal activity, etc. may demonstrate the clinical efficacy and selection of
appropriate therapy to prevent reactivation. Recently PET/CT imaging has been used to
evaluate the response to therapy. This is a very sensitive imaging modality that can detect
the early pathological changes in sputum negative asymptomatic individuals and also

pathology consistent with subclinical pulmonary TB. Esmail ef al., 2016, revealed that
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LTBI patients with fibrotic scarring may undergo some repeated episodes of subclinical
reactivation, which makes them more susceptible to develop active disease and this
outcome can be assessed through PET/CT scan imaging (105). Malherbe and colleagues
observed the PET-CT imaging response patterns in HIV negative patients with PTB after
6 months of standard treatment and post treatment follow-up until 1 year. The presence of
Mtb mRNA in sputum and BAL samples in these patients and intense lesions on PET-CT
indicated that even after a full course of treatment was completed, all the bacteria were
not eradicated. They suggested that for developing improved and shortened PTB-

treatment strategies, it is necessary to identify a better treatment response marker (132).

It is critical to develop a better understanding of the immunological correlates of protection
for LTBI in order to design an effective TB vaccine. The vaccine could be administered pre-
infection to prevent the infection from occurring or designed to be used post- exposure to
prevent reactivation. H56 is a new multistage vaccine comprising the Ag85B, ESAT-6 and
Rv2660 antigens which has been designed to be used post-infection in latently infected and

uninfected adults. This vaccine is now in phase Ila clinical studies in South Africa (133) .

Antituberculous treatment and immunomodulation might be another alternative approach to
shorten the existing therapy. The RUTI vaccine is comprised of heat inactivated, liposome
fragments of Mtb that are grown in stress and hypoxia conditions. The vaccine is now in
clinical phase 2 trials in patients with LTBI in South Africa. This vaccine is designed to be
administered after one month of chemotherapy of LTBI with INH to facilitate the immune
clearance of the persisting bacilli. Each subject (HIV+/HIV-) will receive two
administrations, 28 days apart and will be monitored until one month after the second

inoculation with RUTT (134).

Improved understanding of the natural infection, protective immunity and immunopathology
and the mechanism responsible for the reactivation in LTBI, might prove effective ways to
accelerate the development a vaccine that could prevent reactivation or that was able to
eliminate LTBI successfully. Also we need to get effective and representative results from the

existing animal models that will represent better the natural history of LTBI in humans.

1.4 Helminths

Helminths are complex eukaryotic organisms, characterized by their ability to maintain

long standing chronic infections in humans (135). Approximately two billion people are
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infected with intestinal helminth parasites, rendering them the most prevalent infectious
agent in the world today and they are responsible for many chronic, debilitating and
sometimes disfiguring diseases (136). Helminths are multicellular worms of three
taxonomic groups: the nematodes (also known as roundworms) include the major
intestinal worms (also known as soil-transmitted helminths) and the filarial worms that
cause lymphatic filariasis (LF) and onchocerciasis, whereas trematodes include the

flukes,such as the schistosomes, and cestodes include the tapeworms (137).

Helminth parasites have characteristic complex life cycles with different stages of
development from direct faecal-oral transmission (in roundworm infection) to
development through free living stages (like hookworm larvae in the environment) or
dependence on invertebrate vectors (for example snails in schistosome infection) (138).
The responses may be compartmentalized depending on the anatomic location of the
parasite, for example in the intestinal mucosa and draining lymph nodes or be systemic
(135). Helminths may also have different invasion routes including skin (Schistosoma
etc.), or by mosquito bite although the most common route is the gastrointestinal tract.
The migration patterns of the parasite may elicit cutaneous, pulmonary or intestinal

pathology, for example in Strongyloides infection during their lung migratory phase.

Another hallmark of helminth infection is their chronicity—as some parasites live in the
host for years. S.stercoralis can cause auto-infection and remain in their host to maintain
their life cycle for an indefinite period of time (135). Helminth infection can establish
long term chronic infections associated with significant down-regulation of the host
immune response. The extraordinary prevalence of helminth infections reflects their

ability to modulate the immune response in the host (138).

Helminths compete with the host for nutrition, cause mechanical damage during their
migration through tissues and in many cases may also drive immune-mediated pathology.
Certain species of helminths are responsible for significant disability, morbidity and a
reduction in life expectancy (139).There is variation in helminth infections within
endemic regions- some people being susceptible to infection whereas others appear to be

immune to infection with chronic exposure (140).
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The eradication of helminth infection remains a difficult goal due to a lack of effective
vaccines, limited pharmacological efficacy, emerging drug resistance, and rapid

reinfection in places where transmission cannot be prevented.

1.4.1 Global prevalence of helminth infection

According to WHO, 24% of the world’s population are infected with soil-transmitted
helminth infections (STHs) world-wide. Infections are widely distributed in tropical and
subtropical areas especially where adequate water and sanitation are lacking. The greatest
numbers of STH infections occur in sub-Saharan Africa, the Americas, China and East
Asia, and South America (141). The prevalence of helminth infection has declined in
some part of the world due to improvements in living conditions and expansion of major
deworming efforts. However still about one billion people globally are infected with

helminths (142).
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Figure 1.7: Global prevalence of soil transmitted helminth infection (2010) (143).
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Helminth Disease Global Regions of prevalence
prevalence
(in millions)
Ascaris lumbricoides Ascariasis 807
Trichuris trichiura Trichuriasis 604 Developing regions of
Necator americanus, | Hook worm 576 Asia, Africa, and
Ancylostoma duodenale infection Latin America
Strongyloides stercoralis | Strongyloidiasis | 30-100
Wuchereria bancrofti Lymphatic 120 Developing regions of
filariasis India, Southeast Asia,
and sub-Saharan
Africa
S.haematobium, Schistosomiasis | 207 Sub-Saharan Africa,
S.mansoni, Eastern Brazil, China,
S.japonicum South East Asia
Taenia solium Cysticercosis 0.4 Developing regions of
Asia, Latin America
and Sub- Saharan
Africa

Table 1.2: The major helminth infections and their distribution and global prevalence
(2010) (140).

Pullan et al., built a modelling framework to provide an update on the global situation in
2010, and estimated that 1.45 billion people were infected with at least one species of
intestinal nematodes, resulting in 4.98 million years lived with disability (YLDs). The
vast majority of infections and burden occurred in Asia, where at least one quarter of the
population hosts at least one soil transmitted helminth species (142). There is a website,
named “Thiswormyworld” developed by Simon Brooker. The aim of the website is to
provide reliable, up-to-date maps on the geographical distributions of NTDs

(www.thiswormyworld.org) (144).

