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Foreword

Immunology has a reputation amongst clinicians for being difficult. Yet it is clearly
relevant to many facets of disease. For surgeons, these include transplantation, cancer,
inflammation and sepsis; all of major clinical importance. Contact with immunology
is unavoidable. Patient management may involve potent biological therapies with
antibodies such as herceptin or avastin. Many similar approaches are just around the
corner, nearly a third of drugs under late stage development are ‘biologicals’. Many
new small molecule drugs target specific pathways in immune cells. Furthermore,
expression profiling of gene expression in cancers can identify immunological targets.
New imaging approaches may use antibodies to identify different cell types. In order
to follow what is going on and what the clinical implications are, some understanding
of immunology is becoming essential.

Why is immunology difficult? This book will tell you that it is not! Immunology
before the 1980s was mired in phenomenology that could only be understood with
mental acrobatics. However the advances in molecular biology and genetics in the last
thirty years have changed this dramatically. Most of the phenomena have been
explained, and validated, in quite simple molecular terms. For example, the old mys-
terious magic of adjuvants (such as alum) in enhancing immunizations is explained by
the presence of pattern recognition receptors on macrophages and related cells, which
set up inflammatory responses and release cytokines that activate antigen specific
lymphocytes. Even the last of the unexplained 1970s phenomena, the suppressor T cell
has yielded to more molecular approaches: production of immunosuppressive
cytokines by a subset of T cells, called regulatory T cells, is controlled by a single pro-
tein, FoxP3, that regulates expression of their genes. Indeed, one no longer needs to try
to understand the phenomenology until there is a molecular explanation; good jour-
nals now follow this principle. This book explains immunology on a base of secure
and understandable molecular mechanisms.

Immunology also appears difficult because of the abbreviations and acronyms. This
is an unnecessary hindrance that is addressed in this book by an index right at the
front. However, the use of an abbreviation such as ‘MHC’ rather than ‘major histo-
compatibility complex’ is less cumbersome for both author and reader. Therefore,
some limited ‘language learning’ may be necessary but it is not difficult, given a good
dictionary.

Finally, immunology may be difficult because of the speed of change. It is very excit-
ing because it moves so fast, but this can make it appear formidable to non-experts.
Where there is already a clear molecular explanation of how things work, this rarely
changes. What can happen is that further modulations of particular systems are found.
These are of interest to those directly working in that area, but the rest of us can stand
back a little and only really get excited by major paradigm shifts, which are rare.
The apparent speed of change can make one wary of reading or buying textbooks,
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however books that are well grounded in the basics of the subject will not go out of
date. This book is in this category and should form a secure platform on which to
build an understanding of advances in the field.

Professor Sir Andrew ] McMichael FMedSci, FRS

Professor of Molecular Medicine

MRC Human Immunology Unit

Director of the Weatherall Institute of Molecular Medicine
University of Oxford

UK.



Preface

Our knowledge and understanding of immunology has undergone major expansion
and very significant changes over the last two decades. This has led to a much better
understanding of the pathogenesis of various disease states and processes; in many
diseases, to more effective management. Since the publication of our textbook, The
Immunological Basis of Surgical Science and Practice in 1992, specifically targeted to a
surgical readership, the scope of surgical immunology has broadened substantially,
encompassing new aspects of practice in traditional areas (eg, new therapeutic
approaches in transplantation rejection, novel vaccination strategies in cancer treat-
ment as well as a better understanding of the beneficial effects of standard chemo-
therapy). In arange of diseases the immune response has been manipulated to lead to
more targeted and effective humoral therapy — transplantation, cancer and musculo-
skeletal disorders. There have been major advances in our understanding of gut
immune mechanisms and their importance to good health and state of well-being, the
metabolic disturbances and associated dysfunction of host defences induced by severe
trauma and sepsis and the resultant consequences to the critically ill patient.
Anaesthesiologists and Intensive Care Physicians are recognizing the significant
derangements of immune function in the critically ill patient and the possible
therapeutic approaches to manage such patients.

This new textbook provides the reader with a concise and up-to-date account of
immunology in general and its translation into key areas of clinical practice. This
book aims to inform, educate, and provide the reader with a helpful biomedical tem-
plate for a better understanding and management of important areas of clinical prac-
tice relevant to the surgeon and the critical care physician. Although targeted
predominantly to the surgical trainee intending to sit the appropriate specialist exami-
nation, we hope that the more senior clinician in consultant practice, both surgical
and non-surgical (gastroenterology, anaesthesiology), as well as undergraduate medi-
cal students, may find sections of the book informative, and a stimulant to further
reading. Key references to more in-depth study are provided at the end of each
chapter.

The two Senior Editors have been fortunate in having experts in their clinical disci-
plines and/or field of immunology from the UK, Spain, and the USA contributing to
this book. All the contributors have been given the remit outlined above and all sec-
tions have undergone a rigorous editorial process to ensure a coherent volume and
uniform style. We hope that our readers find the text interesting, informative, and
stimulating. If you have comments/criticisms about the book, in particular sugges-
tions about improvements in future editions, please write to the Editorial Team.
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Lastly, the editors are very grateful to Professor Sir Andrew McMichael, world lead-
ing immunologist, for writing a Foreword to the book.

Oleg Eremin
Herb Sewell
October 2010
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5- HPETE 5- hydroxyperoxyercosatetraenmc ARC AIDS related complex

ABC avrdrn—b10t1n complex ARDS acute resp1rat0ry distress
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ADCC antibody-dependent cellular ART antiretroviral therapy
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AICD activation- induced cell death ATG antlthymocyte globulm
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AP-1 i} activator protem 1 BCR B edl receptor
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APrC activated protem C CAM cell adhesion molecule

APTT activated partial thromboplastm cAMP cychc adenosine monophosphate
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CAPS Hcryopyf‘in—assopiated périodic  CSE-1 Hcolony 'stimula't‘ing factor-1
erver Syndfom? CSR “class switch recombination

CARS compensatory anti- CSS "Churg—Strauss syndrome
inflammatory response CTL Hcytotoxm T lymphocyte
Hsyndrome ‘ (CD8 +)

CASP colon ascendens stent -
peritonitis CTLA ;ylttc:;(e)r)ilc T lymphocyte

cc Hchemokme CTLA-4 HCytOtOXlC T lymphocyte

CCL/CXCL Hchemokme hgand } antigen-4

CCP cyclic citrullinated peptide CTLA-4-Ig Hcytotox“ic T lyrhphocyté

CCR/CXCR  chemokine receptor antigen-4-immunoglobulin

CD Hcluster of dlfferentlanon Hfusion protein . .

CDAD clostridium difficile-associated ~ €VID common variable immune
diarrhoea Hdeﬁc1ency

CDR Hcompleumentari“ty deterumining“ CYP4F cytochrome P450 .
region CysLT cystelnyl leukotriene receptor

CEA 'carcmo‘embryonlc antlgen DAF ::decay acceleratmg factor .

CFSE Hcarboxyﬂuorescem diacetate DAMP danger (or damage)-associated
succinimidal ester "molecu}ar pattern

CGD chronic granulomatous dlsease DC dendritic cell

CGH Hcomparanve genomic DDC ‘dermal dendritic cell
'hybrldlzatlon DHA ‘docosahexaenoic acid |

CGRP calcitonin-gene- related DIC disseminated intravascular
peptide coagulation

CH complement haemoly51s DMBA "7 12- dlmethylbenz[ ]
(100, 50 test) anthracene

CINC Hcytoklne induced neutrophll . DNA Hdeoxyrlbonuclelc acid
Hchemog‘ttr actant . DRC dendritic reticulum cell

cJb "Creutzf‘eldt—] ahob disegse DTH Hdelayedu type hypersensitivity N

CLA Hconjugz}ted lingleic aCi‘El DTP Hdiphthé‘ria, tetahus, peftussis N

CLAA cutaneous lymphocyte- (whooping cough)
"associated antigen . EBV 'Epsteln—Barr v1rus

CLIP Hclass II invariant chaln peptlde. EC 'en dothelial cell

CLP Hcaecal hgatlon and puncture ECM “extracellular matrix

CMI Hcell mediated 1mmun1ty EFA “essential fatty aci id

CML cell- mediated lympholysis EGFR "epldermal growth factor

CMV cytomegalov1rus receptor

CNS central nervous system ELISA Henzyrne linked

COPD chronic obstructive pulmonary Jimmunosorbent assay
disease ELISPOT enzyme-linked

COX Hcyclooxygenase .immunosorbent spot

CpG DNA Hcytosme phosphate guanme EMS ‘emergency medical services
deoxyrlbonuclelc ac1d ENA extractable nuclear antlgen

CR Hcornplement receptor EPA Helcosapentaenom acid

51Cr chromium®' H EPCR ‘endothelial protein C receptor.

CRP C-reactive proféin ER "endoplasmlc reticulum .
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ESR Herythrocyte sedlmentatmn rate H,0, hydfbgen pefoxide H

FA 'fatty acid HAART highiy active antiretroviral

Fab 'fragment antlgen b1nd1ng therapy
(immunoglobulin) HAE hereditary angloedema

FAB functional antiBody HAMA human anti-mouse

FADD Fas-associated death domain . antibody

FasL. “fas ligan d ; ; "~ hCAP-18/LL-37 human cathehc1d1n 18

Fc Hfragment crysta‘llisable“ hCG human chorionic
(immunoglobulin) gonadrotrophin

FCA Freund’s complete ad]uvant HDL high-density hpoproteln

FCAS familial cold HEV hlghuendoth'ehal venule
automﬂammatmy syndrome HHV human herpesvir us

FDC follicular dendritic cell ~ HiB Haemophilis influenza

FFP fresh frozen plasma type B

FGF fibroblast growth factor HIDS hyperlmmunoglobuhn b

> - and periodic fever syndrome

FiO, 'fractlon of 1nsp1red oxygen Hiv human immunodeficiency

FITC 'ﬂuoresceln 1soth10cyanate virus

FKBP 'FK binding protein HLA human leucocyte antlgen

FLAP 5-lipoxygenase activating HMGB-1 hlgh moblhty group box-1 N
protein (protein)

Flt-3L Fms- hke tyrosme kinase hgand 3 HMVEC human microvascular

FMF familial Medlterranean fever endothelial cell

Foxp3 ‘fork head box proteln 3 ~ HPA hypothalamlc—p1tu1tary—

FRC fibroblastic reticular cell adrenal (axis)

GALT ' gut-assoaated lymphmd tissue HPG hypothalamlc—pltultary—
: - - gonadal (axis)

GC glucocortlcmd
: HPT hypothalamlc—pltultary—

GCR 'glucocortlcmd receptor thyroid (axis)

GFAP glial fibrillary acid protein HPV human p ap111 omavirus

GFP green ﬂ,POfeSC?‘?t protein HS/R haemorrhaglc shock and

GH growth hormone resuscitation

GI 'gastromtestlnal HSP heat shock [;rotein )

GIT 'gastromtestlnal tract HSV herpes simpiex virus
GM-CSF nganulocyte—macropha“ge hTERT human telomerase reverse
colony stimulating factor transcriptase

GMP Hgood rn‘anufact'nring pfactice ~ HTS hypertonic saline

GPC Hgastnc parietal cell ) ~ IBD mﬂammatory bowel dlsease

GRE ' glucocorticoid response element IBS irritable bowel syndrome

GSH ' glutathione (reduced form) ICAM-1 intercellular cell adhesion

GSSG 'glutathlone dlsulphlde molecule-1 - .
(0x1dlzed form) ICOS inducible costimulator

GVH ' graft versus host ICU 1nten51ve care unit

GWAS 'genome wide assoc1at10n study IDC mdetermmate dendrmc cell

HINI/H5N1 molecules associated with IDO indoleamine 2 3- dloxygenase
influenza virus H IEL 1ntraep1thehal lymphocyte
(haemagglutinin) N IF intrinsic factor ) N

(neuraminidase)
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IFA ‘indirect fluorescent anfibody . KC "kerating)cyte derived
assay chemokine
IFN :1nterferuon KIR killer 1nh1b1tory receptor/kﬂler.
IEN-0. interferon- alpha 'cell 1mmun0globuhn receptor
IEN-y interferon- gamma KLH keyhole hmpet haemocyamn
IFs ‘intermediate ﬁlaments KS 'Kap051 s sarcoma N
IFNARI "component of type 1 LAK 'lymphokme activated killer
'interferon receptor (cell)
Ig ‘immunoglobulin LATS 'long actlng thyr01d stimulator
IGF-1 insulin-like growth factor 1 LBP 'hpopolysaccharlde bmdmg .
IKKB I kappa/kappa B protein
IL ‘interleukin LC 'Langerhans cell
IL-1B ::mterleukm 1- beta ‘ LCA 'leucocyte common anugen
IL-1ra interleukin-1 receptor LCPUFA 'long chain polyunsaturated
~antagonist fatty acid
IL-2R interleukin-2 receptor LDL Hlow—deﬁsity lip;)proteh;
ILXR interleukin X receptor LEMS ‘Lambert-Eaton myastﬁenic
IM [intramuscular i} syndrome
IMF (intermediate filament LFA 'lymphocyte functlomng a.ntlgen
iNOS inducible nitrogen oxide LGL 'large granular lymphocyte
'synthase LIA 'lme immunoassay
INR international normahzed ratlo LMP Tow molecular wei ght )
INTERSEPT International Sep51s Trial polypeptide
Study Group . LOX thooxygenase )
IP-10 Hchemolfine hgaf‘d 10 . LPS 'hpopolysacchar‘lde
iPSC induced pluripotential stem LT Teukotriene
»<,Cell o - e LTA 'hpotelchmc ac1d
IRAK4 interleukin receptor-associated :
Kinase 4 Lys 'lysme
RNA 'mterfermg RNA MAB Hmonoclonal antlbody
ISCOM immunostlmulatory complex - Mac Hmembr'gne attack comPlex
1SS '1n]ury severity score " MADCAMI1 mucosal addressin cell
ITAM Himmun”orecepté)r tyrosine adhesmn molecule !
activation motif MALDI-TOF matrix- assoc1ated laser
ITIM ﬁmmunoreceptor tyrosme g?sorbed/lonlzed, time-of-
inhibition motif [Might e
- - - - MALT mucosal-associated lymphoid
iTreg 'mduced T regqlatory cgll tissue
v '1ntraven0us . MAP Hmitogefl-activaied proféin
IVIg intravenous 1mmunoglobuhn _ MAPK Hmitoge'r‘l activated proféin
JAK Janus klnase kinase
JAK-STAT ']anus kinase- 51gnal transducer MASP ‘mannose-associated serine
and activator transcription proteinase
JAS ' )uvenlle ankylosmg spondyhtls M-band “monoclonal band
JCA )uvenllg chromﬂc arthrlt‘ls MBL "mannan—blndlng lectir;
JNK c-Jun N-terminal kinase ~ MCA Hmethlycholanthrene ”
JRA juvenile rheumatoid arthritis MCP ‘membrane cofactor protem
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MCP-1/3 Hmonocyte chemotactic NBT ‘nitroblue tetrazolium
protein-1/3 NF-AT ‘nuclear factor of activated
MDC/CCL22 macrophage derived T (cell)
chemokine NF-xB ‘nuclear factor kappa hght
mDC myeloid DC chain-enhancer of activated
MDP 'muramyl dlpeptrde Beell . .
MDSC 'myelord derived supprcssor NHL Hnon—Hodgkin’sﬂ lymphoma .
cell NI-CAM neural intercellular adhesion
MG 'myasthema grav1s ‘molecule
MGUS ‘monoclonal gammopathy of NK Hnatural killer (cell) .
uncertain 31gn1ﬁcance NKG2D natural killer group 2
mHC ‘minor h hlstocompatablhty ‘member D
complex NKT natural killer T (cell)
MHC Hmajor histocompatibilrty NLR 'NOD (i (nucleotlde bmdmg
complex domain)-like receptor
MIC 'MHC class 1-like chain NMR ‘nuclear ‘magnetic resonance
MIC-A/B 'MHC class 1-like molecules NO “nitric oxide
'A and B _ NOD-LRR Hnucleot“ide oligomerization
MIF macrophage 1nh1b1tory factor domain leucine-rich repeat
MIP-1 'macrophage inflammatory ~ NOMID ‘neonatal onset multi- system
protein-1 inflammatory disease
MIP-1B 'macrophage 1r1ﬂammatory NORASEPT  North American Sepsisﬂ Trial
protein-1-beta Study Group
MLC ‘mixed I lymphocyte culture NOS “nitric oxide syh‘thase
MLN ‘mesenteric lymph node NS ‘normal saline
MLR ‘mixed Iy lymphocyte reactlon NSAID ‘nonsteroidal anti-
MLTR ‘mixed Iy lymphocyte tumour cell H1nﬂammatory orug .
reaction nTreg natural T regulatory cell
mM ‘millimole OPSI Hoverwh‘elming post— )
MMP ‘matrix 1 metalloproternase splenectomy infection )
MMR 'mumps, measles, and rubella - 0sA organ spec1ﬁc aut01mmun1ty .
MODS Hmultip1'c organ"dysfunction " PAF platelet activating factor
syndrome PAI plasminogen activator inhibitor
MOF Hmultipl“e organ"failure H PAMP 'pathogen associated molecular
mOsm ‘milliosmole N pattern
MPIVM Hmult1photon intravital Pa0, partial arterial pressure of
microscopy oxygen 3
MPL ‘monophosphoryl lrprd A PAP peroxrdase antlgen peroxrdase.
MPO Hmycloperomdase PAR protease-activated receptor
mRNA 'messenger RNA PBL peripheral blood lymphocyte
MSpec “mass Spectrometry PBMC peripheral blood mononuclear
MS 'multlple sclerosis 'cell
MTOR o malian target o P PCR 'polymerase chain reactron
rapamycin PCV postcapillary ve venule i
MUFA 'monounsaturated fatty acid PD-1 _programme death molecule 1
MuSK ‘muscle s spec1ﬁc tyrosine kmase pDC ‘plasmacytoid D DC .
MWS ‘Muckle—Wells syndrome PDGF platelet derived growth factor
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PE phycoerythrm RAGE ) receptor for advanced
PEM protein energy malnutrition glycation end-products )
PEP postexpostre prophylaxls RAIGLR retinoic acid-inducible gene-
(ant1retrov1ral drug) hke receptor .
PFS per10d1c fever syndrome RAOR/RORY retinoic acid orphan receptor i}
PG prostaglandm RAST . radroallergosorbent test
PGL persistent generahsed RBC } red blOOd cell
lymphadenopathy RFLP restriction fragment length
PGT post-genomic technology . polymor ph1sm‘
PHA phyto—haemagglutinin RF . rheumato1d faetor .
PI protease inhibitor rh-G-CSF humail recoml;mant
granulocyte colony-
PI prostacyclln - stimulating factor
PI3 phosphat1dyl1nos1tol 3 RIA radion immunoassay
PICU paedratnc intensive care unit RIGI ; retinoic acid-in ducible gene T
plgR polymeric 1mmunoglobuhn RLH * retinoic acid-inducible gene N
receptor I-like helicases
PKC protein Kinase C RNA rrbonuclelc ac1d
PLA, phosphohpase A2 RNSs reactlve n1trogen specres
FMA P horbol mynstate acetate RORr retinoic acid orphan receptor
PML progressive multi-focal ROSs " reactive oxygen speciee )
leucoencephalopathy - - s
RPPA reversephase protein array
PNS perrpheral nervous system - E - -
RT reverse transcriptase
POMC proop10melanocortm - - - -
RT-PCR reverse transcriptase-
PP Peyer s patches . polymerase chain reaction
PPAR-N  peroxisome prol1ferator— SAM ; sympath eticadrenal—
act1vated receptor-N me dullary ( ax1s)
PR3 pr oteinase 3 . SeC ) secretory component ‘
PRBCs packed red blood cells SC " subcutaneous ’
PRL pr olactin SCC H squamous cellucarcinorna
PROWESS Recombinant Activated Human | SCD1 " delta-9 desaturase enzyme
Protein C Worldwide Evaluation -
. . SCID severe combined immune
in Severe Sepsis Study defi
- - - - eficienc
PRR pattern recognition receptor $C I ! :
subcutaneous
PSA prostate spec1ﬁc antrgen 8 1mmun ogl obulm
PSML post- shock mesenteric lymph SCLC small cell lung cancer
PT prothrombm t1me SCNT somatic cell nuclear transfer
PTLD post-transplant SG spec1ﬁc grav1ty
lymphoprolrferatrve disease SN o hyperrnutat10n
PTPN22 protein tyrosine phosphatase N22 -
ST spec1ﬁc 1mmunotherapy
PUFA poly-unsaturated fatty acid -
- - - - SIgR surface immunoglobulin
R receptor . . receptor
R&D research and development SIRNA “small mterfermg RN A
RA rheumat01d arthritis SIRS systemic 1nﬂammatory
RAE1 retinoic acid early transcnpt 1 response syndrome
RAG recombination activating gene 1 SIS self- 1n1t1ated support
and 2 SIvV simian 1mmunodeﬁc1ency virus
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TNF-o tumour necrosis factor- alpha
SMA smooth muscle antibody TPA 12-0- tetradecanoyl phorbol-13-
SMI small-molecular 1nh1b1t0r acetate
Smlg surface membrane t-PA tissue plasmmogen actlvator
lmmunog‘l(’buhn” . _ TPN total parenteral nutr1t10n
SNP single nucleotide polymorphism  TpQ thyrord perox1dase
SOD superoxide dismutase TRADD  TNFR-associated death domain
Sp substance P TRAIL TNE-related apoptos1s mducmg
SP-D surfactant protem D hgand i}
sPLA2 secretory phosphohpase A2 TRALI transfusion- related acute lung
SPR surface plasmon resonance injury
SPT skm pr1cl< test TRAPS TNF receptor- associated
periodic fever syndromes
SPUR serious, persrstent unusual or
recurrent (mfecnons) Treg T regulatory cell .
SRID smgle radial 1mmunod1ffu51on TSA tumour-specific antrgen .
SS-A anti-Ro antrbody TG turn Our suppressor gene
SS-B anti-La antrbody TSH thyr01d strmulatmg hormone
STAT 51gnallmg transducer and. TSHR thyroid stimulating hormone
receptor
activator of transcrrptron O S
sTNFR soluble TNF receptor TSI thyroid stimulating
T = P 1mmunoglobulm
e gy TSP thrombospondm
T/HS trauma/ haemorrhag1c shock -
tTG tissue transglutammase
TAA tumour- assocrated antrgen TXA thromboxane .
TAFI thrombin-activatable ﬁbr1noly51s oV lt i ‘
mh1b1tor ultraviole
TAM tumour assocrated macrophage VEAM-1 ‘I:Zilclill‘ecju adhesion
TAP transporter associated with VEGF vascular endothelial grovlrth
antigen processing factor
TARC thymus activation- regulated VEGFR vascular endothelial grovuth
chemokine factor receptor
T8 tuberculosrs . - . VIP Vasoactrve intestinal peptrde
TCR "ljucell receptor (C‘D3/T1complex)“ VLDL very low- den51ty hpoprotem
TF tissue factor . VWEF von Willebrand factor
TFPI tissue factor pathway inhibitor  WAS W1skott Aldrich syn drome
TGF-B transformmg growth factor beta WAT wh1te a d1pose tissue
Th T helper (cell) WBC wh1te blood cell
TI thymus mdependent . WB-PLT  whole-blood derived platelet
TIL tumour- mﬁltratmg lymphocyte concentrate
TIM tumour mﬁltratmg macrophage WGD Wegener s granulomatous
TIM-3 T cell immunoglobulin and disease
mucin domain containing WT w1ld type
mo leculeu3 . X-SCID  X-linked severe combined
Tis antigen—speciﬁc TCR immune deficiency syndrome
TLR Toll-like receptor _ Zap70 zeta-associated protein of
TNFR tumour necrosis factor receptor 70 kDa
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Chapter 1

Basic immunology

Herb Sewell

Key summary points

¢ The evolutionary and physiological function of the immune system is to protect
the host against infections and also to recognize and respond to mutated (poten-
tially cancerous) and damaged cells. Immune defence mechanisms are conven-
tionally described in terms of innate immunity and adaptive immunity. Innate
immunity is seen as constituting the first line of defence against invading microbes;
its responses are rapidly induced. Adaptive immunity, in contrast, develops more
slowly and mediates delayed defence responses against infections.

¢ Innate immunity is made up of structural cellular physical barriers, compo-
nents within soluble compartments (complement system proteins, cytokines),
as well as specific cells (e.g. DCs, neutrophils, macrophages, etc.) widely distrib-
uted throughout the body which possess a group of germ-line-encoded (i.e.
limited in numbers) receptors (e.g. TLRs). Pathogen recognition is mediated by
the PRRs. Recognition by PRRs of PAMPs shared across groups of pathogens,
DAMPs in damaged/stressed host cells, activate diverse cell signalling pathways
and initiate proinflammatory responses (e.g. IL-1, IL-6, IFN-y, TNF-o).

¢ Inflammatory reactions mediate, in large part, the beneficial effects of immune
responses. The system requires tight regulation to avoid induction of damaging
and progressive chronic inflammation which is recognized as contributing to a
wide range of diseases, including autoimmune, cardiovascular, and neurological
disorders as well as malignant transformations.

+ Innate immunity and adaptive immunity integrate in bidirectional ways. Innate
immune responses can also trigger and direct the development of particular
forms of adaptive immunity.

¢ Adaptive immunity (specific acquired immunity) is stimulated when microbes
have breached natural portals and/or have survived the initial innate responses.
Adaptive immunity is mediated by T and B lymphocytes. The lymphocytes pos-
sess receptors which recognize specifically and individually non-self (antigens)
using clonally (non-germ-line) distributed receptors (vast numbers). T lym-
phocytes recognize mainly protein peptide fragments linked to host self mole-
cules encoded in the MHC region genes, namely the HLAs. T cells recognize
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and respond to the peptide—HLA complex (signal 1) displayed predominantly
on professional APCs (e.g. DCs). Additional costimulatory and accessory
molecular interactions (signal 2) between the APC (e.g. CD80/86) and T cell
(e.g. CD28) result in T cell signal transduction and gene(s) induction. T cells
undergo cell activation, clonal proliferation, expansion, and differentiation into
effector and regulatory cells, through local activation of TLRs and i situ secreted
cytokines (e.g. IL-2, IL-12) (signal 3). There is also the generation of a pool of
memory cells that can mediate secondary and subsequent better-quality
responses (magnitude and duration) against the same antigen.

Cytokines and chemokines and their respective receptors, along with cell—cell
interactions, are the key drivers of immune cell signalling, activation, prolifera-
tion, and differentiation. Additionally, along with adhesion molecules, they are
central to the ability of lymphocytes to recirculate and move through tissue, or
home to particular anatomical sites.

T cells develop from bone marrow precursors within the central lymphoid
organ, the thymus, and emerge from that site as naive cells with the potential to
develop along several effector and regulatory pathways on encounter in the
periphery of peptide antigen-HLA presented by APCs. Bone marrow functions
as the central lymphoid organ for B cell development; peripheral B cells generate
effector (plasma) cells that produce and secrete antibodies, and also generate
memory B cells.

Two major subsets of T cells are defined, the CD4* Th cells and the CD8* CTLs.
The CD4* T subset is further subdivided and defined by the effector functions
the subsets mediate and the spectrum of cytokines produced, as well as by the
signature transcription factors which help to regulate their cytokine profiles.
CD4" Th types described are the CD4" Th1, secreting IL-1, IL-2, IL-6, IL-10,
TNEF-a, IEN-y; Th2, secreting, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13; and Th17,
secreting IL-17, IL-22, IL-23. Other subtypes are being delineated. The main
regulatory cell is defined as the CD4* CD25* FoxP3* T cell (Treg). Naive CD8*
T cells recognize intracellularly derived peptide antigens presented by DCs and,
upon appropriate stimulation, can become effector CD8% CTLs. CD4" T cells
recognize peptides presented by HLA class II molecules on DCs. CD8" T cells
recognize peptides presented by HLA class I-linked proteins, being defined by
the cytosolic pathways used in antigen processing and peptide loading on to
newly synthesized HLA molecules by the DCs. HLA class II present peptides
generated mainly from extracellular protein antigens, HLA class I present pep-
tides from intracellular sources. However, cross-presentation of peptides
between these pathways has been demonstrated.

B cell receptors recognize a wider range of antigens compared with T cells. They
can recognize whole protein antigens or peptides (not linked with HLA), carbo-
hydrates, lipids, etc. B cells and their derived plasma cells are responsible for the
production of antibodies and humoral immunity. Antibodies are good at neutral-
izing extracellular pathogens; they also can activate the complement proteins, bind



BASIC IMMUNOLOGY

to Ig Fc receptors on phagocytic and other cells, and induce, in turn, the activation
of these cells. Many of these effector reactions generate controlled inflammatory
responses. Secretory IgA antibodies represent a particular adaptation of protec-
tion at mucosal sites; they neutralize microbes and exclude entry of antigens
across the mucosa without recruiting and exciting inflammatory responses.

T and B lymphocyte responses of adaptive immunity, like innate immunity,
also recruit, in large part, agents inducing controlled inflammation to eliminate
or contain pathogens. T and B lymphocytes express a range of CD antigens
which help to characterize the cells and which are also involved in the functions
of these cells.

Cells of innate immunity, e.g. DCs and macrophages, act as important APCs for
adaptive immunity. Macrophages and other professional phagocytes, such as
polymorphonuclear leucocytes, are also recruited by effector mechanisms of
adaptive immunity. Within the central lymphoid tissues, namely the thymus
and bone marrow respectively, the generation of clones of T and B lymphocytes
occurs from bone marrow stem cell precursors. Following massive proliferation
within those organs, relatively small numbers of the proliferating cells emerge
as naive T and B cells which recirculate through the peripheral lymphoid tis-
sues. Within the peripheral lymphoid tissues (lymph nodes, spleen, and MALT)
T and B cells and APCs occupy defined anatomical sites, and are involved in
regional cell migrations which facilitate their clustering, cooperation, and the
triggering of the lymphocyte potential to respond to incoming antigens.

Clones of T and B cells which meet their respective antigens in the peripheral
lymphoid tissue become selected, activated, undergo proliferation, and differ-
entiate into effector, regulatory, and memory cells. Some memory cells travel to
peripheral tissues where they can respond rapidly to incoming antigens. Other
memory cells recirculate, some showing selective preference for different ana-
tomical compartments within the host. Much of the physiological benefit of the
effector immune response is mediated by controlled inflammation; this is par-
ticularly exploited by antibodies activating the complement system of proteins.
Effector CD4" T cells produce a range of cytokines and chemokines that medi-
ate controlled inflammation, expressed largely as cell-mediated immune
responses, and the CD8* T cell effectors generate cytotoxic responses. T cell
effector responses are efficient at combating intracellular microbes or intracel-
lularly derived peptide antigens.

Other important effector and regulatory lymphocytes include NK T cells and yo
T cells. These are considered unconventional lymphocytes as their biological
properties reside somewhere between those of innate immunity and adaptive
immunity.

Other important mediators of immune defence reside in cells of the innate
immune system, such as NK cells, mast cells, and basophils. NK cells have par-
ticular roles in recognizing and responding to mutated, potentially cancerous
cells, as well as virally infected and other damaged cells.
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+ The success of the immune response in protecting against infections has, for

more than a century, been successfully exploited by vaccination procedures.
Better understanding of the immune system and of the nature of immunogens
and antigens, and development of newer adjuvants, are contributing to new
vaccine strategies and more effective long-term outcomes.