1.4.2 Helminth infection in UK migrants

The global burden of helminth infection is greatest among populations who are heavily
exposed to helminths specially in low income countries in the tropics (145). However,
some chronic helminth infections may persist for years after migration from endemic
countries and occasionally may cause severe disease in patients receiving
immunosuppressive agents (146). Helminth infection may affect up to 20% of migrants
from endemic countries at the time of their arrival in the UK (147), including

Schistosomiasis, S.stercoralis and other soil transmitted helminth infections.
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Strongyloides is common in South East Asia and the Caribbean, whereas Schistosoma
infection is acquired by exposure to snail contaminated fresh water in many tropical
countries particularly Sub-Saharan Africa where it can affect about 20% of travellers and
residents(147).Travelers and expatriates contract schistosomiasis during their leisure
activities like water sports, rafting, swimming or showering(148). Helminth infection is
the commonest identifiable cause of eosinophilia in the returning traveller or migrant
(14% to 64%) (149). Schulte et al., showed that >50% migrants from endemic countries
who present with blood eosinophilia harboured helminth infection (150). Smith et al.,
observed that eosinophilia was associated with African and Asian ethnicity in an inner
city gastroenterology service in the UK that serves a migrant population (145). About
40% of the patients in the clinic were born in an endemic country and residing in the UK
(a non—endemic country) or had recently travelled to endemic countries and were being
investigated for peripheral eosinophilia. The majority of the screened migrants had
helminth infection which was detected by the evidence based screening protocol for
investigating eosinophilia. They presented with symptoms suggestive of Strongyloidiasis
and Schistosomiasis and after anthelmintic treatment the symptoms improved in some of
these patients. Eosinophilia on two or more occasion was diagnosed in 6.3% of travellers.
The median eosinophil count was higher in those migrants who were parasitology
serology and microscopy positive. The most prevalent helminths were S.stercoralis and
Schistosoma spp. in their study. Another study at the Hospital of Tropical Diseases
(HTD), London showed that immigrants have a lower chance of being symptomatic,
including in microscopically proven infection although eosinophilia was present in 76%

of migrants (151).

The majority of immigrants with Schistosoma infection are also asymptomatic and the
worm burden remains low. There are significant differences in immune responses in the
immigrants depending on length of exposure to the helminth, IgE level and eosinophil

count (12,16).

1.4.3 Immune responses in helminth infection

A complete understanding of immune response to helminths is complicated as these
helminths have various lifecycles, tissue tropism and evasion mechanisms. These
helminths consequently may activate immunity differently and induce different effector

mechanisms. The immunological hallmark of helminth infections is their ability to induce

AR



T helper type 2 (Th2) associated immune responses characterized by the production and
marked elevation of cytokines like interleukins IL-4, IL-5, IL-9, IL-10 and IL-13,
localized or generalized eosinophilia, production of IgE and IgG4 in humans and mucosal
and goblet mast cell hyperplasia (1,18,19). In helminth infection, the initiation,
progression and culmination of the type 2 response requires interaction with different cell
types, including epithelial cells, innate lymphoid cells, antigen presenting cells-DCs,
macrophages, T cells, B cells, eosinophils, mast cells and basophils (153). Naive CD4 T
cells differentiate into Th2 cells in the presence of cytokines such as IL-4, which further
strengthens the type 2 response by positive feedback. Activation of cells of the innate and
adaptive immune systems together can mediate a potent host protective immune response

to helminth infection.

The protective immune response includes mechanisms that mediate helminth and host
resistance, resulted in accelerated worm expulsion and also mechanisms for enhancing the
tolerance to invasive helminthiasis that reduces the damage to the host without affecting
resistance to the pathogen. In the host response to intestinal helminths, tolerance includes
direct effects of promoting wound healing and also inhibitory effects on harmful
inflammation-which is mediated by the Type 1 immune response with elevation of both

Th1 and Th17 cytokines (139).

In helminth infection, the immune regulatory cytokines, namely IL-10 and TGFp, can be
regulated independently of the type 2 response. In a previous study, neutralization of IL-
10 and TGFp resulted in increased production of both IL-4 and IFNy, suggesting the
parasite may induce these anti-inflammatory cytokines to evade the immune response
and to prevent host immunopathology(154). In gastrointestinal nematode infection, IL-10
and TGFp are significantly linked with hyporesponsiveness, susceptibility and patients
show a higher frequency of circulating CD4+CTLA-4+Tcells (155)(156).This
immunoregulatory state is a common outcome in diverse range of helminth infections

(138).

Macrophages may also mediate immune regulatory effects through expression of
inhibitory enzymes such as arginase 1, co-inhibitory molecules such as programmed cell
death ligand 1 (PDLI1), PDL2, IL-10 and suppressor of cytokine signalling 1(SOCSI)
(157). Helminths also target these co-inhibitory molecules expressed on T cells and

antigen presenting cells (APC) to maintain hyporesponsiveness.
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Helminth infection can evade the host immune responses through the action of Tregs. The
induction of Treg cells is required for the establishment of chronic infection and depletion
of Tregs leads to induction of protective immune response to helminths and worm
expulsion (158). Maizels et al., in their study showed that neutralization of Treg derived
IL-10 and TGFP in vivo restored the anti-parasite response, suggesting the
immunosuppressive roles of those cytokines which are mediators of Treg-induced

immunoregulation in helminth infection (159).

During this acute stage of infection, macrophages have an alternatively activated
phenotype (M2 type) which is more consistent with wound healing, but also inducing the
differentiation of Tregs. Helminth infection induces alternatively activated macrophages
with nitric oxide (NO) synthase (NOS2) suppression, downregulates the expression of
Toll- like receptors on APCs and T cells, induces apoptosis of DCs, T cells and NK cells
and mediate anergy of cognate T cells (160). The Type 2 response is very important in
enabling host tolerance of the extensive tissue damage caused by the helminths during
their life cycle and also in their migratory phase to different primary organs. However the
prolonged type 2 immune response in chronic infection may also lead to immune

pathology and fibrosis (161).

1.4.3.1 Responses to tissue injury

Helminths cause significant tissue damage during feeding and migration in the intestine,
which can trigger the release of danger-associated molecular patterns (DAMPs) and
cytokine alarmins (IL-25, thymic stromal lymphopoietin (TSLP) and IL-33) (162).
Cytokine alarmins are rapidly released by endothelial and epithelial cells as well as
necrotic cells following tissue damage and mast cells in response to helminth
infection(163). Intestinal epithelial cells form the initial barrier between the lumen and
intestinal tissue and may also be a source of cytokine alarmin production(164). These
alarmins then activate innate lymphoid cells and other cell types like eosinophils and
basophils to secret IL-4, IL-5 and IL-13 resulting in activation and differentiation of Th2
cells and also further amplification of type 2 adaptive immune responses. Activated DCs
and other innate immune cells migrate from the lamina propria and Peyers Patches to

regional lymph nodes through lymphatic vessel (165).
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It is apparent that humans have a robust cytokine alarm system to tissue injury that will
activate a type 2 immune response in the absence of a more dominant type 1 trigger
(166). Patel ef al., in their study linked the cellular damage caused by helminths to the
induction of protective immunity in nematode infection and demonstrated that release of
extracellular adenosine was associated with induction of a Th2 response (167). Helminth
products can induce Th2 responses in the absence of injury (168)(169). The potentially
damaging large multicellular organisms may induce a response that resembles a reaction

to injury. The three major alarmins are IL-33, IL-25 and TSLP.