The powerful immunological responses of innate and adaptive immunity, and
their recruitment of inflammatory reactions, indicate the need for efficient
regulation and modulation of the immune system to avoid serious immun-
opathological cell and tissue damage due to excessive and prolonged immune
reactions and inflammation. There is also the need to avoid the immune system
reacting against self and causing autoimmunity. Tregs play a key role (direct
contact, secretion of IL-10, TGF-B), as well as expression of CTLA-4 by T lym-
phocytes (negative signalling and/or sequestration of CD80/86 costimulatory
molecules on DCs).

Control of the adaptive immune response is seen in the mechanisms of immune
tolerance which operate mechanistically at the level of the central lymphoid
organs (thymus and bone marrow), and also within the peripheral tissues
against any clones with significant anti-self reactivity.

A fundamental biological process, which is exploited by the immune system to
control and/or destroy potentially self-reactive cells and to terminate clonal
expansion after destroying microbes, is the process of apoptosis (programmed
cell death—genetically controlled). This fundamental biological process is also
key in many aspects of developmental biology and in the control of emergence
of cancerous cells. Autophagy (controlled, autologous removal of intracellular
components) is another important regulatory homeostatic process.

Despite attempts at efficient immune regulation, damaging autoimmunity occurs
in some individuals. These destructive anti-self responses are associated with
clones of autoreactive T and B cells. These are associated with aberrant genes
within individuals (many linked to the MHC); there is also linkage to aberrant
immune responses to environmental agents (e.g. bacteria, viruses, chemicals).

Detailed understanding of elements of the immune system has increased oppor-
tunities for immune modulation of deleterious autoimmune responses by
way of use of biological response modifiers, including therapeutic MABs and
cytokines and other immune suppressive agents, which target different aspects of
signal transduction, cytokine responsiveness, and gene activation events.

The nervous system (central and peripheral) with the HPA plays a major role in
modulating responses of innate immunity and of subsequent downstream
adaptive immunity. Conversely, the immune system can modulate brain cell
development and plasticity. Cytokines (IL-1, IL-6, TNF-a) bind to receptors in
the hypothalamus, glial cells express TLRs and respond to DAMPs by produc-
ing cytokines. CD4* Thl and CD8" CTLs (and B cells) can enter the brain
through a defective BBB (post infection, ischaemia) to induce CNS autoimmune
diseases.
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+ Damaging reactions of the immune system have been classified in terms of the
hypersensitivity reactions of Gell and Coombs (types I-IV). These mechanistic
descriptions relate to damaging responses to drugs and anaesthetic agents; they
are seen in cases of latex allergy, and are implicated in the damaging reactions,
which are the expressions of autoimmunity (reactions to self antigens).

+ Understanding of the allergic type I response has led to long-standing use of
hyposensitization/desensitization approaches. Newer methods are being devel-
oped which exploit the targeting of elements of innate immunity (e.g. TLRs) as
well as targeting clones of T and B cells in new immunotherapeutic
approaches.

¢ The rapid development of molecular genetic techniques over recent decades has
allowed the generation of a range of biological agents which are transforming
aspects of clinical medicine. There is an ever-increasing range of MABs, many
of the human type, which are finding their way into clinical practice, along with
other biological constructs such as fusion proteins and Ig replacement therapy.
They are being used in a wide range of diseases including cancers, autoimmune
diseases, chronic inflammatory disorders, and certain infections.

Introduction

The seed of immunology took root in the fertile studies of infectious diseases in the
18th and 19th centuries. In the early 20th century it grew as a sturdy scientific sapling
under the care of the immunochemists with continued input from microbiologists.
The astute observations of Edward Jenner that recovery from cowpox protected
against smallpox, together with his empirical immunization of James Phipps, laid the
scientific basis of vaccination. This was an 18th-century validation of the observations
made in ancient China and of the risky practice of variolation (using the fluid from
smallpox vesicles). Mechnikov’s studies of the engulfment of foreign (non-self) mate-
rial by the leucocytes of the larvae of starfish defined the process of phagocytosis, a key
element of the cellular components of innate immunity, preserved through evolution.
His contemporaries, Erlich and von Behring, conceptualized, defined, and exploited
the role of serum antibodies to protect individuals from diphtheria and tetanus by the
use of antitoxins. These latter studies defined the key roles of antibodies in the evolu-
tionary development of the much younger system of adaptive/acquired immunity.

By the 1970s, immunology emerged as a fully grown science, with extensive branch-
es in immunochemistry, cellular immunology, immunobiology, immunogenetics,
clinical immunology and immunopathology. Studies up to and beyond this period
focused mainly on aspects of adaptive immunity with innate immunity being the jun-
ior partner. However, some 20 years ago, Charles Janeway put forward the concept
that cells of innate immunity could sense and react to non-self molecules and, in so
doing, elaborate responses against non-self and concomitantly influence and instruct
the development of adaptive immune responses [1,2]. Thus, studies of the whole and
integrated immune system became reinvigorated; the aim of this chapter is to present
this modern, comprehensive, and integrated immunology.

5



6

ESSENTIAL IMMUNOLOGY FOR SURGEONS

In the latter part of the 20th century, immunology continued to extend its branches
and develop new blossoms: the biotechnologies of hybridomas, T cell and gene clon-
ing, peptide synthesis, and the use of transgenic and chimeric animal models enriched
and expanded its development. An essential set of ingredients has continually contrib-
uted to the development of immunology. These are represented by original concepts,
imaginative experimental research, astute clinical observations, and technological
advances. The latter have continued with the sequencing of a range of whole genomes
(including those of humans) and with the application of postgenomic technologies
(proteomics, metabolomics, transcriptomics, and whole genome-wide sequencing) to
detect polymorphisms; in particular, single nucleotide polymorphisms (SNPs) [3-5].
This has contributed to the establishment of modern immunology in the 21st century,
commensurate with the developments in information technology (see Chapter 9).
Computer search engines collect and collate information on the immune system.
Descriptions are found of the complex interactions between the host’s immune sys-
tem and the myriad commensal microorganisms that populate the skin, gastrointesti-
nal, and upper respiratory tracts, as well as the responses to potential pathogens.
Hyperlinks describe the discovery of the AIRE gene in the thymus and its contribution
to the generation of immune effector and regulatory cells. Other links outline the use
of systems biology and mathematical modelling to predict intracellular signalling
pathways, transducing information from outside the immune cell (responding to a
microbe) to modify gene functions within the cell [6]. The systems-theoretical
approaches are informed by data from the recent high-resolution sequence maps of
the human genome (published 2001-2003), which identify more than 500 genes
encoding enzymes involved in signal transduction. Laboratory experiments follow the
modelling, which use recently defined small interfering RNAs (siRNAs) to block gene
functions in cell lines, as well as in vivo, in chimeric and transgenic animal models. The
experiments have yielded a plethora and a hierarchy of signalling pathways involved
in immune cell functions and indicate potential new therapeutic targets to beneficially
enhance or suppress immune functions in a wide range of diseases and disorders. The
computer search exemplifies modern scientific discovery which is providing ideas and
tools to enhance understanding, diagnosis, and treatment of a wide range of diseases,
translating basic science into applications in clinical medicine. The clinician, on seeing
the data on signalling pathways, is reminded of the recent surgical case that required
emergency surgery. Postsurgical interactions with pathologists and other laboratory-
based scientists indicate that the patient had a defect in a key signalling molecule
which led to a defect in the immune system, and ultimately an overwhelming bacterial
infection. Collaborative studies of the patient’s cells and surgically derived tissues
result in the precise molecular and genetic definition of the defect and a more
fundamental understanding of the molecular interactions and possible novel thera-
peutic options for the future. This flow of activity indicates the bidirectional nature of
modern translational research in immunology and, more generally, in biomedical
research.

The immune system evolved as a defence against infectious diseases in order to
maintain the homeostasis of the organism. Clinical observations of individuals with
congenital or acquired defects of their immune system strongly support this postulate.
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Furthermore, classical experiments performed with laboratory animals, resulting in
controlled deletion and replacement of elements of the immune system and, more
recently, with the knock-in and knock-out of genetic elements, further illustrate the
basis of an efficient immune system. Humans or experimental animals who are
immune deficient experience a combination of serious, persistent, unusual, or recur-
rent microbial infections. It is also noted that in some situations they have an increased
incidence of certain tumours, particularly lymphomas and carcinomas, and these
tumours often show more aggressive behaviour than in the normal population.

Immunology also provides significant knowledge and understanding regarding
transplantation and malignancy. Historical studies of transplantation and, more
recently, the use of nonautologous stem cell therapy for treating human diseases, have
indicated that the major barrier to successful use of transplantation is the host immune
system (see Chapter 3). New modalities for treating cancers have emerged from our
better understanding of the events that induce, amplify, coordinate, and control
immune responses. Attempts at cancer immunotherapy are proving to be more than
abstract and indeed are now becoming a reality (see Chapter 4). The outstanding suc-
cess of vaccinations to bacterial and viral pathogens (note the worldwide elimination
of smallpox and also the imminent eradication of poliomyelitis), together with a deep-
er understanding of the cellular interactions in the immune system, has led to reinvig-
orated attempts to develop new vaccines for more complex infectious diseases, such as
those associated with HIV and the malaria parasite (see ‘HIV, AIDS, and the surgeon’,
below). A better understanding of these diseases, and of the cell and molecular mecha-
nisms of immunology, is suggesting that useful vaccines will emerge in the near future.
Another area that is being explored is the generation of vaccines against noninfectious
diseases, such as multiple sclerosis (MS) and type 1 diabetes. These so-called autoim-
mune diseases occur where the immune system acts against self, as opposed to non-
self, antigens. The clones of immune cells that are identified and thought to mediate
these diseases are being targeted as if they were pathogens. Therapeutic vaccines for
allergic diseases are being used and evaluated. There are currently useful, albeit limited,
specific immunotherapeutic vaccines for house dust mite, grass pollen, and a few other
allergens (see ‘Allergy, immunotherapy, and new vaccines’, below).

Immune cells and their products can now be expanded and obtained routinely in
large quantities by in vitro and ex vivo cell culture systems and by generation de novo
in the laboratory by molecular genetic approaches—monoclonal antibodies (MABs)
from human, mouse, and other sources. These approaches have already yielded, and
continue to yield, very useful new agents to aid in the diagnosis and treatment of a
range of diseases (see ‘Monoclonals and other biological therapies’, below). These new
immunotherapies continue to expand exponentially; indeed, currently they represent
the largest number of new medicines (so-called biologicals) being introduced into
clinical use.

Essential understanding of immunology requires knowledge of its nomenclature
and the principle components of the immune system, and an understanding of the
general responses elicited. This helps to define the types of immune responses which
protect against infections by pathogenic microbes and non-self antigens, and the
mechanisms involved. Similarly, pathology-inducing aberrant immune responses,
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such as allergy to seemingly innocuous environmental agents and autoimmunity
against self molecules, are better understood (see Chapter 8).

Overview of immunology

Introduction

Historically, immunity has been classified as innate and adaptive immunity. Innate
immunity uses recognition mechanisms encoded directly by the host genome,
necessitating the use of a limited repertoire of recognition structures that identify
generic features shared by major groups of pathogens and non-self molecules. Adaptive
immunity, in contrast, uses randomly generated recognition structures expressed as
soluble molecules (antibodies) or as surface antigen receptors on B or T cells (BCRs
and TCRs, respectively) that recognize their target (antigen) with exquisite specificity.
The innate and adaptive components of the immune system complement and interact
with each other to achieve an effective and integrated defence of the body.

Innate and adaptive immunity

Innate immunity

Innate or natural immunity is encountered as the initial, early phase, first line of
defence by the host. It is made up of the host physical barriers, consisting of epithelial
linings of the body such as skin, respiratory tract, and gastrointestinal tract (GIT),
together with soluble factors and various bone-marrow-derived leucocytes (including
phagocytes) found in blood and body fluids, and widely distributed in tissue sites.
When foreign, non-self agents, such as microbes and their toxins, breach the epithelial
defences they encounter molecules and cells of innate immunity which recognize
them as non-self. Microbes have molecular structures that are conserved across a
broad range of organisms and are not generally found associated with the host/
mammalian cells. These structures are referred to as pathogen-associated molecular
patterns (PAMPs). They are recognized by various receptor molecules present on and
within a wide range of host cells, including cells of innate immunity (see Chapter 5).
These receptors (predicted by Janeway) are referred to as pattern recognition receptors
(PRRs) [2]. Toll-like receptors (TLRs), nucleotide-binding domain (NOD)-like recep-
tors (NLRs), and retinoic-acid-inducible gene 1 receptors (RLRs) are well-document-
ed PRRs that bind a range of Gram-positive and Gram-negative bacteria, fungi,
protozoa, viruses, DNA, and RNA (Table 1.1). PRRs have also been shown to (directly
or indirectly) recognize products of damaged, injured, or stressed host cells. Such
compromised cells are said to release so-called ‘danger signals’ or alarmins (see
Chapter 2). They are also called danger (or damage)-associated molecular patterns
(DAMPs), in accord with Matzinger’s ‘danger signal’ hypothesis (see Chapter 4).
Innate immunity mechanisms provide rapid defence against non-self microbes
(antigens), preventing or eradicating early infection. Adaptive immunity responds
more slowly; it is mediated by lymphocytes and their products. Antibodies are effec-
tive at eliminating or blocking extracellular microbes and antigens. T lymphocyte
responses are effective in dealing with many intracellular microbes and antigens.



BASIC IMMUNOLOGY | 9

Table 1.1 Cells, receptors, and soluble factors of innate and adaptive immunity

Innate immunity Adaptive immunity

Cells Phagocytes-macrophages, monocytes, Lymphocytes, T and
polymorphs, DCs (APCs), mast cells, basophils, B cells
platelets, NK and NK T cells, y3 T cells

Cell receptors Limited numbers of receptors encoded in the TCRs

for microbes/ germ line (inborn): TLRs, scavenger receptors, BCRs
antigens NLRs, complement receptors, mannose
receptors, dectin receptors, Fc receptors Vast numbers of

receptors generated by
somatic recombination
events (non-germ line).

Soluble factors  Complement, cytokines, chemokines, IFNs Antibodies—IgM, 1gG,
(type 1 and type 2), acute phase proteins, IgA, IgD, IgE

lysozyme, collectins, mucins ’ .
YySOzyme, g Interleukins (cytokines).

Other factors Natural barriers, epithelial lining cells of the
GIT, respiratory and urogenital tracts and skin;
natural antibiotic peptides (defensins); normal
commensal microbiota

Kinetics of Rapid, immediate—minutes to hours Over several days
response after

exposure to

microbes

APCs, antigen-presenting cells; BCRs, B cell receptors; DCs, denditic cells; GIT, gastrointestinal tract; IFN,
interferon; NLRs, NOD-like receptors; TCRs, T cell receptors; TLRs, Toll-like receptors.

There are significant bidirectional interactions between elements of innate and
adaptive immunity.

When encountered in abnormal amounts or in nonphysiological sites internally,
DAMPS are believed to trigger inflammatory responses and, in some cases, down-
stream adaptive immune responses. Examples of such molecules include uric acid,
heat shock proteins (HSPs), S100 proteins, serum amyloid A, DNA, human mobility
group box protein 1 (HMGB1), and probably interleukin-33 (IL-33). HMGBI is usu-
ally sequestered within the nucleus, but in damaged and stressed cells it can leak from
the nucleus into the cytoplasm and escape from the cell. Indeed, DNA linked with
HMGBI has been shown experimentally to stimulate significant inflammatory and
immune reactions, contrary to the concept that DNA is an inert molecule. These
observations are helping to define inflammatory and immune reactions that
are induced by abnormal amounts or abnormal locations of self molecules [7-10].
Recent research has demonstrated that, following major trauma, release of mitochon-
drial DNA and other DAMPs triggers severe, widespread inflammation—the systemic
inflammatory response syndrome (SIRS) (see Chapter 2). Following the recognition
of PAMPs/DAMPs by PRRs, the activation of intracellular signalling pathways
often follows, resulting in gene activation and the production of molecules such
as cytokines and chemokines (see ‘Cytokines, chemokines, and signalling’, below).
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Fig. 1.1 Cell-associated PRRs (TLRs, NLRs, RIG, dectin) bind extra and intracellularly to
various PAMPs or DAMPS (alarmins, e.g. HMGB1). Binding leads to signal transduction
using key adaptor molecules such as MyD88 which facilitate downstream kinase (IRAK,
TRAF, MAPK) phosphorylation leading to activation of the transcription factor NF-xB
which translocates to the nucleus to activate/induce its target genes. Gene activation
results in production of proteins (e.g. cytokines, chemokines, defensins) that mediate
antimicrobial inflammatory responses. These innate responses are rapid in onset and
aim to localize, control and/or eliminate the infection. Excessive PRRs systemically can
contribute to shock, e.g. in sepsis or severe trauma. DAMPS, danger/damage-associated
molecular patterns; NLR, NOD (nucleotide-binding domain)-like receptor; PAMPs, patho-
gen-associated molecular patterns; PRRs, pattern recognition receptors; RIG, retinoic
acid-inducible gene; TLR, Toll-like receptor.

These pathways ultimately generate reactions which are expressed as inflammation
aimed at destroying or containing the microbe in a controlled and localized reaction.
The early events recognizing non-self and other ‘danger signals’ lead to signal trans-
duction, the engagement of intracellular adaptor proteins, such as MyD88, and the
activation of enzyme cascade systems, particularly tyrosine kinases and phosphatases.
Subsequently, activation of transcription factors, such as nuclear factor kappa light-
chain-enhancer of activated B cell (NF-xB) and their interaction with nuclear genes,
results in the production of activated gene products such as cytokines and chemokines
which induce inflammatory responses (Figure 1.1). The interleukin-1 receptor (IL-1R)
belongs to the superfamily of TLRs, sharing a common molecular feature called the
Toll-IL-1R domain. IL-1 is a key cytokine in innate and adaptive immune responses,
and in integrating the two.

Kinases and phosphatases are responsible, respectively, for the attachment of phos-
phate groups to proteins and their removal, the major mechanism used by cells to
regulate and coordinate intracellular processes and protein function. This reversible
intracellular protein phosphorylation is at the core of the mechanisms involved in a
range of diseases where inflammation (especially chronic inflammation) is now recog-
nized as a major contributor. Diseases such as cancer and autoimmune diseases are
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being targeted in pharmaceutical R&D strategies aimed at developing drug inhibitors,
particularly of protein kinases. In the past decade, some ten orally active anticancer
drugs, mainly broad-acting kinase inhibitors, have been approved for clinical use, in
the treatment of leukaemia and lung cancer (see Chapter 4). Many others are being
clinically investigated in immune and inflammatory disorders, including new immu-
nosuppressants for use in transplantation and autoimmune diseases (see Chapters 3
and 8, respectively).

The acute inflammatory response is a primary outcome of innate immunity. Many
of the endstage effector protective responses which characterize adaptive immunity
are also expressed in inflammatory processes. Damage to host cells and perturbation
of homeostasis by microbes or their products and the downstream enzyme cascade
signal transduction events result in the release of cytokines as well as other proinflam-
matory molecules. These include histamine, leukotrienes (LTs), and prostaglandins
(PGs), which aim to contain the microbe, preventing the spread of infection and also,
subsequently, promoting the healing and repair of tissues. The inflammatory response
is characterized by classical clinical features in tissues—localized increased blood flow,
redness, swelling and, in some situations, pain associated with the vasodilatation
induced by the proinflammatory mediators and cytokines released. The localized,
protective inflammation induced by the immune response often occurs without being
clinically noticeable.

Cytokines, produced by many cells, are small polypeptides which regulate immu-
nity and inflammation. Following their induction by the immune response to microbes
and antigens, they act over a short range, have short half-lives, and are highly biologi-
cally active, being effective at very low concentrations. They are also seen as hormones
of the immune and inflammatory response—some cytokines enter the vasculature
and can act at distant sites, e.g. liver and brain. These properties of cytokines help to
limit and regulate the expression of inflammation they induce. Cytokines act by bind-
ing to their specific membrane receptors that transduce signals into cells causing gene
transcription and expression of their encoded products. Cytokines with chemotactic
activity, attracting blood leucocytes into sites of tissue infection and/or damage along
a concentration gradient, are called chemokines.

The term cytokine is generic, covering historical nomenclatures for molecules
including lymphokines (cytokines produced by lymphocytes), ILs (cytokines pro-
duced by leucocytes and facilitating their interactions), and monokines (produced by
monocytes). Nearly all cells can produce cytokines in response to appropriate stimuli.
Cytokines show autocrine actions by acting on the same cells that produce them; their
action on other nearby cells is termed paracrine activity. In this chapter, reference will
be made to various cytokines, including tumour necrosis factor alpha (TNF-a), ILs
(IL-1,IL-6, etc.), and chemokines (CC and CXC chemokines)—see later. The cytokines
and other mediators released by responding innate immune cells such as epithelial
cells, tissue resident macrophages, dendritic cells (DCs), and mast cells act on local
endothelial cells lining the vasculature. They induce the expression and up-regulation
on these endothelial cells of adhesion molecules, such as selectins and integrins.
Adhesion molecules are proteins/glycoproteins that bind cells to each other and also
mediate cellular interactions with the extracellular matrix. Similar adhesion molecules,
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some of which act as counter-ligands (L) for the endothelial molecules, are also
induced or up-regulated and activated on leucocytes within the vasculature. The
release of mediators and cytokines thus promotes fast responses, including vasodilata-
tion, the activation of leucocytes, their margination and binding to the endothelium,
and their transmigration from the vasculature into the site of tissue infection and/or
damage. The leucocytes (resident and newly arrived) within the tissues phagocytose
the microbes, become activated, and release their intracellular toxic granules into
endophagosomal vacuoles to destroy or contain the phagocytosed organisms.
Leucocytes also release mediators, cytokines, and chemokines which further amplify
the inflammatory response. The recognition events (via various cell receptor systems)
and signal transduction associated with proinflammatory cytokines and chemokine
production also enhance phagocytosis and microbicidal killing within the endo-
phagosomal compartments by way of lysosomal enzymes, reactive oxygen species
(ROSs), hydrogen peroxide (H,0,), and inducible nitric oxide synthases (iNOSs)
(see Figure 1.2). Recently, an additional and important cytoplasmic complex that
contributes to the inflammatory response has been defined. A cytoplasmic multiprotein
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Fig. 1.2 Phagocytes have a range of receptors for recognition of microbes and their
products, as well as for molecules produced in the inflammatory response such as
chemokines and cytokines. Ligands binding to these various receptors signal and acti-
vate cellular responses in phagocytes to stimulate inflammation and prevent infection or
eliminate the microbes. Phagocyte receptors shown are the mannose receptor (detects
terminal mannose sugars on microbes), TLR4 which binds bacterial LPS, IL-1R, scavenger
receptor, Fc receptor for immunoglobulin (Ig) and chemokine receptors. The receptors
use varying signalling pathways and activate several transcription factors including
NF-kB. The effector molecules and functions generated include reactive oxygen species
(ROSs), nitric oxide (NO), cytokines (e.g. TNF, IL-1, IL-12), all of which contribute to
killing or containing microbes by way of inflammatory responses (innate immunity).
They also help to prime the host for adaptive immune responses, e.g. the role of IL-12
acting on DCs and lymphocytes. DC, dendritic cell; IL-1R, interleukin-1 receptor; LPS,
lipopolysaccharide; TLR4, Toll-like receptor 4.
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complex, termed the inflammasome, is an enzyme system which leads to the process-
ing and secretion of the key proinflammatory cytokine IL-1, generated from its pre-
cursor molecule pro-IL-1 [8]. The multiprotein complex inflammasome interacts and
synergizes with TLRs and NLRs in combating pathogens. Inflammasomes have also
been shown to be activated by nonmicrobial substances such as uric acid (associated
with gout), silica, aluminium salts, and asbestos. Clearly, there is a need for tight con-
trol to avoid excessive damage to the host. Indeed, diseases have now been described,
some of which are called autoinflammatory, which involve spontaneous, inappropri-
ate, and recurrent activation of the inflammasome (see Chapter 8).

Poorly controlled and persistent chronic inflammatory responses can also contrib-
ute to the induction of neoplasia (see Chapter 4). Clinical and epidemiological evi-
dence has established the increased risk of developing colon cancer in patients with
long-standing inflammatory disease of the GIT, especially ulcerative colitis (see
Chapter 8). Chronic inflammatory skin diseases, such as lichen sclerosus and lichen
planus, are known to be associated with an increased risk (up to 5%) of developing
squamous carcinoma. Recent experimental studies have documented, at the molecu-
lar level, mechanistic models explaining the links between inflammation and cancer
induction. A central link is the transcription factor NF-xB which is activated in innate
immune responses to generate proinflammatory mediators [11]. Persistent activation
of NF-xB induces antiapoptotic gene functions and also induces excessive ROSs, both
of which have been shown to favour the emergence of cancers in model systems
(Figure 1.3). More recently, persistent NF-kB activity has been shown directly to
inhibit the gene TP53 (encoding protein p53) (the master antitumour gateway tumour
suppressor gene) and chronically to elevate IL-6 which is thought to favour continual
cell proliferation leading to possible mutated premalignant cells. Targeting inflamma-
tion is a therapeutic option being pursued in the prevention of oncogenesis.

Concomitant with the migration of leucocytes to extravascular sites there is a leakage
of soluble factors from the blood compartment to the site of tissue invasion by
microbes/antigens. Among the soluble mediators released are components of the
complement system and C-reactive protein (CRP), both synthesized mainly in the
liver and in some leucocytes, which have inherent potent antimicrobial activity.
Clinically, they are characterized as part of the acute-phase protein response, along
with serum amyloid A, o;-acid glycoprotein, and fibrinogen. Activation of the com-
plement system amplifies immune responses. Activated components bind to the
surface of microbes (opsonization) and enhance their ingestion by the phagocytic
leucocytes which have receptors for these complement components. CRP, used in
clinical practice to monitor acute inflammation (trauma, surgery, burns, etc.) and
infection, also has a direct role as an antimicrobial agent by recognizing and binding
to PAMPs of a range of microbes; CRP is an example of a soluble form of a PRR.
Phagocytes also have receptors for parts of the CRP molecule not bound to the microbe
to further enhance phagocytosis and inflammation. Additionally, CRP complexed to
microbes can activate the complement system via the binding of the first component
of the complement system (C1q) to further amplify inflammation. Recent evidence
has linked chronic elevation of serum CRP levels in the apparently clinically well
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Fig. 1.3 Multiple and persistent cell stimuli (e.g. from cytokines, microbes) activate the
transcription factor NF-xB, a key molecule linking excessive prolonged inflammatory
responses with the process of oncogenesis. Prolonged inflammatory responses favour
cellular proliferation that together with concurrent induction of antiapoptotic processes
by NF-xB stimulation, favours the emergence and survival of mutated cells—a prerequisite
for the development of neoplasia. DAMPs, danger/damage-associated molecular patterns;
iNOS, inducible nitric oxide synthetase; PAMPs, pathogen-associated molecular patterns.

individual with an increased risk of cardiovascular disease, independent of the
well-established factors such as hypertension and smoking.

The early recognition events—signal transduction and cytokine—chemokine produc-
tion responses of innate immune cells—which generate controlled and protective inflam-
mation, are crucial for host survival. Indeed, it has been suggested that (contrary to
long-held views) innate immunity may be as important as adaptive immunity in terms of
survival, if not more so. It is known that defects of innate immunity are associated with
severe morbidity and mortality. If the innate immune response does not completely
eliminate pathogens, it nevertheless gives time and instruction (direct cell-cell interac-
tions of DCs with lymphocytes, and by the actions of cytokines produced by innate cells
on lymphocytes) to develop an effective adaptive (T and B cell) immune response [12].

Adaptive immunity is also responsible for protective immune responses against
non-self antigens (e.g. microorganisms). However, induction of the adaptive response
is considerably slower (days) than that of innate immunity, which tends to elicit
immediate or very early inflammatory responses. Furthermore, adaptive immunity
shows qualitative and quantitative changes following subsequent encounters with the
same antigen. This is in contrast with innate immune responses, which are stereotypi-
cal and essentially nonchanging generic responses. Innate immunity does not confer
long-lasting immunity, unlike adaptive immunity which exhibits the property of
immunological memory for previously encountered antigens.
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Fig. 1.4 Cells and the kinetics of innate and adaptive immunity. The cells and mechanisms
of innate immunity provide a very rapid, immediate response against infections involving
cytokines, phagocyte killing of engulfed microbes, and features characteristic of acute
inflammation. T and B lymphocytes mediate the slower responding adaptive immune
response (over days) involving T cell effector responses, generation of memory T cells,
antibody production by B lymphocytes and also generation of memory B cells. y8 T cells
and NK T cells have responses intermediate in time between innate and adaptive immunity
(hours) and they generate a range of cytokines. NK T cells also exhibit some cytotoxicity.
APC, antigen-presenting cell.

Figure 1.4 schematically represents the key elements of innate and adaptive immune
responses to a microbe (antigen) and the kinetics involved in the response.

Figure 1.5 illustrates the role of adhesion molecules and cytokines (chemokines) in
the attraction of polymorphonuclear leucocytes to the site of infection in an innate
immune response. Similar mechanisms are used by lymphocytes in adaptive immu-
nity to migrate from blood vessels into tissues to interact with antigens [13]. Different
families of adhesion molecules and chemokines/receptors are used in lymphocyte—
endothelial interactions (see ‘Clusters of differentiation and monoclonal antibodies’,
below). The functional roles of adhesion molecules (e.g. the heterodimeric integrins
with o/B-chains), apart from cell migration, include cell survival, differentiation, and
proliferation. These molecules are becoming attractive targets for therapeutic strate-
gies for cancer, autoimmunity, and other inflammatory diseases, and in enhancement
of wound healing (see Tmmunopathology and tissue damage, immune deficiency,
and immunotherapeutics’, below).

Immune reactions use controlled inflammation to beneficial effect, facilitated by
the properties of many cytokines and chemokines acting at the local site of microbial/
antigen invasion. However, certain cytokines, in particular IL-1, IL-6, and TNF-a,
produced by localized innate immune responses, also act at sites distant from the
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Fig. 1.5 Recruitment of the acute inflammatory response by innate immunity to combat
microbes that breach the first line of defence, the epithelial cell lining. The activation of
cells produces cytokines and chemokines, resulting in increased vascular permeability
and the migration and activation of leucocytes that enter the extracellular site of
microbial invasion. ICAM-1, intercellular cell adhesion molecule-1; PECAM, platelet
endothelial cell adhesion molecule.

local site. They can enter the bloodstream in small quantities, travel to the liver, and
there induce activation of hepatocytes. These hepatocytes produce acute-phase pro-
teins, such as CRP, 0,;-antitrypsin, and serum amyloid A, which in turn target a wider
range of tissues. They can be detected in blood after the induction of innate responses
to microbes. IL-1, TNF-o and other bioactive proteins from the liver account for the
many systemic manifestations of infection. Thus, TNF-a. acts on the hypothalamus,
inducing fever, and is partly responsible for cachexia by stimulation of catabolism in
fat and muscle cells.

Innate—adaptive inmmune interactions

Both types of immunity (innate and adaptive) interact in synergistic and bidirectional
modes in protecting the host. Hence, cytokines and cells active in innate immunity
(macrophages, DCs, neutrophils, mast and epithelial cells), apart from their direct
antimicrobial actions, also send signals that help adaptive immunity to respond in a
way best suited to eliminate microbes, wherever they are encountered in the host.
Some microbes (e.g. bacteria and fungi) can be found in extracellular sites and in
blood. Others are found intracellularly (e.g. viruses and some bacteria—mycobacteria,
salmonella) and are dealt with by differing adaptive immune responses which are
partly shaped by elements of innate immunity (see later).
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Cells of the mononuclear phagocyte system, apart from their ingestion and intracel-
lular destruction of microbes, play a key role between innate and adaptive immunity
as antigen-presenting cells (APCs). APCs, best exemplified by DCs, sample and take
up antigens in peripheral tissues, process them and then migrate, transporting
antigens to lymph nodes and other aggregates of immune cells in sites such as the GIT
and respiratory tract. APCs, thus, communicate directly with lymphocytes in helping
to initiate adaptive immunity. Cells of the phagocytic lineage—macrophages and
neutrophils—are also active as effectors in destroying microorganisms when recruited
by products of responding T and B lymphocytes. Products of complement activation
can enhance B lymphocyte responses in their production of antibodies. The cytokines
TNF-a and IL-1 have direct effects on T and B lymphocyte responses. The details of
these interactions of innate and adaptive immunity are expanded in subsequent
sections.