1.4.3.2 Interleukin 33 (IL-33)

IL-33 is a member of the IL-1 family and its receptor is ST2, which is expressed on mast
cells, Th2 cells and ILCs and can be highly upregulated on macrophages by Th2
cytokines (162)(170)(171). Mice lacking ST2 fail to develop primary Th2 responses or
form Th2 dependent lung granulomas in response to intravenous administration of
Schistosoma eggs (172). Yin et al., demonstrated that the responses elicited by IL-33 also
impact on the repair process and this was evidenced by accelerated wound repair
following administration of IL-33 (173). There is also emerging evidence that IL-33 is
also playing an important role in epithelial restoration and mucosal healing in the gut. In
Trichuris muris infection, IL-33 mRNA was observed to be elevated during early
infection and administration of rIL-33 resulted in accelerated clearance of the parasites
(174). Worm expulsion was mediated by IL-13 production by both ILCs and CD4+T cells
which in turn increases production of the anti-worm effector molecule Resistin-like
molecule 3 (RELMP) by intestinal epithelial cells. RELMP exerts its anti-helminth effect
by interfering with parasite feeding on host tissues or it may block pore-like structures
with chemosensory function and chemotaxis. IL-33 is critical in worm expulsion and also

acts to minimize host damage early in infection (175).

1.4.3.3 Interleukin 25 (IL- 25)

IL-25 is a member of the IL-17 cytokine family and produced by epithelial cells. Unlike
IL-33, it also induces the production of Th2 cytokines by ILCs and it acts as a sensor of
epithelial disruption (176). Owyang et al, in their study showed that when mice
susceptible to Trichuris spp. were treated with IL-25, they could effectively expel the

parasite, while IL-25 deficiency prevented worm expulsion. They also demonstrated that
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IL-25 can limit the intestinal inflammation and tissue damage in the colon (177). IL-25
also promotes allergic responses that can lead to tissue damage and remodelling, fibrosis

and wound repair (178).

TSLP is a member of the IL-2 cytokine family expressed predominantly by epithelial
cells in the lung, gut, liver, central nervous system, etc. where it suppresses inflammatory
type 1 responses and promotes Th2 responses in response to tissue injury and is also
associated with protection of mucosal surfaces (179). TSLP amplifies type 2 effector
responses by enhancing the polarizing effects of IL-13 on macrophages. Mice infected
with T.muris showed more susceptibility to infection when TSLP was blocked and TSLP
receptor-deficient mice have enhanced worm burdens (180). In TSLP receptor deficient
mice, liver fibrosis induced by deposition of Schistosoma eggs and reduced IL-13
production was observed (181). Neutralization of TSLP resulted in a significant reduction
in the number of fibrocytes and in skin fibrosis and this tissue remodelling function was

mostly due to TSLP receptor expression on fibrocytes (182).

1.4.3.4 Innate lymphoid cells (ILCs)

ILCs are a distinct group of innate cells that display transcriptional and functional
attributes directly related to the adaptive T helper effector cells, Thl, Th2 and Thl7.
ILC2s can produce IL-5, IL-9 and IL-13 like Th2 cells and require GATA-3 for lineage
commitment. They also play an important role in induction of adaptive Th2 cells after
lung allergen exposure and also promote worm expulsion from the gastrointestinal tract
(183). IL-13 producing ILC2s promote goblet cell mucus secretion and smooth muscle
contraction and help in worm expulsion. ILC2s are the predominant IL-9 producing cells
in the lung. Mice lacking the IL-9 receptor failed to repair the lung damage after larval
migration, with delayed worm expulsion and more pathological inflammation in the
lungs (184).There were also significantly reduced numbers of eosinophils and IL-4Ra
activated macrophages as measured by RELMa expression, as a result of reduction of
ILC leading to insufficient IL-5 and IL-13 production and failure to induce a sufficient

adaptive immune response (51) .
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1.4.4 Antibody responses in helminth infection

IgG1 (in mouse), IgG4 (in human) and IgE antibody responses are a feature of helminth
infection. Helminth-associated Th2 cytokine responses with IL-4 activation of
transcription factor STAT6 , are classically associated with class switching in B cells to
produce IgG and IgE (186). IgE is a primary mediator that binds FcRel on mast cells and
basophils. Antigen crosslinking of FcRel-bound IgE triggers mast cell degranulation and
the release of soluble mediators. In the presence of Th2 responses, there is enhanced IgE
production resulting in vascular permeability, smooth muscle contractility and also the
recruitment of Th2 type effector cells including eosinophils and Th2 cells (187). There is
variable protection conferred by IgE in different studies. Anthony et al.,, demonstrated
that IgE against helminth infection is not essential for protection against helminth
infection in mice (188). On the contrary, there are studies such as where following
H.polygyrus infection in mice, IgE and IgGl were observed to promote expansion of

basophils and provide protective immunity against the helminths (189).

IgM is the primary antibody type that recognizes larval parasites and might be produced
in a T-cell independent manner. IgM might be important for macrophage recognition of
filarial parasites and macrophages express Fc receptors for IgM. Lack of secretory IgM
results in significant impairment of Brugiya pahangi larval expulsion and is finding was
supported by in vitro data, where IgM was the only antibody isotype able to bind to the
parasite’s larvae (190). Polyclonal IgG1 and IgE have been shown to be protective during
H.polygyrus infection; these antibodies reduce parasite reproduction by targeting egg

antigens and also halt the development of adult worms (191)(192).

Whether or not antibodies are protective during helminth infection remains controversial,
as their function is not as well understood as the prominent Th2 response. In S.mansoni
infection, administration of IgG2a in mice provides some protection accompanied by
decreasing granuloma fibrosis (193). Ligas ef al., in their study isolated IgM and IgG
from mice vaccinated with S. stercoralis larvae and this was administered to naive mice;
they observed a high level of protection with larval killing via ADCC and it was evident

that granulocytes and complement were less important (194).

The profile of antibody isotypes is also an indicator of the regulated status of the host. In

helminth infection, levels of IgG4 and IgE are important indicator of susceptibility to and
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protection from infection. In helminth infection, IgE production by B cells is promoted by
IL-4 and IL-13, but in the presence of regulatory cytokines IL-10 and TGFp, a switch to
IgG4 is favoured. IgG4 cannot crosslink receptors on basophils, mast cells and
eosinophils, does not activate complement or act as an opsonin. IgG4 antibodies are
important markers of the Th2 state, potentially blocking IgE and preventing potentially
damaging inflammation (195). In one study it has been shown that IgG4 titres fall rapidly
following curative anthelmintic drug treatment. It was suggested that high levels of 1gG4

in helminth infected patients reflect a dominant regulatory environment (196).

Although a humoral antibody immune response is typically associated with Th2 type
responses during the infection, antibodies do not appear to have an essential role in
helminth protective responses. This response varies with the specific parasitic helminth,

developmental stages in the host or intensity of infection (197).