The protective mechanisms of innate and adaptive immunity can, in certain situa-
tions, become dysfunctional and induce significant tissue damage. These maladap-
tions may be facilitated by host genetic factors, by the portal of entry and virulence of
microbes, or by the presence of comorbid condition of individuals. The consequences
of severe trauma or sepsis are due in part to widespread uncontrolled activation of
elements of innate immunity. This results in nonphysiological high levels of production
of cytokines, chemokines, and other proinflammatory mediators, with marked pertur-
bations in vivo of inflammatory and coagulation pathways (see Chapters 2 and 5). This
‘cytokine storm’ has been documented to result in the release of more than 100 inflam-
matory mediators whose multiple interactions are often lethal. Primary contributors
to this serious pathological state are TNF-o and IL-6. Not surprisingly, both these
cytokines (along with others) are being investigated as therapeutic targets for these
severe disorders. Real and potential pandemics associated with influenza viruses such
as HIN1 and H5N1 are believed to be particularly serious. This is because of the
virus’s potential to markedly dysregulate innate cytokine responses in the lungs from
protective to pathological levels in individuals without background protective adap-
tive immunity, who may succumb to the severe inflammation and/or secondary
bacterial pneumonias. Maladapted adaptive immunity is seen in the immunopatho-
logical lesions associated with allergic diseases and autoimmune disorders, defined
mechanistically in the Gell and Coombs nomenclature of hypersensitivity reactions,
types I-IV (see ‘Immunopathological processes: hypersensitivity (types I-IV) and
tissue damage’, below).

Fundamental to all immune responses in the host is a marked proliferation of cells
induced by perturbations of immune homeostasis caused by invading antigens or
microbes. There is a need for mechanisms to restore that homeostatis after the microbe
or antigenic insult is eliminated or contained. A crucial process to ensure maintenance
of physiological homeostasis is apoptosis—a process of controlled, genetically regu-
lated cell death. Apoptosis is central also in lymphocyte development, in controlling
and regulating immune responsiveness to non-self, and, in some situations, to self
molecules. It ensures the death and clearance of cells without exciting destructive
inflammation, in contrast with necrotic cell death which sends ‘danger’ signals that
trigger inflammation. Failure of apoptotic mechanisms is considered a significant
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contributor in the development of many cancers and some autoimmune disorders
(see ‘Autoimmunity’, below). Accordingly, manipulation of apoptotic mechanisms is
being utilized to control pathological inflammation and to enhance cancer therapy
and immunotherapy.

Adaptive immunity

The characteristic features of adaptive immunity are its specificity, its memory, and its
diversity. The cells responsible for these features within the immune response are the
T and B lymphocytes. They provide the basis whereby entry of non-self components
(e.g. microbes, proteins, chemicals, collectively termed antigens) will lead to specific
recognition via the TCRs and BCRs. Most importantly, if a member of the original
group of antigens is encountered again it will be recognized specifically, and a second
encounter will lead to the enhanced response. This implies that after the first encoun-
ter a definite and predetermined perturbation occurred in the homeostasis of the
organism and its immune system which resulted in the generation of a ‘memory’ for
that non-self substance. Following the primary response and the secondary memory-
based response, both of exquisite specificity for the exciting antigen, specific augmen-
tation of the effects of the responses occurs, leading to the destruction or containment
of the antigen. These augmenting effectors, recruited by and interacting with the
specific immune factors from lymphocytes, include complement and phagocytic cells,
as described for innate immune responses (see ‘Innate immunity’, above). These
interactions result in the features of an inflammatory response induced by adaptive
immunity. Inflammation is thus a common final pathway for eliminating antigens, as
described in the section on innate immunity. Some antibody responses can block and
neutralize microbes directly, without recruiting elements of innate immunity.

Hence, inflammation, when induced in a controlled and regulated manner, can be
seen as the beneficial final pathway of an efficient and responsive immune system. The
products of T and B lymphocyte reactions in adaptive immunity and the effector
mechanisms they generate are responsible for cell-mediated immunity (CMI) and
humoral immunity, respectively.

CMI is associated with and is transferable by intact T lymphocytes (classified gener-
ally as having two major subsets, CD4" and CD8% T cells) which recognize and
respond predominantly to peptide antigens complexed with self HLA molecules on
host cells.

Humoral immunity results in the production of fluid-phase antibodies (generated
from B cells and derived plasma cells) which interact specifically with antigens in
extracellular locations.

CMI and humoral immune responses of adaptive immunity are directed against
non-self molecules, i.e. antigens. Pre-eminent antigens are components of potential
pathogens (bacteria, viruses, fungi, and protozoa) which attempt to enter the host by
breaching the epithelial lining of portals of entry in the GIT, respiratory tract, and the
skin; or antigens injected for medical interventions such as vaccinations. Complex
antigens, such as those of attenuated microbes or intact inactivated pathogens or their
protein products (e.g. toxoids), are commonly used in vaccines such as the MMR (for
mumps, measles, and rubella), DTP (diphtheria, tetanus, and pertussis), and BCG
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(bacillus Calmette—Guérin; for tuberculosis), and pneumoccocal, and haemophilus
immunization regimens.

Antigens are typically proteins of high molecular weight which induce immune
responses and are recognized by and interact with the products of immune responses,
in particular, those associated with T and B lymphocytes of adaptive immunity. Less
commonly, antigens can be sugars/polysaccharides of microbes, lipids, or other chem-
ical groupings. These latter antigens, along with the protein antigens, tend to induce
and be recognized by B lymphocyte antibody responses. In contrast, T lymphocyte
responses are induced predominantly by peptide antigens from proteins (from extra-
cellular and intracellular sources). These are recognized by those T cells in complexes
with self molecules encoded in a chromosomal region in humans called the major
histocompatibility complex (MHC) (see ‘Major histocompatibility complex’, below).
The encoded products of the MHC, which bind the peptide antigens (ingested and
processed in APCs and other cells), are called human leucocyte antigens (HLAs). The
key HLA molecules that present peptides to T cells are termed HLA class I and class 11,
which interact with CD8" and CD4" T cells, respectively. As in many areas of science,
exceptions are found to these general principles of antigen recognition. Some so-
called ‘unconventional’ T cells, such as NK T cells and yd T cells, can recognize and
respond to lipid/glycolipid antigens presented by non-classical HLA molecules, such
as the CD1 molecular complex (see ‘Effector cells and receptors’, below).

The central role of lymphocytes in adaptive immunity was demonstrated by classic
experiments which depleted animals of lymphocytes by various manoeuvres such as
chronic thoracic duct drainage, surgical extirpation of lymphoid organs, or transfer of
lymphoid cells. Those experiments showed that the lymphocytes contained the infor-
mation for making antibodies and for transferring the elements of CMI, as recognized
by and embodied in biological processes—rejection of skin grafts and killing of virus-
infected cells which display viral peptide antigens on their surfaces bound to HLA
molecules. The reactions of CMI are mediated by T lymphocytes—CD4* T helper
(Th) and CD8™ T cytotoxic lymphocyte (CTL) subsets. Observations of rare immune
deficiency states in humans, such as the Di George syndrome associated with congenital
thymic aplasia/hypoplasia, as well as experimental surgical removal of the thymus in
birds and in mammals, led to the definition of the thymus-dependent lymphocytes or
T cells. The T cells that are generated and educated to interact with HLA—peptide
complexes and that emerge from the thymus (a central lymphoid organ) are seen as
naive (uncommitted) T cells. These T cells have a competence to respond to peptide
antigens although they have not, as yet, encountered antigens outwith the thymus in
the peripheral (secondary) lymphoid system. The developmental expression of recep-
tors for antigens and the effective functions of T cells are dependent on an intact and
functioning thymus. Compared with the normal counterparts, athymic animals were
also observed to have significantly fewer lymphoid cells in blood and at various sec-
ondary lymphoid tissue sites, and showed significant defects of cellular and humoral
immunity. These observations indicated that T lymphocytes represented the major
lymphoid population in blood and that the T cells, although not directly involved in
antibody synthesis, affected cells responsible for antibody production. Hence, T lym-
phocytes were communicating with B lymphocytes and helping in the latter’s production
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Table 1.2 The role of T and B lymphocytes—the agents of specific (adaptive) immunity

T cells (CD4+ and CD8*) B cells (and derived plasma cells)
(cell-mediated immunity) (humoral immunity)

Resistance to intracellular microbes Neutralization

Rejection of transplant grafts (acute) Cell lysis of microbes

Delayed type hypersensitivity Opsonization of microbes
Contact dermatitis Hyperacute graft rejection
Resistance to some tumours Types |-l hypersensitivity

of antibodies. Birds were shown to have a discrete central lymphoid organ called the
bursa of Fabricius which was responsible for the development of B lymphocytes.
Mammals do not possess this organ, but the bone marrow throughout life and, to
some extent the foetal liver, subserve similar functions in generating recognizable and
immunocompetent but naive B lymphocytes. B cells; their progeny, the plasma cells,
are responsible for the synthesis and secretion of antibodies into blood and other body
fluids. Tables 1.2 and 1.3 summarize the role of T and B lymphocytes as agents of
adaptive immunity.

T lymphocytes are the pivotal cells in the recognition/early phase of all adaptive
immune responses. Apart from the effector functions associated with CMI, they also
provide additional important Th, effector, and immunoregulatory T cell functions in
the initiation, control, and expression of a wide range of immune responses. Figure 1.6
gives an overview of humoral and CMI and illustrates that the CD4" Th/effector sub-
set can currently be defined (by their functions, pattern of cytokine production and
transcription factor expression) into at least three well-characterized subgroups: Th1,
Th2, and Th17 (see ‘T cells, receptors, and effectors: CD4* Thl, Th2 and Th17; CD4*
Tregs and CD8* CTLs’, below).

It is evident that inflammation, as harnessed by immune responses (innate and
adaptive) in a controlled manner, is very effective and essential for survival of the
host. Evolutionary adaptations have ensured tight checks to contain potentially dam-
aging inflammatory processes. If the acute inflammatory response is persistent it can

Table 1.3 Effects of lymphocyte loss on adaptive immunity

Cell-mediated immunity Humoral immunity
Intact animal (no loss) +++ o+
Loss of T cells
¢ Thymectomy i,
+ Di George syndrome -
Loss of B cells
# In bone marrow ++ -

* Hypogammaglobulinaemia +++ - (%)
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Fig. 1.6 Overview of humoral and cell-mediated immunity (CMI): Adaptive immunity is
made up of (1) humoral immunity mediated by antibodies produced from B cells and
their plasma cell progeny which neutralizes and eliminates extracellular microbes/anti-
gens; (2) T cells are responsible for CMI (CD4* and CD8* T cell subsets) which destroy
intracellular microbes/antigens either directly (CD87 T cells) or indirectly by T cell secre-
tion of cytokines which can activate phagocytes to effectively kill ingested microbes.
Various effector CD4* T cell subsets (Th1, Th2, and Th17) have been defined based on
cytokine profiles and associated functions. BCR, B cell receptor; TCR, T cell receptor.

transform into chronic inflammation, characterized by lymphocytes and macrophages
replacing the neutrophils that dominate the acute responses. Acute inflammation is,
in part, controlled by the limited range and action of most cytokines and chemokines,
as well as the loss of stimulating signals when the microbe/antigen is destroyed, and by
the death of leucocytes. Recent evidence has indicated alternate pathways of phagocyte
activation that result in the release of anti-inflammatory mediators (e.g. IL-10).
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This contrasts with the predominant proinflammatory mediators (TNF-o., IL-1, and
IL-6) that are released from phagocytes in the early innate immune response.
Ultimately, the inflammatory response must be tightly controlled to prevent the emer-
gence and persistence of chronic inflammation which characterizes diverse disorders
including autoimmune diseases, e.g. rheumatoid arthritis (RA) or systemic lupus ery-
thematosus (SLE)—see Chapter 8; cardiovascular disease, (atheroma formation has
major elements of inflammation involved); chronic obstructive pulmonary disease
(COPD); asthma; elements of neurodegenerative diseases (MS and Alzheimer’s); and
induction of malignancy (see Chapter 4). A great deal of research has now established
that these diverse diseases have common pathophysiological pathways associated with
chronic inflammation. Mononuclear phagocytes and lymphocytes, which characterize
this inflammation, when persistently stimulated release a range of cytokines, chemok-
ines, and other mediators which target cells of epithelial and mesenchymal origin in
the different organ-based systems. Common responses elicited in the organs include
cell proliferation, adhesion molecule induction and activation, additional leucocyte
recruitment, angiogenesis (formation of new vessels), and fibrosis. Figure 1.7 shows
the relationship between immune responses and inflammatory outcomes.

As a reuslt of our increased understanding of immune—inflammatory interactions
new and important therapeutic agents have come into clinical use, including MABs or
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Fig. 1.7 Innate and adaptive immunity use inflammatory responses as key effectors

for defence against microbes. Innate immunity exploits acute inflammation; if the
inflammation persists because the microbe is resistant there is a risk of developing
chronic inflammation and significant host tissue damage and disease (immunopathology).
Similarly, persistent adaptive immunity against extrinsic antigen or intrinsic antigen
(autoantigens) without resolution and recovery can also generate damaging chronic
inflammation and disease.
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other biologicals that block or antagonize the reactions of cytokines central to the
inflammatory reactions. Examples of important targets include TNF-q, IL-1, IL-6, and
their respective receptors (see ‘Monoclonals and other biological therapies’, below).

Dendritic cells

The classical studies of Steinman and others in the 1980s firmly established innate
system DCs (their nomenclature, describing their morphology) as the key third cell
needed in in vitro clusters with T and B cells to trigger adaptive immune responses.
More recently, these observations have been confirmed in vivo using dynamic and
elegant imaging technology which have documented the antigen-presenting roles of
DCs in real time (videos available online—see ‘Further reading’) showing the kinetics
of DC-lymphocyte interactions.

DCs are found in most tissues, particularly in those that form an interface with the
environment—sKkin, intestinal, respiratory, and urogenital tracts—where they are
intertwined with the epithelial lining cells, as well as being represented in the subepi-
thelial compartment of the mucosa. They are sparsely represented in the central nerv-
ous system (CNS) and are absent in the corneal epithelium of the eye. Their locations
make them particularly suitable for sampling and capturing potential non-self mole-
cules and antigens that may breach natural portals. Within lymphoid organs and
lymphoid aggregates they are abundant in T cell areas (e.g. paracortex of lymph nodes)
and are also present in the B cell zones (primary follicles and germinal centres). Small
numbers of DCs and their progenitors can be found circulating in blood.

DCs have a large array of surface receptors and molecules which allow then to detect
many molecules including PAMPs/DAMPs, complement components, CRP, regions
of antibody molecules (Fc receptors), HLA molecules, etc. Functional DCs in different
locations can perform, with varying degrees of efficiency, phagocytosis, endocytosis,
and pinocytosis of environmental extracellular material; they also show migratory
ability such as moving from peripheral tissues to secondary lymphoid organs. Tissue
DCs are replenished by the movement and differentiation of DC precursors from the
bone marrow to blood and thence to tissue sites. The originally defined DC is the well-
known Langerhans cell (LC) which is associated with skin epithelium; other related
DCs are found just below the epithelium and have been termed dermal DCs (DDCs)
and indeterminate DCs (IDCs). The LC and related cells are derived from bone mar-
row and relate to the mononuclear phagocyte lineage. They have many features in
common with macrophages and monocytes and also some significant differences.
They sample antigens from the local environment adjacent to and between epithelial
cells. They are part of the family of generic DCs which we associate with particular
functions of antigen presentation to lymphocytes. The functions of LCs and IDCs, and
macrophages, have qualitative and quantitative differences with regard to endocytosis,
phagocytosis, intracellular killing, and processing of internalized protein molecules to
peptide antigens to be bound to HLA for the presention of antigens to
T cells. Macrophages are very efficent at phagocytosis and intracellular killing but
much less efficient at antigen presentation; mature DCs have the converse properties.
Essentially, the DCs capture antigen, either in its complete form on their surface recep-
tors or as phagocytosed/endocytosed material, for partial digestion and processing for
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presentation, complexed with DC self-HLA molecules. The cells then have the ability to
migrate as well as to mature. During the migration and maturation stages from the
epithelial and subepithelial areas to the regional lymph nodes the cells change their
functional ability, becoming less endocytic/phagocytic and more firmly committed to
processing and presenting antigens to T cells. The stages of DC maturation and activa-
tion are correlated with changes in cell markers and DC function. In migration from
the periphery to lymphoid tissues, DCs show loss of adhesive properties, lowered
endo/phagocytosis, increased surface expression of HLA and costimulatory molecules
(CD80/86), together with increased synthesis and secretion of cytokines (e.g. IL-12).
These maturation events clearly correlate well with the DCs’ ability to present peptide
antigen complexed with HLA to naive T cells in the lymphoid tissues and to provide
the necessary costimulatory and cytokine signals for full T cell activation (Figure 1.8).

DC:s present a peptide antigen bound to its HLA class IT molecule to a CD4* T cell
(signals 1, 2). For full T cell activation a third signal is required (presence of a TLR agonist
or cytokine) (Figure 1.9). Newer studies are also revealing that DCs can down-regulate

Fig. 1.8 Phenotypic and functional changes in immature DCs (e.g. LCs and IDCs) as they
migrate from the skin site to regional lymphoid tissues to become mature APCs. In the
lymphoid tissues they present peptide complexes either with HLA class Il molecules to
the TCR of CD4™ T cells or with HLA class | to CD8" T cells. The DCs also provide
costimulatory signals by way of their CD80/CD86 molecules engaging CD28 molecules on
the T cells (and subsequently CTLA-4). The peptide presentation to TCRs of the T cells by
the DC is termed signal 1, the costimulatory function is termed signal 2. Mature DCs can
also produce cytokines such as IL-12, IL-18, IL-23 which can help in T cell differentiation.
These signals are sometimes termed signal 3. APC, antigen-presenting cell; CTLA-4,
cytotoxic T lymphocyte antigen-4; DC, dendritic cell; HLA, human leucocyte antigen;
TCR, T cell receptor.
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Fig. 1.9 Antigen-presenting DC presents processed peptide antigen bound to its HLA
class Il molecule to the specific TCR on the CD4* T cell (signal 1); the maturing DC
expresses the CD80/CD86 molecules which bind to the CD28 family of molecules on the
activating T cells: this costimulation interaction is deemed to be signal 2. For full T cell
activation a further signal (signal 3) is provided by cytokines produced by and secreted
from the mature DC. The cytokine binds to the specific cytokine receptor on the T cell.
Different cytokines may direct varying functionality in the responding T cells. APC,
antigen-presenting cell; CTLA-4, cytotoxic T lymphocyte antigen-4; DC, dendritic cell;
HLA, human leucocyte antigen; TCR, T cell receptor.

immune responses acting in concert with T regulatory cells (Tregs), with both cell
types producing the suppressive cytokines transforming growth factor-beta (TGF-f3)
and IL-10. DCs also have been shown to suppress activated T cells and facilitate the
appearance of Th2 cells in favour of Thl. This is part of the physiological control of
immunity. However, in some areas such as cancer immunotherapy using DCs, these
suppressive interactions may be amenable to positive modulation to enhance antitu-
mour responses (see Chapter 4). These suppressive DCs have been shown to facilitate
survival and growth of cancer cells by promoting an immune-tolerant environment;
the DC enzyme indoleamine 2,3-dioxygenase (IDO) appears to be responsible for the
suppressive function [14]. Inhibitors of IDO are being investigated in antitumour
therapeutic strategies. In contrast, suppressive DCs may be harnessed where down-
regulation of responses may prove desirable, in autoimmunity and allergic responses.

The major DC subtype is termed the myeloid DC (mDC); this is CD11c*
and requires the cytokine granulocyte—monocyte colony stimulating factor (GM-CSF)
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for survival. Experimentally, mDC-like cells can be generated from blood mononuclear
cell precursors by culturing in vitro with a cocktail of cytokines including GM-CSF,
IL-4, and TNF-a (see Chapter 4). A less frequent and more recently defined DC
subtype derived from lymphoid progenitors is called the plasmacytoid (p) DC
(CD11c); this cell appears to have particular roles in detecting and responding to viral
PAMPs and producing large amounts of type 1 antiviral interferon (IFN)-0/p. Some
experiments suggest pDCs are efficient in cross-presentation of peptide antigens, a
property which may be exploited in immunotherapy strategies using T cell (CD4* and
CD8%) mediated responses. Other minor subsets of DCs have been defined in tissue
sites based on phenotypic markers; whether they have discrete functional roles is
currently being investigated.

Overall, DCs can be seen to play crucial roles in the initiation of immune responses
and probably in the termination of such responses, as well as in maintenance of physi-
ological tolerance to self molecules, to commensal flora, and to ingested potential food
antigens. DCs are the key bridge between innate and adaptive immunity. Their role in
initiating and maintaining different types of CD4" Th cells (Th1, Th2, Th17), CD8* T
effector cells, and Tregs are examined in the section ‘T cells, receptors, and effectors:
CD4* Thl, Th2 and Th17; CD4" Tregs and CD8* CTLs’, below.

Natural killer cells

Natural killer (NK) cells are so named historically because of their observed ability to
kill certain target cell lines (e.g. K562, a leukaemia cell line) without any prior sensiti-
zation (natural cytotoxicity). NK cells are derived from bone marrow and are widely
distributed in lymphoid and nonlymphoid tissues. They are considered as cells of
innate immunity. They are found within the small population of morphologically
defined large granular lymphocytes (LGLs) which account for approximately 1-10%
of blood lymphoid cells. In keeping with other cells of innate immunity, they express a
series of germ-line-encoded receptors. They do not undergo somatic gene rearrange-
ment, as is the case for immunoglobulin (Ig) and TCR genes, in B and T lymphocyte
development. Experimentally, and with some clinical evidence, NK cells have been
shown to have definitive effector and regulatory roles. They have been shown to recog-
nize and respond to stressed autologous cells, as a result of infection, particularly with
intracellular organisms (e.g. viral infections), and malignant transformed cells. On
detecting stressed cells, they can induce cell killing by the process of apoptosis using
one of two pathways—the Fas-ligand (L) system and/or the release of their intracel-
lular granules comprising perforin and granzymes (see ‘Effector cells and receptors’,
below). When responding to stressed cells, in some situations NK cells have also been
shown to rapidly secrete very high levels of proinflammatory cytokines such as TNF-a,
IFN-v, and IL-17, which in turn rapidly recruit and regulate other inflammatory cells.
Importantly, by their rapid and high secretion of IFN-y, NK cells can drive APCs and
assist the development of adaptive immune responses of CD4" Th cells and CD8"
CTLs. They can also have an effect on B lymphocyte production of antibody.
Phenotypic markers used to characterize NK cells include expression of CD56 and
CD16, but lack of expression of CD3 (CD?3 is a positive marker present on all peripheral
naive and effector T cells). CD56 can occur on a subset of T cells, hence it is important
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to show CD3 negativity with respect to LGLs which are CD56* and CD16". Similarly,
NK cells lack B lymphocyte markers (CD19, CD20) and the surface immunoglobulin
receptor (SIgR). In recent years, some highly specific phenotypic markers have been
defined for NK cells which are also functional receptors; they are represented by
CD335-CD337. The most specific is CD335, known as NKP46. It represents one of
the so-called natural cytotoxic receptors on NK cells.

Because of their potentially very potent and destructive effects, NK cell reactions
need to be tightly controlled and regulated to ensure avoidance of damage to normal
tissues while acting against target tissues. This is partly achieved by a complex of dif-
ferent receptor systems found in NK cells. Among the lymphoid cells they possess a
unique combination of inhibitory and activating receptors (with ITIM and ITAM
motifs, respectively, on the intracellular receptor domains) which control their cyto-
toxic functions. The inhibitory receptors, typified by the killer inhibitory receptors
(KIRs), have a dominant role, recognizing HLA class I self molecules (different from
CD8* T cells, which recognize HLA class I with bound peptide). The KIRs recognize
HLA class I products expressed on all nucleated cells of the body. Surveillance, detec-
tion, and receptor interaction with conserved residues of the class I molecules result in
a dominant inhibitory ITIM-mediated intracellular signal to the NK cell, preventing it
from killing normal self cells. However, if tissue cells become compromised by stres-
sors (intracellular infection or neoplastic transformation) this results in the loss of
HLA class I molecules; these cells then become recognized by the activating NK cell
receptor systems. Biologically, this recognition of abnormal cells (with loss of HLA
class I) complements the activity of CD8* CTLs which recognize HLA class I antigen
peptide complexes generated from intracellular microbial infections or from trans-
formed malignant cells expressing tumour-associated antigens (TAAs). NK cells will
respond very quickly to such stressed cells. This is in contrast to CD8" T cells, which
need to be induced and undergo clonal expansion. To escape CTLs some intracellular
microbes, e.g. cytomegaloviruses (CMVs) and other herpesviruses, use the strategy of
down-regulating or overcoming HLA class I expression with decoy molecules, thus
avoiding their viral peptide presentation. Hence, by the down-regulation of class I mol-
ecules, although they escape CD8* CTLs, they become susceptible to NK cell cytotoxic-
ity. Clinically, patients with the rare deficiency of NK cells and/or NK cell function
have been shown to have problems with recurrent and serious infections associated
with herpesviruses.

NK cells have been shown to have a marked antileukaemic effect in allogeneic bone
marrow transplantation, while not inducing potentially damaging graft versus host
responses, as occurs with antileukaemic T cells. NK cells are also considered to be
significant contributors to transplant tolerance (see Chapter 3). Although NK cells are
accepted as innate immune cells, they are best considered as cells at the interface of,
and bridging, innate and adaptive immunity. Recent experiments have indicated that
they can show some degree of immunological memory (a property hitherto consid-
ered to be restricted to T and B lymphocytes). Some authorities are accordingly ques-
tioning the usefulness of maintaining the descriptive divide between innate and
adaptive immunity [15,16]. In this author’s view it remains a useful biological and
clinical mechanistic paradigm.
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Further details of NK cell inhibitory and activating receptor molecules and functions
can be found in the section ‘Effector cells and receptors’, below.

Another functional NK receptor is related to the CD16 molecule, which is a low-
affinity receptor for the IgG Fc region. This receptor functions in antibody-dependent
cellular cytoxicity (ADCC) and can be mediated by NK cells. The specific IgG antibody
binds to its target antigen via its specific Fab region whilst the Fc region binds to the
NK CD16 receptor, thus, bringing the NK cell into close juxtaposition with the target
antigen. This NK-mediated ADCC is believed to be one of the components opera-
tive in rituximab therapy, using anti-CD20 IgG MABs to target B cell tumours and
some autoimmune and inflammatory diseases (see ‘Monoclonals and other biological
therapies’, below).

For some years now, NK cells have been used in cancer immunotherapy (e.g. against
renal cell carcinoma and melanoma), as well as in attempts to modulate transplanta-
tion rejection and tolerance induction (see Chapters 4 and 3, respectively).

Many aspects of NK cell physiology are still undergoing investigation, including
their possible role in autoimmunity, and their role in self-surveillance and not damag-
ing other NK cells. In humans, there is still a lack of knowledge regarding their physi-
ological recirculation in peripheral lymphoid tissues. They can also be found in human
central lymphoid organs where they are considered to be trafficking through rather
than being matured in sites such as the thymus and the bone marrow, although their
progenitors are bone marrow-derived. Current research supports their bone marrow
origin but with major maturational events occurring in secondary lymphoid tissue
sites. Key cytokines central to human NK cell development include IL-15 together
with stromal stem cell factor/Kit L, and to a lesser extent IL-2.

Cocktails of these cytokines can be used in vitro to expand pure populations of NK
cells. Rare human immune deficiency states indicate that NK cells are derived from a
common lymphoid precursor cell before that precursor gives rise to cells that migrate
to the thymus to produce T cells and to the bone marrow to produce B cells. This is
confirmed by the occurrence of patients with a form of severe combined immune
deficiency (SCID) which is known to be induced by mutations in RAGI and RAG2
genes. These genes are responsible for the somatic gene recombination events crucial
for the development of TCRs and BCRs. These SCID patients have no T or B cells, but
they have normal numbers of functional NK cells. NK cell functional deficiencies are
well described in the rare Wiscott—Aldrich syndrome (WAS). In WAS there is a gene
mutation of the WAS protein; this interferes with cytoskeletal dynamic processes,
including those needed mechanistically for NK cell cytotoxic function. The natural
history of patients with WAS indicates that up to one-third die from severe herpesvi-
rus infections, and one-third succumb to blood cell malignancies—observations that
highlight the in vivo biological importance of NK cells.

NK cells recognize danger signals produced by stressed and damaged host cells.
They complement the range of other receptors found on phagocytes such as scavenger
receptors, TLRs, and NLRs. They are able to detect damaged cells even without recog-
nition of DAMPs. Interestingly, NK cells have also been shown to express receptors
that recognize molecules on stressed cells referred to as MIC-A and MIC-B, which
are produced from genes in the MHC class I region (see ‘Major histocompatibility
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complex’, below). These MIC-A/B molecules appear not to be recognized by standard
innate immune phagocytic cells, although there is evidence that they can also be recog-
nized by sets of unconventional T cells such as 0 T cells and NK T cells (see ‘Effector
cells and receptors’, below). Other important receptors on NK cells recognize and
respond to type 1 IFNs which are rapidly produced and secreted by virally infected
cells and are susceptible to NK cell killing. NK cells responding to type 1 IFNs enhance
their killing functions and produce IFN-y, which stimulates other innate immune cells
to generate additional inflammatory reactions against the virally infected cells. The
NK cell-generated IFN-y can also link to adaptive immunity by stimulating T cell
activation/proliferation (directly and indirectly via DCs) and by facilitating class
switching of B cells in antibody production (see ‘B cells, receptors, and antibodies’,
below). NK cells have receptors for IL-1, IL-12, IL-15, and IL-18, all produced by
macrophages, monocytes, and APCs. Thus, NK cells play an important role at the
interface of innate and adaptive immunity.

Clusters of differentiation and monoclonal antibodies

Introduction

Hybridoma technology, developed by Kohler and Milstein more than 30 years ago,
has resulted in the production of many MABs that have significantly increased our
knowledge and understanding of the immune system [17]. Such reagents have also
contributed significantly to defining leucocyte development, lymphocyte physiology,
and interaction, as well as the immunopathology of various diseases. Over the past
10-15 years, an increasing number of MABs have been used as primary therapeutic
agents in a range of human diseases. Some well-known agents used in clinical practice
include avastin, rituximab, and herceptin (see ‘Monoclonals and other biological
therapies’, below, and Chapters 4, 7, and 8).

MABs specific for cell-associated molecules have, by international workshop agree-
ment, been placed into groupings according to their reaction with specific antigens.
These antigens are termed clusters of differentiation (CD). At the present time, there
are more than 300 approved CD antigens.

CD molecules define the antigen, generally of known molecular weight, against
which a series of MABs have been derived. Currently, by common usage, the antibodies
against the CD antigens are also referred to as CD antibodies (grouping together
various synonymous reagents produced by different researchers and companies).
Documented below are some selected examples of CD groupings which will prove
useful in subsequent sections of this and other chapters.