1.4.5 Deficient Acquired Immunity

In helminth infection, the immune system is unable to clear chronic infections and
immune memory fails to protect against reinfection even after drug mediated clearance.
However, effective immunity significantly reduces the parasite burden as is demonstrated
by irradiated larval or cercarial vaccines in animal models of schistosomiasis. Deficient
immunity reflects inadequate Th2 responses. The resistance of Schistosoma infected
patients to reinfection following drug cure correlates strongly with the production of IL-4
and IL-5. During chronic helminth infection, the Th2 response is downregulated and
protective immunity is compromised (66)(199)(200). A study on Schistosomiasis showed
that protection from infection was associated with both Thl (IFNy) and Th2 (IL-4 and
IL-13) gene polymorphisms which indicates the possibility of Thl derived components
contributing to immunity to Schistosomes (201). Resistant individuals mount strong [FNy
responses to parasite antigens, indicating that both Thl and Th2 arms may be modulated
in susceptible individuals (202). A link between T cell anergy and the immunoregulatory
environment in helminth infections is suggested by the strong correlation between 1gG4
levels and unresponsiveness. This hyporesponsiveness can be reversed by the
chemotherapeutic removal of the parasite burden, which argues that it reflects a direct
effect of live parasites rather than an inherent incapacity of the host to respond to

infection (203).
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In human Schistosoma infection, CD4+CD25"€" cell frequencies were significantly
reduced after drug cure of S.mansoni infection, while in children, CD4+ CD25 high
CDI127Foxp3+ proportions were positively correlated with the S.haematobium parasite
burden (204). In Schistosoma infection, in adults who were resistant to reinfection to
parasite, Treg proportions were negatively correlated with infection intensities. Treg
proportions are also reduced upon infection due to the expansion of the T effector

population (204).
1.4.6 Dampening bystander responses in humans

Helminth infection has immunoregulatory effects on bystander responses in humans
including those of both immunopathogenic and protective natures. Coinfection with
helminths suppresses antibacterial, antiviral and antiprotozoal and antitumor immunity
leading to increased susceptibility and attenuated immunopathology or if there is high

infection burdens there may be exacerbated pathology.

There is a growing concern in developing countries that helminth infection may interfere
with childhood vaccination. It has been observed that in Schistosoma infection, there was
a weaker IFNy response to tetanus immunization (205). A similar effect was evident in
other helminth infections like onchocerciasis, lymphatic filariasis etc., where higher level
of IL-10 was produced. In mouse models, S.mansoni infection interferes with the
protective effect of BCG vaccination and there were depressed antimycobacterial T cell

responses with concomitant increases in TGFf levels (206).
1.4.7 Cellular basis of immunomodulation
1.4.7.1 Dendritic cells (DCs)

The immunomodulation and stimulation of the host immune system by helminths is
predominantly determined by the DC population. The depletion of DCs inhibits the Th2
responses to infection. In Schistosoma infection, lysophosphatidylserine of the parasite
acts on human DCs to promote IL-10 producing Trl cells and the egg molecule -1,
drives murine DCs to induce FoxP3 expression in T cells in vitro (207). DCs are also
influenced by host “alarmin” such as TSLP. Helminth-specific pattern recognition

receptors include TLR, C-type lectin receptors (CLRs) and the class A scavenger receptor
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(208).Certain helminth products also interfere with DC function by blocking antigen
processing or degrading mRNAs within the host (209).

Helminths can also secrete a variety of excretory/secretory (ES) products that can directly
stimulate DCs and macrophages and which can also activate naive CD4+T cells to
differentiate into Th2 cells in the presence of IL-4 and / IL-13 (210). These ES products
can also inhibit DC production of IL-12, costimulatory molecules and factors required for
Thl cell differentiation. Helminth derived molecules have been shown to promote
tolerogenic DCs that promote T cell anergy and the induction of Tregs cells(139). In a
mouse model, Schistosoma infected TLR-2 deficient mice were less capable of inducing
Treg cells and exhibited more pronounced immunopathology than the infected wild type

mice (211).

1.4.7.2 Alternatively activated macrophages (AAMs)

AAMs are distinct from classical macrophages in expressing higher level of arginase 1,
IL-4Ra, the mannose receptor (CD206), the chitinase like molecule Chi3L3 (Yml) and
the resistin like molecule RELM-a (212). IL-4, IL-13, IL-10 and IL-21 trigger AAMs.
AAMs regulate the immune response, wound healing and resistance to parasite invasion.
In RELM-a deficient mice, there is an exaggerated Th2 response to Schistosome infection
(213). AAMs can contribute to wound healing by clearing matrix components, cell debris
and by releasing cytokines, growth factors and angiogenic factors that promote fibroplasia
and angiogenesis. AAMs may also mediate more direct effects on tissue dwelling
nematodes by targeting the glycan chitin. AAMs secrete chitinase and chitinase like
secreted proteins like fizz family member proteins (ChaFFS)—all these mediate resistances
to helminth infection and promote the Th2 type inflammatory response. When arginase
function was inhibited it was observed that protection against the tissue dwelling
nematode, H.polygyrus was also blocked. This study also demonstrated that Th2 cell-
derived IL-4 drives AAMs, which then in turn contributes to parasite clearance through

an arginase-1-dependent pathway (214).

1.4.7.3 Regulatory T cells

Nematode infections can induce and expand naturally occurring regulatory Treg cells in

humans suggesting a role for these regulatory T cells in helminth-induced modulation of
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inflammatory diseases. In mice infected with Schistosoma, FoxP;+Tregs are recruited to
the draining lymph nodes and the periphery of egg induced granuloma in the liver and
these Tregs can also control granulomatous pathology at the intestinal stage and reduce
the size of the granuloma which is correlated with increased CD4+CD25+CD103+
FoxP3+cells (215). In the mouse model, the Th2 responses in later stages of chronic
Schistosoma infection are progressively downregulated and granulomas reduce in size
and this downregulation is mediated by both regulatory cells and cytokines like IL-10.
Treg depletion with anti CD25 antibody results in decreased egg production and increased
granulomatous pathology. Thl and Th17 dominated inflammatory responses can also be

fatal in Schistosoma infection.

An expansion of CD4+ FoxP3+Tregs is also seen in gastrointestinal infection with S.ratti
in the intestine of mice (216). Depletion of Tregs in mice immediately after infection with
S.ratti resulted in expression of protective immunity. The blockage of both IL-10 and
TGFp increases the resistance to the parasite. In T.muris infection, Tregs accumulate in
the lamina propria. Depletion of Tregs does not enhance worm expulsion but provokes
increased gut pathology, indicating that conventional Tregs in this infection control

pathological but not effective anti-parasite immune responses (217).

1.4.7.4 Regulatory B cells

B cells also produce inflammatory and immunoregulatory cytokines, for example as IL-
10 producing B cells. In murine S.mansoni infection, transfer of S.mansoni induced Bregs
induced the recruitments of FoxP3+Tregs to the inflammatory airways in an IL-10
dependent manner. This IL-10 in Schistosoma infection, was further shown to be
important for expansion of IgG1 producing plasma cells in the liver and also for the
suppression of granulomatous responses during chronic infection (218).Thus both
immunoregulatory cytokine production and antibody production by B cells are important

for immunomodulation in chronic Schistosoma infection.