Common CD antigens

¢ CD1 (a, b, ¢, d, and e)—a series of molecules involved in antigen presentation,
particularly of lipid/glycolipid antigens to ‘unconventional’ T cells (e.g. Y0 T and
NK T cells). CD1a, b, and c are found on cortical thymocytes, LCs, and some APCs.
CD1d is expressed on intestinal epithelial cells, B cell subsets, and other APCs.

¢ CD2—An antigen (50 kDa) present on all normal T lymphyocytes (pan-T cell
marker); also detectable on a population of morphologically defined LGLs, which
have demonstrable NK cell function. The CD2 antigen (also named lymphocyte
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functioning antigen 2, LFA2) functions as the receptor for an adhesion molecule
CD58 (LFA3) which is widely distributed.

CD3—Defines a multimolecular protein complex (including molecules of 19, 21,
and 26 kDa) restricted to T lymphocytes. The CD3 molecules are closely associated
on the T cell membrane with the antigen-specific TCR molecule termed Ti.
The complex is often referred to as CD3/Ti or the T3/Ti complex, or simply as TCR.
It is the TCR that binds peptide antigens associated with HLA molecules, the
so-called signal 1 complex. If the TCR recognition is also accompanied by addi-
tional signals to the cells, known as signal 2, then a specific response is likely to be
triggered.

CD4—The 55-kDa antigen is detected on the major subset of peripheral T lym-
phocytes (Th subset). Also, the CD4 antigen, which is known to function as a key
receptor for HIV, forms an integral part of the membrane of monocyte-macrophage
cells. In addition, CD4 is expressed on developing thymocytes within the thymus.
CD4 also functions as a coreceptor in TCR recognition of peptide antigens associated
with MHC class II molecules.

CD5—Another pan-T cell antigen, but also found on a rare subset of normal B cells
and commonly on neoplastic B cell clones of chronic lymphocytic leukaemia, and
some non-Hodgkin’s lymphomas. CD5-expressing B cells may have an important
role to play in the production of so-called natural autoantibodies.

CD8—An antigen detected on a subset of peripheral T lymphocytes (CTLs). CD8 is
also expressed on developing thymocytes. It functions as a coreceptor during TCR
recognition of MHC class I peptide complexes.

CD11—Antigens (~180 kDa) that define a family of adhesion molecules associated
with cell—cell interactions and functions. There are varying names associated with
this series of antigens, such as LFA1 (a heterodimer of CD 110 with B-chain integrin
CD18). The CD11 series is detectable on a wide range of leucocytes, including
monocytes, granulocytes, and subsets of T and B cells. They are also called leucocyte
integrins, where CD11 identifies the a-chains and CD18 the B-chains of these
adhesion molecules.

CD14—Antigen (50-55 kDa) known to be specifically expressed on the membrane
of blood monocytes, although it can be detected in the cytoplasm of granulocytes.
It has an important function as part of the receptor for bacterial lipopolysacharide
(LPS) protein complexes recognized by TLR-4.

CD15—Antigen (50-180 kDa) present on the myeloid-monocytic series of cells, on
some epithelial cells and corresponding carcinomas, as well as on the Reed—Sternberg
cells associated with Hodgkin’s disease.

CD16—Defines an antigen on the cell membrane (50-80 kDa) which functionally
interacts at low affinity with the Fc portion of the IgG class of Igs. CD16 is found on
neutrophils, eosinophils, NK cells and on lymphokine-activated killer (LAK) cells
within the morphologically defined LGL population. LAK cells continue to be
investigated in strategies of adoptive immunotherapy of cancer. CD16 mediates
phagocytosis and also ADCC.
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CD18—f2 integrin, which is broadly distributed on all leucocytes; it associates with the
various CD11 (a, b, ¢) molecules, to function in cell adhesion interactions. CD18 is the
common [-chain of the heterodimeric adhesion molecule (e.g. LFA-1, CD11a/CD18).

CD19—Defines an antigen restricted to the B lymphocyte lineage (pan-B cell antigen).
CD19 MABs are extremely useful for qualitative and quantitative enumeration of
B cells in research and clinical analysis of lymphocyte markers.

CD20—B lymphocyte-specific antigen, but more restricted on B cells than CD 19.
It is the target for the therapeutic antibody rituximab which is used to treat some
human cancers (lymphomas). Rituximab is also being increasingly used to treat
autoimmune diseases (see Chapter 8).

CD21—Defines an antigen on some B cells and APCs of the lymph node known as
dendritic reticulum cells (DRCs). The CD21 antigen functions as a receptor for the
Epstein—Barr virus (EBV). Some epithelial cells (e.g. of the uterine cervix) have been
demonstrated to express CD21. CD21 is known to be a functional receptor also for
fragments of an activated complement component termed C3d. CD21 is also
referred to as complement receptor 2 (CR2).

CD25—Antigen (50-55 kDa) which defines a marker expressed on activated T cells
(cells that have been stimulated either by the TCR or by nonspecific mitogenic
stimuli). CD25 represents part of the IL-2R and is referred to as the TAC antigen.
Physiologically, T cell-derived IL-2 binds to CD25 which is part of a trimolecular
receptor complex. Interaction of IL-2 with this receptor initiates important signal
transduction events for T cell activation and proliferation in cell-mediated reactions.
The expression of CD25 is also a key marker of Tregs, which are CD4* CD25* and
express the transcription factor FoxP3 (Forkhead box protein 3) (see ‘T cells, recep-
tors, and effectors: CD4* Th1, Th2 and Th17; CD4" Tregs and CD8* CTLs’, below).
CD28—Located on T cell subsets and some activated B cells. It plays a key role in
activation of naive T cells as a receptor for costimulatory signals (signal 2). CD28
binds to molecules defined as CD80 (B7.1) and CD86 (B7.2) expressed by APCs.
CD34—Present on haematopoietic precursors (including the pluripotential bone
marrow stem cell). It is also found on capillary endothelial cells.

CD40—Located on B cells, on APCs (macrophages and DCs) and on some basal
epithelial cells. CD40 binds to its ligand (L-CD154) which is found on activated
T cells. The interaction induces B cell proliferation and activation.

CD45—Present in various isoforms (CD45 RO, RA, RB) of haematopoietic cells.
The different isoforms are correlated with different types of T cell properties, defining
respectively naive, memory, and other functional correlates of T cells.
CD52—Distributed on lymphocytes, monocytes, and granulocytes. CD52 is the
target for one of the earliest therapeutic MABs (CAMPATH-1) which has been used
to deplete T cells from bone marrow for transplantation (see Chapter 3).
CD54—Intercellular cell adhesion molecule-1 (ICAM-1) present on endothelial

cells, monocytes, and lymphocytes; functions as a receptor/counter-ligand for
CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1) integrins.
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¢ CD56—Antigen (~220 kDa) expressed on most NK cells and a subset of T cells
which exhibit cytotoxic function and are part of a pool of cells referred to as uncon-
ventional T cells, in particular the NK T cells. CD56 is known to function as a neural
intercellular adhesion molecule (N-CAM).

¢ CD69—Inducible on a wide range of bone-marrow-derived haematopoetic cells. It
is one of the earliest activation markers detectable on, and characterizing, T cells
stimulated by antigen or mitogen. CD69 is involved in further activation and prolifera-
tion of lymphocytes, acting as a signal-transducing molecule.

+ CD80/CD86—Previously called B7.1 and B7.2, found on macrophages-monocytes
and DCs; also expressed by activated T and B lymphocytes. CD80/CD86 function
by binding to CD28 and CD152 in T cell costimulatory activity.

¢ CDI152—Found on activated T cells; engages the ligands CD80 and CD86 (similar
to the interaction for CD28). However, the interaction of CD152, also called
CTLA-4, results in the negative regulation of T cell activation. CD152 has been
employed in immunotherapeutic approaches to switch off immune-driven and
mediated chronic inflammatory disorders.

¢ CD154—See CD40 above.

¢ CD 161—Lectin-like molecule found on NK cells and subsets of CD4" and CD8*
T cells. It is thought to function in NK cytotoxicity; CD161 is being correlated with
differentiation, cytokine production, and functions of CD4* and CD8" T cell
subsets.

+ CD207—Langerin, found on and in LCs, and functions as an endocytic receptor.
It is used as a specific marker for LCs.

+ CD228—Defines molecules that are found predominantly in human melanomas.
They have been used as TAAs for immunotherapy of melanomas.

¢ CD254—RankL is the major effector of bone resorption; it is produced by osteoblast
lineage cells and is expressed on the surface of T and B lymphocytes. Its physiological
receptor RANK is expressed on the surface of osteoclasts. CD254 is a key player in the
bone loss associated with metastatic cancer (e.g. breast, prostate); it is also implicated
in the immune-inflammatory destructive lesions of RA.

The above summary of some important CDs is mainly restricted to their expression
on cells—their phenotypic demonstration. The exploitation of phenotypes to enu-
merate cell numbers and subsets, cell development, and functional properties is illus-
trated throughout the remainder of this chapter. The molecules defined by the CDs
have specific biological functions associated with the cells possessing them. These
functional aspects of CDs, e.g. the important functional roles of CD28, CD25, and
CD40 in lymphocyte interactions, are becoming better understood. This elucidation
has been greatly helped by exploiting biological techniques allowing isolation and
cloning of genes encoding the CDs and the subsequent transfection (direct DNA
insertion), and expression of the genes in in vitro cell lines. Thus, the in vivo biological
role of the T cell CD4 antigen, for instance, was shown to be its interaction with MHC
class IT molecules on APCs. Similarly, the CD3 molecular complex has been defined as
playing an important role in signal transduction from the CD3 Ti (TCR) on the cell
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surface through the cell membrane via the cytosol and ultimately to the nucleus of the
cell. This signal transduction represents critical biochemical information which flows
from the interaction of the foreign antigen peptide-MHC complex with the TCR to
ultimately result in effectors which will destroy or contain the foreign antigen. Many
steps in the transduction process have now been well defined [18] and are proving
useful as potential new targets for immunotherapy. The characterization of patients
with rare deficiencies associated with lack of expression of parts of the CD3 complex,
and of patients with deficiencies of parts of other signalling molecules such as CD25,
have helped to closely define the components involved in signal transduction within
lymphocytes.

Cytokines, chemokines, and signalling

Cytokines

In parallel with the explosion in knowledge and exploitation of CD antigens and anti-
bodies, there has been an equally remarkable expansion in our knowledge of cytokines
and their roles, together with exploitation of such knowledge in clinical medicine.

The generic term ‘cytokine’ covers the IFNs (originally discovered with respect to
their antiviral function), lymphokines, ILs, chemokines, and monokines, as well as
other important haematopoietic factors and other growth factors. Outlined below
are some details of key cytokines—with emphasis on ILs—that are of particular
importance in understanding the science of immunology and immune reactions.

Cytokines are mainly generated in response to various stimuli and act as signalling
molecules binding to specific receptors in an autocrine or paracrine fashion. They are
central in controlling inflammation and immunity and are drivers of cellular differen-
tiation and proliferation. They also have important regulatory roles in immune and
inflammatory responses. Importantly, they play key roles in immune homeostasis,
and in tissue healing and repair. Modulation of the immune response by cytokines
occurs at multiple levels. They may affect lymphocyte proliferation (IL-2, IL-4), cell
survival (IL-7, Fas L), cell differentiation (IL-4, IL-12), antigen presentation to
lymphocytes (IFN-y, GM-CSF, IL-10), cell trafficking (chemokines), etc. [19].
Cytokines are, therefore, key in linking the immune response to the inflammatory
response; note the role of IL-1, TNF-a, and IL-6, especially in innate immune responses.
Cytokines can also have major immune suppressive roles; IL-10 and IL-13 can inhibit
macrophage production of proinflammatory cytokines. Gene cloning and the subse-
quent production of recombinant cytokines, together with the use of cell culture
systems and transgenic animal models, including gene knock-out mice studies, have
all been crucial to help isolate and elucidate the roles of cytokines.

Structurally, some cytokines are single-chain proteins while others are homodimers
(identical polypeptide chains), heterodimers (nonidentical polypeptide chains), or
trimers (e.g. TNF-o.). Some cytokine family members are integral membrane proteins
such as Fas L and CD40 L. Cytokines bind to specific receptors; although they are
structurally different and discrete molecules, they may, in part, utilize the same recep-
tor. Such cytokines will often have a common polypeptide chain which will access
the common receptor. Cytokines can often be grouped into families on the basis of
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structural homologies (see later). The overlapping functions of many cytokines have
suggested a system that has significant in-built redundancy. However, experimental
methods adopted to monitor responses of cells following inductive signals for cytokine
production have yielded very interesting data. Thus, in an environment where multiple
cytokines can be demonstrated, it can be shown that some cytokines have the domi-
nant functional role. Techniques that have been used include tracking the production
kinetics of cytokines at the gene transcriptional level by analysis of mRNA, using the
polymerase chain reaction (PCR), or tracking the intracellular storage and movement
of proteins to the extracellular compartment by techniques such as Western blotting,
flow cytometry, and enzyme-linked immunosorbent assay (ELISA). Furthermore, cel-
lular techniques documenting cytokine binding to target cell receptors and functional
readouts are used (see Chapter 9). From such experimental approaches it has been
demonstrated, for instance, that TNF-o. is a master controller cytokine within an acute
inflammatory response. This was well defined in surgical specimens from patients
with RA and subsequently in cell culture and in in vivo animal models, and led to the
pioneering and successful use of anti-TNF-o immunotherapy which has revolution-
ized the management of this disease (see ‘Monoclonals and other biological therapies’,
below and Chapter 8). The dominant role of TNF-a is due, in part, to the kinetics of
its production (very rapid) and the fact that TNF-o itself induces the production of
other potent proinflammatory cytokines (e.g. IL-6). Additionally, other important
studies in vivo using animal models, including gene knock-out mice, as well as ex vivo
use of human tissue and organ culture systems, together with the use of specific anti-
cytokine MABs or cytokine receptor antagonists, have helped to further elucidate the
role of key cytokines in other immune-mediated inflammatory diseases and in certain
cancers. Rare ‘experiments of nature’, namely human cytokine deficiencies due to
gene mutational events, have also helped to define the in vivo biological roles and rel-
evance of certain cytokines. For example, patients with deficiencies of IL-12 or IFN-y,
and/or deficiencies of the corresponding receptors, have been shown to develop severe
infections with intracellular microbes. This has established the major role played by
these cytokines in the development of CMI in combating intracellular microbes.