1.4.7.5 CD4+ T helper effector cells

Effector Th2 cells induced by helminths are characterized by the production of IL-4, IL-5,
IL-9, IL-13 and IL-21 and the absence of IFNy and IL-17 production. Autocrine IL-4
produced by antigen-specific CD4+T cell supports Th2 cell differentiation and expansion
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during N.brasiliensis infection (188). It has been shown that the expulsion of
gastrointestinal nematodes is dependent on a T cell response. During helminth infection,
Th2 cells help the activation and expansion of leukocytes primarily through the
production of cytokines which is an essential function that serves to amplify and sustain
the Th2 type response. Th2 cell-derived IL-4 and IL-13 contribute in a STAT6-
dependent manner, which is characteristic of helminth infection, in which increased
luminal fluids and muscle contractility, make the intestinal lumen an inhospitable
environment for the helminth parasite. This response decreases worm viability and
increases worm expulsion, rather than killing the parasite. In Schistosoma infection, the
CD4+T cell response stimulates parasite development and results in an inflammatory
environment that is required for translocation of helminth eggs from the intravascular
compartment into the intestinal lumen (219). In the Th2 polarized environment, the
granulomatous inflammation around eggs helps the parasite to complete its life cycle and
the same time protects the host from severe, lethal disease. Babu et al.,suggested that Th2
cells primarily downregulate harmful Th1l and Th17 type inflammatory response either

directly or through innate immune cell populations (220).

1.4.8 Innate effector cells in helminth infections

1.4.8.1 Eosinophils

The innate immune cells that are typically associated with Th2 type responses,
eosinophils, basophils and mast cells, have an important role in anti-helminth responses.
Eosinophils are equipped with receptors for cytokines, chemokines, immunoglobulin,
complement and serine proteases, that enables them to be recruited into affected tissue
sites and release granular contents mostly cytotoxic cationic proteins like major basic
protein (MBP), eosinophil peroxidase (EPO), eosinophil cationic protein (ECP) and
eosinophil derived neurotoxin (EDN). In helminth infection, ligation of parasite specific
immunoglobulins to Fc receptors is also important for antibody dependent cellular
cytotoxicity (ADCC), which results in activation of eosinophils. Following helminth
infection, eosinophil numbers increase in the blood and they rapidly migrate to the site of
infection, where they degranulate and release secondary granule proteins
(ESGPs)(221)(222)(223). In Strongyloides infection, depletion of eosinophils with
antibodies specific for CC-chemokine receptor 3 (CCR3) resulted in increased

susceptibility to infection (224). Reiman ef al., described the regulatory role of eosinophil
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by production of cytokines including IL-4 and IL-13 and also to present antigen to
S.stercoralis (225). Eosinophils also play important roles in tissue remodelling, debris

clearance and mediate the wound healing responses following helminth tissue invasion.

1.4.8.2 Mast cells and Basophils

Basophils share many features with mast cells including FcRal expression, the TLRs-
TLR2 and TLR4 and the capacity to secrete reactive oxygen and nitrogen species, Th2
cytokines and histamine (226). During helminth infection, increased numbers of mucosal
mast cells are observed which is dependent on Th2 type cytokines, primarily derived from
CD4+ T cells. In H.polygyrus infection in mice, an increased number of mast cells were
observed in or near granulomas in which larvae develop (227). Karasuyama et al., in their
study indicated the important role of basophil in the Th2 polarization of the immune
response mainly by secreting IL-4 (228). Basophils contribute to the most of the symptoms
of allergic inflammation through the release of leukotrienes and histamines and play an

important role in inducing class switching to IgE in B cells.

1.4.8.3 Neutrophils

Neutrophils are also activated and are recruited to sites of infection during tissue invasion
by helminths (229). Galioto ef al., demonstrated that neutrophils play an important role in
the killing of the larval stages of S.stercoralis (224), whereas Herbert et al., in their study
showed that in infection with S.mansoni, neutrophils had little or no effect in their larvae
killing (230). Neutrophils are recognized as important cells attracted to sites of helminth
invasion.Along with other cell population including eosinophils and macrophages,
neutrophils can potentially directly damage tissue dwelling helminths (188). Because of
their predominant phagocytic role in terms of microbial pathogens, neutrophils are often

overlooked in helminth infections, although this is now being addressed in animal studies.

1.5 Schistosomiasis

Schistosomiasis or bilharzia, is a disease caused by trematodes of the genus Schistosoma.
Human Schistosomiasis is caused by five species of Schistosoma: the intestinal species:
S.mansoni, S.japonicum, S.mekongi and S.intercalatum and the urinary species

S.haematobium.
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Human infection is initiated by penetration of intact skin with infective cercariae. These
organisms that are released from infected snails in fresh water possess anterior and
vertical suckers that attach to the skin and facilitate penetration. Once in the skin,
cercariae transform into Schistosomula with morphologic, membrane and immunologic
changes. Schistosomula begin their migration within 2-4 days via venous and lymphatic
vessels, reaching the lung alveoli and finally the liver parenchyma. Sexually mature
worms then descend into the venous system at specific anatomic locations: intestinal
veins in S. mansoni, S.japonicum, S.mekongi and S.intercalatum infection and in the
vesical veins for S.haematobium. After mating, adult females travel against venous blood
flow to the venous wall, where they deposit their ova intravascularly. These ova then
move through the venous wall, traversing host tissues to reach the lumen of the intestinal
or urinary tract and are voided with stools and urine. The ova that are retained in the
tissues, are carried by the venous blood flow to the liver or other organs. Schistosoma ova
that reach fresh water hatch, releasing free living miracidia that search for the snail
intermediate host and undergo cycles of asexual multiplication. Finally, the infective

cercariae are shed from the snails.

The global distribution of Schistosoma infection in human is mostly dependent on
parasite and host factors. They are estimated to infect 200-300 million individuals in
South America, the Caribbean, Africa, Middle East and Southeast Asia. Intensity of
infection follows the increase in prevalence up to the age of 15-20 years and then declines
markedly in older age groups. Most infected individuals harbour low worm burdens and
only a small portion suffer from high intensity infection depending on the worm

infectivity or to a genetic susceptibility in human populations.
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Figure 1.8: Global distribution of Schistosoma infection (2011) (231).

Adult worms residing in the venous environment are protected from immune attack.
Multiple factors are important in long-term survival of the worm in the hostile host
environment such as their ability to continuously regenerate their outer tegument through
unique somatic stem cells (232), molecular mimicry (225), by acquiring host antigen
(234)(235), isotypic shifts in antibody specificities and manipulating host immune

response immunoregulation (236)(237).

The associated antigen excess results in formation of soluble immune complexes, which
may be deposited in different tissues. In chronic infection, most disease manifestations
are due to egg retention in host tissues. The granulomatous response around the ova is cell
mediated and is regulated by a cascade of cytokine, cellular and humoral responses.
Granuloma formation starts with recruitment of inflammatory cells, phagocytes, antigen-
specific T cells and eosinophils followed by fibroblasts, giant cells and B cells in
response to helminth antigens secreted within by the ova (238).The eggs contain a variety
of proteases and toxic moieties, which when they are lodged into the tissues may lead to
necrosis. The host defence comes in the form of granuloma formation, to wall off and
contain the egg and the proteolytic enzymes they carry (239). The symptology of
Schistosomiasis is attributed to the egg induced granulomatous inflammatory response
and associated fibrosis and although these granulomas are detrimental to the infected host

they also serve an important host protective-function during Schistosoma infection (240).
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In areas, endemic for schistosomiasis, in the absence of intervention, this is primarily a
chronic disease that can persist even for decades.This chronicity largely depends on the

repeated exposure to the cercariae and the longevity of adult worms (241).

1.5.1 Immunological aspects of Schistosomiasis

Animal studies have demonstrated a moderate Thl response to parasite antigens but there
is also a robust Th2 response to egg-derived antigens that dominates and induces
fibrogenesis in the liver (242)(243). In immunocompetent wild type (Wt) mice, a shift
from a moderate Thl to a robust Th2-dominant response to Schistosome antigens was
observed at the onset of egg laying around 5-6weeks after infection (244). Th2 cytokines,
like IL-4, IL-5 and IL-13 have long been related to fibrosis and to much of the pathology
(245). In mouse study, vaccination with parasite eggs and IL-12 inhibited the Thl to Th2
shift and resulted in hepatosplenic pathology following infection. It was also
demonstrated in the study that the IL-4/IL-1 mediated STAT6 pathway plays a critical
role in the development of a granulomatous response and the resulting fibrosis observed

in Schistosoma infection (246). IFNy may also contribute to granuloma formation, as it

was shown that IFNy deficient mice had reduced granuloma sizes (247).

In IL-10/IL-4 double knockout mice, with polarized Thl responses, immunization with
soluble egg antigen (SEA) in complete Freunds Adjuvant (CFA) also skews the T-cell
response, resulting in increased inflammation, larger granuloma, extensive pathology and

severe morbidity (248).

Deposition of fibrotic material in the extracellular matrix results from the interaction of T
lymphocytes with fibroblasts and elevated levels of cytokines like IL-2, IL-4, IL-1 and
TGEFp, IL-5, IL-10 and IL-13, whereas higher IFNy levels or IL-12 may play a role in
modulating the fibrogenesis (249)(250)(251)(252). Maintaining a balanced and controlled
Thl and Th2 response is critical for protective granuloma formation without excessive

pathology (244).

Egg deposition in the liver also increases the number of AAMs (253). Mice that were
deficient in macrophage specific IL-4 signalling or in IL-10/IL-4 double KO mice, failed
to induce arginase expression, suggesting the requirement for Th2 cytokines in arginase

production following Schistosoma infection (230)(254). Thl skewed mice displayed
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enhanced iNOS responses that were associated with smaller granuloma sizes and
accelerated mortality (254). Lie et al.,, have demonstrated that Fizz1 expression may be
important in fibrogenesis, fibroblast differentiation, increased expression of a-smooth
muscle actin and type 1 collagen, as well as also having some anti-inflammatory
properties suppressing antigen-specific T cell proliferation in Schistosoma infection in
vitro (255). Macrophages in Schistosoma infection, play a dual role as an anti-
inflammatory cell as well as by sequestering egg products and helping development of
granuloma followed by adopting an anti-inflammatory role during chronic infection and
by indirectly suppressing the function of other cells like T cells and B cells and

decreasing the granuloma size (244).

Newly formed liver granulomas surrounding entrapped eggs decrease in size as the
infection progresses into the chronic stage. This ‘endogenous desensitization’ is the
hallmark of granulomatous infection and is critical for host survival in persistent diseases.
IL-13Ra plays an important role in granuloma downregulation. S.mansoni infected mice
that are IL-13Ra2”" fail to undergo this granuloma downregulation. Their granuloma size
continues to increase as the infection becomes chronic. This defect in granuloma

modulation suggests that control of IL-13 is required for survival during chronic infection

with S.mansoni (256)(257).

Regulatory T cell (Tregs) involvement in chronic Schistosoma infection, is related to
dampening antihelminth effector responses, allowing chronic infections to develop (258).
In Schistosoma infection both inducible and natural Tregs play an important role in
suppression of DC cell activation, the organizing and regulation of Th2 effector
responses, granuloma development and fibrosis.CD4+CD25+Foxp3+Tcells show
prominent expansion especially in liver and spleen at 4 weeks post infection with
S.mansoni (259). The highly immunogenic SEA may be the main potent inducer of both
effector and Tregs cell during infection (260).

IL-10 plays an immunoregulatory role during S.mansoni infection and critically regulates
the liver pathology. The majority of the IL-10 producing T cells appear to be FoxP3+ and
constitute inducible Treg cells and/or Th2 cells (154). Hesse et al, demonstrate that
CD4+ cells produce a significant proportion of the IL-10 in S.mansoni infection(261).
However, non CD4+ derived IL-10 is also an important source of IL-10. IL-10 is very

important for the control of DC derived IL-12, generation of Thl responses during
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infection, and also to skew the T cell response towards a Th2 type (262). IL-10 secreting
CD4+CD25+T cells were also isolated from the granuloma of chronically infected mice,
that could suppress the proliferation of naive CD4+T cells.The accumulation and
suppressive properties of these cells isolated from the liver of infected mice suggested
that the roles of Treg cells actively migrate to the inflammatory site to regulate the

development of liver granuloma in Schistosoma infection (259)(262).

However, apart from Treg—mediated suppression of T cell function and proliferation in
Schistosome infection, Tregs cells may also influence the function of macrophages,
CDS8+ cells, B cells and eosinophil recruitment. The precise mechanism of regulatory T

cells mediated suppression during Schistosoma infection is still unclear (244).

A number of studies have suggested that worm death occurring either naturally or upon
treatment, leads to the release of immunogens that stimulate protective responses
depending on the exposure histories, different source of transmission, etc.
(236)(263)(264)(265). Resistance to reinfection with S.mansoni is mostly Th2-associated.
An association between eosinophils and parasite-specific IgE was observed in studies of
Schistosoma reinfection. Both high and low affinity IgE receptors on eosinophils and B
cells were associated with protection against reinfection. Susceptibility to reinfection was
also associated with IgG4, which serves as a blocking antibody and inhibits the action of

IgE.

1.5.2 Clinical features

During the phase of cercarial invasion, a form of dermatitis called Swimmers’ itch is
observed in infection with S.mansoni and S.japonicum. This symptom develops usually in
the first 2 or 3 days after invasion as an itchy maculopapular rash on the skin of the
affected areas. Cercarial dermatitis is self-limiting. During worm maturation and
deposition, (4-8 weeks after skin invasion), acute schistosomiasis or Katayama fever-with
serum sickness like symptoms develops. This also presents with fever, generalized
lymphadenopathy and hepatosplenomegaly. Individuals with acute Schistosomiasis show
elevated levels of eosinophils and parasite specific antibodies may be detected at this

stage.

The clinical manifestations of chronic Schistosomiasis are species dependent and may

begin after few months of infection, lasting for years. Intestinal species cause intestinal
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and hepatosplenic disease. During the intestinal phases, symptomatic patients have
colicky abdominal pain, bloody diarrhoea and anaemia. The severity of infection depends

mostly on the intensity of the helminth burden.

The clinical manifestation of S.haematobium appears early and involves a high
percentage of infected individuals. The symptoms manifests as terminal haematuria and
dysuria. The manifestation correlates with intensity of infection and the presence of
urinary granulomas. In many endemic countries, an association between squamous cell

carcinoma and S.haematobium has been observed.

1.5.3 Diagnosis

Individuals with Schistosoma infection are diagnosed by endemic country travelling
history, characteristic clinical presentation, and presence of Schistosoma ova in urine or
faeces, detecting eggs in rectal biopsy or bladder mucosal biopsy. Filtration techniques
like Kato-Katz thick smear, Nucleopore filtration etc are used for detecting and
quantifying Schistosoma eggs. These methods may provide quantitative data on the
intensity of infection, which is important in monitoring tissue damage and effect of
chemotherapy. Serological tests using Schistosoma antigens like SEA, AWA antigens are

also used for laboratory diagnosis.

1.5.4 Treatment

Treatment of Schistosomiasis depends on the stage of infection and the clinical
presentation. The drug of choice is praziquantel that is administered per orally as a total
of 40 to 60mg/kg in two or three doses over a single day. Praziquantel treatment results in
parasitological cure in 85% of cases and reduces egg counts by >90%. The effect of
antischistosomal treatment on disease manifestations varies by stages of the disease. A
follow up visit with a health care worker is advised, if there is a history of exposure.
Several control measures have been proved to be useful such as application of
molluscicides, provision of clean water, sewage disposal, chemotherapy and health

education.
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1.6 Strongyloidiasis

Strongyloides spp is a nematode that is unique among other helminths in being able to
replicate in the human host. This unique capacity permits ongoing cycles of autoinfection
as infective larvae are produced internally. Strongyloides spp thus can persist for decades
in human hosts without further exposure of the host to endogenous infective larvae(266).
The estimated prevalence of Strongyloidiasis has been estimated to be around 370 million

infections worldwide (267).

1.6.1 Epidemiology

S.stercoralis is distributed in tropical areas and hot, humid regions of sub-Saharan
Africa, Brazil, The Caribbean, Latin America and Southeast Asia. The parasite is
found in USA mostly in immigrants, refugees, travellers and military personnel who
have lived in endemic areas. A study conducted in the USA, observed that about 46%
of 462 Sudanese and 23% of 100 Somali Bantu refugees were infected with S.
stercoralis(268). This highlights the potential hazards of the transportation of this
parasite across borders in mass population movement (269). S.fuelleborni can cause
human infection and is mainly found in Africa and Papua New Guinea (270). Humans
normally acquire Strongyloidiasis when filariform larvae in faecally contaminated soil

penetrate the skin or mucus membranes.

Predisposing factors for Strongyloidiasis are living in an endemic region, chronic
malnutrition,malignancies, organ transplantation, diabetes mellitus, chronic
obstructive pulmonary disease (COPD), alcoholism, chronic renal failure and breast

milk from an infected mother (266)(271).

1.6.2 Life cycle

Strongyloides spp have a parasitic cycle of development and can also undergo a free
living cycle of development in the soil. Rhabditiform larvae passed in the faeces can
transform into infective filariform larvae either directly or after a free living phase of
development. The larvae after entering through skin and mucus membranes, travel
through the bloodstream to the lungs and alveolar spaces, then they ascend the
bronchial tree, are swallowed and then travel to the small intestine. There the larvae

mature into adult worms that penetrate the mucosa of the proximal small bowel. The
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adult worms reproduce by parthenogenesis. Egg hatch in the intestinal mucosa and
release rhabditiform larvae that migrate to the lumen and pass out through the faeces.
Alternatively, rhabditiform larvae in the bowel can develop directly into filariform
larvae that penetrate the colonic wall or perianal skin and enter the systemic
circulation to establish the internal reinfection. This autoinfection cycle allows the

nematode to persist for decades (270)(271)(272).

1.6.3 Clinical manifestations

The spectrum of Strongyloidiasis includes acute infection with Loeffler’s syndrome,
chronic intestinal manifestations, symptomatic autoinfection and hyperinfection with

dissemination (273)(274) .

In uncomplicated Strongyloidiasis, many patients are asymptomatic or have mild
cutaneous and/or abdominal symptoms. Recurrent urticaria is the most common
cutaneous manifestation. Migrating larva can elicit a pathognomonic serpiginous eruption
called “larva currens”. Adult parasites burrow into the duodenojejunal mucosa and can
cause abdominal pain (which resembles peptic ulcer pain), discomfort, bloating, nausea,
vomiting, diarrhoea, anorexia etc. Pulmonary symptoms are rare in uncomplicated

infection, although intermittent eosinophilia is very common (272).

Hyperinfection syndrome is usually observed in patients who are on corticosteroid
therapy or co-infected with Human T Cell Lymphocytic virus 1 (HTLV-1). This invasive
form is characterized by a spectrum of gastrointestinal complaints including abdominal
pain, dyspepsia, diarrhoea, constipation, intestinal obstruction, enteritis and/or
gastrointestinal bleeding. Many patients have worsened pulmonary symptoms like
haemorrhagic pneumonitis, respiratory failure, etc.(275). Invading larvae can be
transported to the blood and reach the peritoneum, liver, kidney and central nervous
system, causing meningitis. In immunosuppression and in HTLV-1 co-infection induces
strong Th1 responses and weakens Th2 responses, which leads to increased secretion of
type 1 cytokines and decreases in type 2 cytokines. Decreases in IL-5, IgE, diminished
mast cell function and reduced eosinophil recruitment all together cause inadequate host
responses, which may predispose the co-infected patients to greater parasite burdens,

organ damage, bacteraemia and death (274).
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1.6.4 Immunopathogenesis

Animal studies have suggested a role for innate and acquired/adaptive immune
mechanisms in mediating resistance to Strongyloidiasis. The innate response is primarily
mediated by eosinophils and IL-5, with neutrophils and macrophages playing
supplementary roles. Messias et al., have shown that in Strongyloides infection human
peripheral blood mononuclear cells and neutrophils adhere to S.stercoralis larvae
following complement activation, but although this could result in decreased motility, it
was not sufficient for larval killing (276). However, in vitro studies have shown that,
when human PBMC or macrophages are complemented with neutrophils, they can kill the
larvae, both in humans and mice. Parasite killing was also observed in mice, when
BMDM were cultured with PBMC and neutrophils; complement component C3b was
observed to be required for larval killing during the primary and secondary immune

responses (277).

Complement dependent adherence of macrophages and neutrophils to the larval surface
may stimulate the release of cytokines or soluble factors. Neutrophil derived
myeloperoxidase and eosinophil derived major basic cationic protein have been shown to

be required for cells to kill the parasite (278).

It is hypothesised that the parasite can trigger a potent immune response in the gut that
stimulates activated Gl-associated DCs to migrate through lymphatic ducts to stimulate

Th2 cells and regulatory T and B cell responses in the draining lymph nodes (279).

The adaptive immune response to Strongyloidiasis specifically involves type 2 responses,
with Th2 cells secreting 11-4, IL-5 and IL-13, B cells producing IgG and IgE and innate
lymphoid cells secreting IL-5 and IL-13 (280). Eosinophils may serve as an antigen
presenting cell and are required for an optimal antibody response in Strongyloidiasis.
Strongyloides infection can produce a high level of eosinophilia, mucosal mastocytosis
and control of Thl mediated excessive inflammatory reactions. Strongyloides infection
can also stimulate Tregs, cells that reduce injurious host inflammatory and immune
responses through cell to cell contact, inhibitory cytokines and/or cytokine deprivation.
This prevents the immunes responses from causing bystander tissue damage during the

host response. Tregs may also blunt Th2 responses such as the IL-5 dependent eosinophil
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activation required to kill the parasite. Interplay between Thl, Th2 and regulatory T cell

responses appears to be crucial in the immune defence against Strongyloidiasis (281).

Studies have shown that Th2 responses play an important role in the hyperinfection
syndrome and individuals with Strongyloidiasis may also develop specific antibodies of
IgG, IgA and IgM and IgE isotypes (281)(282). Brigandi ef al., showed that [gM and not
IgG is protective at 1 week after booster immunization, whereas parasite-specific IgM
and IgG are both protective 3 to 5 weeks after booster immunization (283)(284).
Neutrophils have been shown to collaborate with IgG and complement in killing larvae.
Yung et al., demonstrated that IgM mediated killing of parasites requires the interaction
between the IgM on the surface of the parasite and its receptor on the macrophages,
activating the cells to release toxic molecules to kill. Also the capacity of IgM to activate
the complement system by cleaving C3 may also play an important role in parasite killing

(285).

AAMs are associated with Strongyloides infections, these function in modulating the Th2
responses, reduce pathology by controlling fibrosis and also play an important role in
wound healing following parasite mediated tissue destruction (286). It was reported in
earlier studies that AAM had no role in killing helminths although they have shown to
take part in worm expulsion in other nematodes (287). Sandra et al., demonstrated that
AAM, but not CAM generated in vitro were capable of killing S.stercoralis larvae in vivo
during primary and secondary immune responses. They have also shown that
macrophage and neutrophil function in killing is restricted to BMDM and AAM and that
CAM inhibit parasite killing by neutrophils (288). The highly motile larvae of
S.stercoralis induced a systemic immune response following a subcutaneous injection in
presence of AAM in the peritoneal cavity, indicating that AAM are found and maintained
in the peritoneal cavity. Polarization of AAM in the peritoneal cavity was also dependent
on IL-4/IL-13 signalling like in other helminth infections (289)(290). The signature
markers of AAM-Relm-a, Arg-1 and Ym-1 were also studied for their role in
Strongyloidiasis. The expression of Arg-1 and Relm-a was not required for parasite
killing, but Relm-f3 was observed to significantly inhibit the chemotaxis of S. stercoralis

larvae in vitro (291).

Rajamanickam et al., examined the systemic cytokine levels of type 1, type 17 and pro-

inflammatory cytokines in Strongyloides infection and observed that S.stercoralis
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infection was associated with diminished proinflammatory cytokine responses and that
helminth treatment showed an impact as the majority of these proinflammatory cytokines
exhibited enhanced concentrations following treatment. Strongyloidoses was associated
with profound alterations of systemic cytokine responses- the finding of which may relate
with the auto-infective cycle seen in the nematode (292). ES products of S.stercoralis
may also help to disseminate the parasites and contribute to the systemic cytokine
responses (293). As the larvae migrate from lungs to intestine and propagate their life
cycle in the intestine, a local immune response at these various sites may also contribute
to the altered systemic responses in Strongyloides infection (292). Toulza et al,
investigated the potential impact of helminth infection on immune response to Mtb in UK
migrants who were LTBI patients with or without helminth infection.Patients with
helminth infection showed a significant increase in CD4+FoxP3+T cells (Tregs)
compared to those without helminth infection and there was a decrease in the frequency
of Treg cells, and an associated increase in CD4+IFNy+T cells after the anthelmintic
treatment showing the potential role of Tregs in the immunopathogenesis in these patients

(294).

1.6.5 Diagnosis

In uncomplicated Strongyloidiasis, detection of rhabditiform larvae in faeces is
diagnostic- either by direct smear or formal-ether concentration technique. Rhabditiform
larvae are 250um long with a short buccal cavity that distinguishes them from larvae of
hookworm microscopically. Serial stool examination increases the sensitivity of the
detection. Charcoal agar media is used to detect Strongyloides larva. Strongyloides larvae
can also be detected by sampling of the duodenojejunal contents by aspiration or biopsy.
An enzyme linked immunosorbent assay (ELISA) for serum antibodies to antigens of
S.stercoralis is a sensitive method of diagnosing uncomplicated infection (272). Sultana
et al.,examined Strongyloidiasis in Bangladesh, using serological and faecal examination
and observed that in stool specimens, larvae was detected in 23.1% patients by Harada-
Mori culture, 10.2% by agar plate culture and 0.7% by microscopy. They also detected
Strongyloides specific IgG, IgG1 and IgG4 in 61.2%, 31.3% and 36.1% respectively of
patientsby the ELISA method (295). Molecular methods like polymerase chain reaction
(PCR) is now also being used for diagnosing Strongyloides infection. In disseminated

Strongyloidiasis, filariform larva can be detected in stool and also from the sites of
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potential larval migration, including sputum, broncho-alveolar lavage fluid or surgical

drainage fluid (272).

1.6.6 Treatment

Even in asymptomatic Strongyloidiasis, it is recommended to treat patients to prevent the
subsequent fatal hyperinfection syndrome. Ivermectin (200ug/kg daily for 2 days) is more
effective than albendazole (400 mg daily for 3 days). For disseminated cases, the dose for
ivermectin is prolonged to 5-7 days or until the parasite is completely eradicated from the

body (272).

1.6.7 Prevention

Strongyloidiasis is an emerging global infection. This infection remains an important
helminth disease due to increases in travel, migration to endemic and non-endemic
countries, lack of adequate sewage disposal system especially in endemic countries and
the risk of autoinfection which can lead to persistent disease for years. Patients with travel
history to endemic countries, persistent eosinophilia, or signs of pulmonary and
gastrointestinal symptoms in immunosuppressed patients should be followed up and early
diagnosis is very important to manage this neglected helminth disease. Appropriate
practical preventive measures such as health education campaigns on the disease, proper
sanitation, regular de-worming, behavioural change through proper disposal of faecal
waste and the use of protective foot-wear approaches may reduce the prevalence of

Strongyloidiasis.

1.7 Control strategies for soil transmitted helminths (STHs)

The multicomponent integrated control strategy that lead to reductions in STHs includes
integrated chemotherapy with anthelmintic drugs, improvement in water, sanitation, and

hygiene (WASH), vaccines and vector control strategies.

Chemotherapy is the principal way to achieve rapid, substantial reductions in STH
prevalence and intensity through rapid parasite clearance from the human host
(296)(297). WASH is an potential means of breaking the STH transmission cycle,
although achieving adequate and sustained WASH is a complex and expensive long term

objective in the endemic and poorer countries (298).
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WHO’s strategy for control of STHs is to prevent and control morbidity through periodic
treatment of people at risk, such as pre-school aged children, school aged children and
women of child bearing age (including pregnant women in the second and third trimesters

and breast feeding women) (299). The control strategies include:

e periodic drug treatment (deworming) to all the children living in the endemic
countries, once a year in the countries where prevalence of STH infection is over
20% and twice a year when the prevalence of infection intensity in the community
is over 50% to reduce the worm burden.

e Health and hygiene education to reduce transmission and reinfection by
encouraging healthy behaviour.

e Pr