An overview of some key cytokines with regards to their source, target cells/receptors,
and functions is outlined in Table 1.4. The cytokines chosen are those that will inform
the context and content of this and the following chapters. An extensive listing of
cytokines can be found at http://www.copewithcytokines.de/

Chemokines

Chemokines are the most abundant cytokines in the body. In recent years they have
been systematically classified on the basis of structurally conserved cysteine amino
acid residues, being denoted as CCL, CXCL, or CXXXCL chemokines. X denotes
amino acids other than C (cysteine), and L denotes ligand. Corresponding chemokine
receptors have the nomenclature CCR, CXCR, or CXXXCR. Historically, many chem-
okines were named descriptively on the basis of their functional targets or actions; for
example, monocyte chemotactic protein-3 (MCP-3) is now CCL7, and IL-8 is now
CXCLS8. The new structural nomenclature is much less haphazard and more precise in
defining these most abundant of molecules.
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Table 1.4 Selected cytokines and their functions in humans

Cytokine Producing cell Target cell Function
TNF-o Macrophages, mast Macrophages CAM and chemokine expression
cells, NK cells
Tumour cells Cell death
TNF-B Th1 cells and CTLs Phagocytes Phagocytosis, NO production
Tumour cells Cell death
GM-CSF Th cells Progenitor cells  Growth and differentiation of
monocytes and DCs
IL-1o Monocytes Th cells Costimulation
IL-1B Macrophages B cells Maturation and proliferation
B cell I
cetls NK cells Activation
DCs
Various Inflammation, acute phase
response, fever
IL-2 Th1 cells Activated T and  Growth, proliferation, activation
B cells, NK cells
IL-3 Th cells Stem cells Growth and differentiation
NK cells Mast cells Growth and histamine release
Mast cells
IL-4 Th2 cells Activated B cells  Proliferation and differentiation of
Basophils IgG1 and IgE synthesis
Mast cells Macrophages MHC class Il antigens
T cells Proliferation; Th2 polarisation
IL-5 Th2 cells Activated B cells  Proliferation and differentiation,
Mast cells IgA synthesis; eosinophil activation
IL-6 Monocytes Activated B cells  Differentiation into plasma cells
Macrophages Plasma cells Antibody secretion
Th2 cell : "
cets Stem cells Differentiation
Stromal cells
Various Acute phase response
IL-7 Bone marrow stroma  Stem cells Differentiation into progenitor B
Thymus stroma and T cells.
IL-8 (CXCL8  Epithelial cells Neutrophils Chemotaxis
chemokine) - Macrophages Endothelial cells
Endothelial cells
IL-9 Th2 cells T and B cells IgM, IgG, and IgE products
(stimulate mast cells)
IL-10 Monocytes Macrophages Cytokine production inhibited
Macrophages B cells Activation
Th2 cells
CD8™ T cells
Mast cells

(Continued)
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Table 1.4 Selected cytokines and their functions in humans (continued)

Cytokine Producing cell Target cell Function
IL-12 DCs Activated T cells  Differentiation into CTLs (with
Macrophages IL-2); Th1 polarisation
B cells NK cells Activation IFN-y
IL-13 Th2 cells Th2 (autocrine)  Growth and differentiation of B
Mast cells B cells cells (IgE production)
NK cells Macrophages Inhibition of Th1 cells
Inhibition of macrophage
production of proinflammatory
cytokines IL-1, IL-6,
IL-8, IL-12
IL-15 Macrophages T cells Induces production of NK cells
Monocytes Activated B cells
IL-17 Th17 Epithelium Inflammatory cytokines IL-1, IL-6,
Endothelium TNF-o.. Attracts neutrophils
Stimulation of angiogenesis and
oestoclasts
IL-18 Macrophages Th1 cells Increased production of IFN-y
NK cells Increased NK cell activity
IL-21 Activated T cells Lymphocytes CD8™ T cell cytotoxicity
NK T cells DCs NK cell killing
B cell antibody production
Th17 cell differentiation
IL-22 Activated CD4* Epithelial cells Regulation of differentiation and
T cells proliferation
IL-23 Monocytes Th17 cells Inflammatory response
Macrophages Endothelium Angiogenesis in peripheral tissue
DCs Extracellular and autoimmune disease
matrix CD8* T cell tissue infiltration
Intestinal innate
cells
IL-25 Th2 cells Th17 cells Production of IL-4, IL-5, IL-8, and
Mast cells Th2 memory IL-13. Eosinophil proliferation
Eosinophils cells Inflammatory responses. Allergic
Basophils Fibroblasts responses
IL-33 Endothelial cells Mast cells Enhanced Th2 responses
Smooth muscle cells Th2 cells ‘Danger signal” activation (alarmin)
Keratinocytes Various in innate immunity
(epithelial cells)
Fibroblasts (nuclear
location of IL-33)
IL-35 Tregs Th17 Suppression of Th cell activation
Th cells (including Th17 cells),

anti-inflammatory

(Continued)
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Table 1.4 Selected cytokines and their functions in humans (continued)

Cytokine Producing cell Target cell Function
MIP-1o Macrophages Monocytes Chemotaxis
(CCL3) T cells
MIP-18 Lymphocytes Monocytes Chemotaxis
(cCLa) T cells
TGF-B T cells Th1 cells Suppresses Th1 responses
Monocytes Monocytes Chemotaxis
Macrophages
Activated IL-1 synthesis
macrophages
Activated B cells  IgA synthesis
Various Proliferation inhibited
IFN-o Leucocytes Various Viral replication inhibited
MHC class | expression increased
IFN-B Fibroblasts Various Viral replication inhibited
MHC class | expression increased
IFN-y Th1 cells, CTLs, NK cells Various Viral replication inhibited weakly
Macrophages MHC expression

Activated B cells

Ig class switch to 1gG1

Th2 cells

Proliferation inhibited

Macrophages

Pathogen elimination

CAM, cell adhesion molecule; CTL, cytotoxic T lymphocyte; DC, dendritic cell; NO, nitric oxide.

Chemokines, together with adhesion molecules, guide massive leucocyte migration
out of the vasculature into areas of inflammation. Physiologically, they guide blood
lymphocytes into lymphoid tissues via high endothelial cells in venules (HEVs) and
their subsequent segregation into T and B cell zones. They move effector cells into
peripheral tissues and sites of antigen or microbe invasion. Chemokines guide immature
DCs from peripheral tissue sites to secondary lymphoid tissues (e.g. lymph nodes),
where the DCs act as APCs. Chemokines bind promiscuously to chemokine receptors
showing much redundancy in the system. The roles of these interactions are being
studied in many diseases. For example, the CCR5 receptor present on T cells and
monocytes is known to be highjacked and used as a coreceptor along with CD4
for HIV binding and infection of those cells (see ‘Monoclonals and other biological
therapies’, below). Antagonists are being urgently explored. Cancerous cells can
produce large amounts of chemokines, some of which are angiogenic, thus favouring
growth, survival, migration, and metastasis of cancer cells. Chemokines produced by
cells in the vicinity of tumours (e.g. stromal cells) can enhance the attraction of
immune cells to the site. Clearly, manipulation of the tumour—chemokine microenvi-
ronment presents a potential therapeutic strategy.
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Table 1.5 Chemokines and chemokine receptors: physiological and pathological

functions
Chemokines Receptor Target cells Physiological Pathological
functions functions
CCL3, CCL5 CCR1 T cells Facilitates innate Increases the
(Rantes), CCL7 Monocytes and adaptive pathological lesions of
(MCP-3) Eosinophils immunity RA and MS
CCL2, CCL7, CCR2 Monocytes Combats Increases the
ccL8 DCs intracellular pathological lesions of
Memory cells microbes RA, MS, and type 2
diabetes
Increases atheroma
formation
CCL11 (eotaxin), CCR3 Eosinophils Enhances defence  Increased activity in
CCL5, CCL8 Basophils against helminth allergic asthma and
Th2 cells parasites rhinitis
CCL17, CCL22 CCR4 T cells T cell homing Increases incidence in
DC macrophages graft rejection
CCL3, CCL4, CCR5 T cells Mucosal immune HIV-1 coreceptor
CCL5 Monocytes responses molecule (CCR5)
CCL19, CCL21  CCR7 T cells Transport of T cells
DCs and DGs to T cell
areas of peripheral
lymphoid tissue
CCL25 CCR9 T cells Homing of T cells  Involved in IBD
B cells and and IgA+ B cells to
secretion of IgA  MALT
CXCLS, (IL-8)  CXCR1 Neutrophils Early innate immune Involved in IBD
Monocytes responses at
epithelial surfaces
CXCL12 CXCR4 Many cell types Haematopoiesis HIV1 coreceptor
Monocytes lymphopoiesis CXCR4 for T-trophic
T cells forms of HIV
CXCL13 CXCR5 Follicular helper ~ Formation of

T cells, B cells.

B cell follicles

DC, dendritic cell; IBD, inflammatory bowel disease (Crohn’s and ulcerative colitis); MALT, mucosal-associated
lymphoid tissue; MS, multiple sclerosis; RA, rheumatoid arthritis.

Table 1.5 summarizes some chemokine—chemokine receptor interactions, target
cells, physiological actions, and diseases or pathological processes where the interac-
tions are deemed significant and potentially targetable.

Both CC and CXC chemokines are involved in recruiting leucocytes to sites of
inflammation. Additionally, CXC chemokines play important roles in wound healing
and in angiogenesis. Chemokine receptors show significant promiscuous binding for
various chemokines.
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Cytokines and signalling
Certain heterodimer cytokines (e.g. IL-2, IL-4, IL-7,IL-9, IL-13, and IL-15) bind using
a common signal-transducing receptor chain. These cytokines use the common IL-2R
v-chain, which is a component common to each of their respective receptors. The
v-chain was first identified as part of IL-2R trimolecular complex. Patients with SCID
have profound defects in T and B cell immunity. The largest subgroup of X-linked
SCIDs have been shown to have a molecular defect (mutation) in the gene encoding
the y-chain. This nonfunctional receptor signalling subunit compromises all cytokines
in this grouping, hence, the global defects in T and B cells (note the role of these
cytokines on lymphoctyes in Table 1.4). The use of a common chain as part of different
cytokines is also seen with other molecules; for example, IL-12 and IL-23 share a com-
mon polypeptide chain designated P40. In contrast, IL-10 and IL-22 share a common
receptor subunit (chain of the IL-10R, designated IL-10R2).

As indicated above, cytokines can be grouped into families or superfamilies based
on their overall molecular form and structure, including usage of shared chains or
common receptor units for signalling. Some examples are:

¢ IL-1 superfamily—IL-1, IL-8, IL-33

¢ IL-6 family—IL-6, IL-11, IL-27

¢ common Y family—IL-2, IL-4, IL-7, IL-9, IL-13, IL-15, IL-21 (as outlined above)
¢ IL-12 family—IL-12, IL-23, IL-27, IL-35

Cytokines are often produced in cascades with varying kinetics. One cytokine will
often stimulate cells to make additional cytokines. Some of these molecules may act
synergistically, thus amplifying responses, or they may act antagonistically, opposing
or suppressing the induction of other cytokines. Figure 1.10 presents an overview of a
dominant cytokine signal transduction pathway, the well-defined JAK/STAT system.
Unravelling the details of such pathways is providing the potential for new therapeutic
targets for diseases where cytokine signalling and/or the activation pathways involved
in gene expression can be used to treat chronic inflammatory or autoimmune diseases
and some cancers. Figure 1.10 shows the cytokine receptor signal transduction path-
way that is used by IL-2 and IL-2R (trimer; common 7 family). It also shows the het-
erodimer cytokines (IL-12 and IL-23) sharing the common p40. Following the
interaction of the cytokine with the receptor the latter becomes phosphorylated and
acts as a docking site for signalling molecules called Janus kinases (JAKs), which in
turn phosphorylate and activate the members of a family of transcription factors
referred to as STATS (signal transducers and activators of transcription), which induce
their STAT-dependent genes. Activated STATSs translocate from the cytoplasm to the
nucleus, binding to DNA sequences to regulate the expression of genes within cells
that have been stimulated by the cytokine (note the similarity with TLR and NLR
signalling which targets transcription factors such as NF-xB and MAPK). There are
several JAKs and STATS; three JAKs have been defined in humans and, at present,
seven different STATSs. Different JAKs and STATSs have shown variation in their distri-
bution and functions in different leucocytes and other cell types, and varied profiles in
different diseases. These differential expressions give a rationale for therapeutic target-
ing for molecules which have been considered historically as ubiquitous in cellular
signalling [20].
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Fig. 1.10 Cytokine/cytokine receptor interactions and signal transduction via JAK/STAT.
IL-2 is shown binding to the IL-2R which has three chains, CD25 (a-chain), CD122
(B-chain), and CD132 (y-chain). The y-chain is also used for signalling by other cytokines
in the superfamily—the common y-chain grouping. The other cytokines shown (IL-12
and IL-23) are heterodimers. IL-12/IL-23 share a common p40 chain which binds to the
IL-12RB1 chain common to both of their receptors. The cytokine-receptor interactions
lead to the phosphorylation of JAKs which in turn provide docking sites for STATs which
become phosphorylated, dimerize, and translocate to the nucleus to induce activation
of genes and their products, along with other cellular changes. The result commonly is
cell activation, proliferation, and generation of effector functions. Dominant STATs used
by each cytokine signal are shown; in reality, other STATs are involved in each of these
signalling pathways. IL-12R/23R, interleukin-12 receptor/23 receptor; JAK, Janus kinases;
STAT, signal transducers and activators of transcription.

In lymphoid cells, knocking out genes for JAK3 induces markedly impaired T cell
development and down-regulates their functions, although other cell types are left
largely unaffected. Drug antagonists of JAK3 are being developed to use as possible
therapeutic agents to treat diseases associated with excessive or unwanted T cell func-
tion (autoimmune diseases or acute transplant rejections). Similarly, different STAT
molecules have been shown to be associated with different cytokine-driven differen-
tiation pathways of various Th subsets (IL-4 uses STAT6 to develop Th2 subsets).
Again, researchers are trying to define antagonists which may have specificity for
STATs within particular disease situations.

Central and peripheral lymphoid organs; lymphocyte
recirculation

Introduction

Classical anatomical studies, together with histological staining methods supplement-
ed by immunobhistological specification of cell types and molecules, have provided a
more detailed background of the organization of lymphoid tissues (see Figures 1.11,
1.12 and 1.13). Subsequent studies, using fresh slices of tissues ex vivo with labelling of
living cells, have provided some insight into the dynamic interaction of cells and/or
molecules (e.g. integrins with their ligands). Additionally, the use of MABs or antibody
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Fig. 1.11 The human lymphoid system. T and B lymphocytes can be defined in
compartments within various tissues, as well as undergoing continuous recirculation
between lymphatics, blood, and lymphoid organs. Thymus and bone marrow function
as central (primary) organs for development of T and B cells.

fragments to inhibit such interactions has helped to define the importance and hierarchy
of different molecular interactions. These latter approaches have helped to define in
great detail the interactions of leucocytes with normal endothelial cells or those derived
from inflammatory tissue. The interactions that have been well defined include T cell
integrin LFA-1 binding to its ligand ICAM on endothelial cells.

The integrated working of the whole immune system has specific requirements and
unique demands, including the following:

¢ T lymphocytes need to recognize their antigens linked to self HLA, to respond
appropriately to the foreign peptide antigen and, at the same time, not to respond
detrimentally.

+ T and B cells with specific receptors for antigen are relatively rare cells (1 in 10 to 1
in 10° cells). The appropriate receptors must find their target antigen, which may
enter at any site in the body.

+ The encounter with the antigen must occur in a form and at a density to allow a
productive interaction.
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Fig. 1.12 Organization of the lymph node structure facilitates entry of antigen and its

specific interaction with the appropriate T and B cells. FDC, follicular dendritic (antigen
presenting) cell; PCV, postcapillary venule; %, estimate of lymphocyte traffic. > greater
than; >> substantially greater than.

+ Naive T and B cells in the peripheral lymphoid tissues need to meet innate cells, in
particular DCs, that sample antigens from the peripheral tissues.

o Effector T cells need to access nonlymphoid peripheral tissues for activation by cells
(APCs and non-APCs with cognate antigen), particularly in sites of inflammation.

+ Tregs need to recognize and interact with responding T and B effector cells to regulate
peripheral immune responses.

+ Additionally, the effector cells and their regulation need to occur at sites interfacing
with pathogens, as well as with potentially malignantly transformed cells, wherever
they are found in the body.

These demanding and stringent requirements for immune functions (innate and
adaptive immunity) are integrated through complex interplays of diverse cells. Such
diverse cells must have the appropriate anatomical and physiological requirements to
satisfy the stringent criteria above. This includes such cells as DCs, epithelial cells,
CD4" Th (Th1, Th2, Th17) lymphocytes, CD8% CTLs, Tregs, B cells, NK cells, NK T,
and many other cells of innate immunity, together with the stromal cells associated
with the extracellular matrix in lymphoid tissues. Gaining an insight into these
complex interactions has required significant advances in technological expertise.
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Fig. 1.13 T cell development within the thymus and emergent immunocompetent but
naive T cells in the peripheral compartment are shown. Antigen-responsive naive T cells
develop into effector cells. The precise pathways to development of invariant (i) NK T
cells and IELs are still being unravelled. CTL, cytotoxic T lymphocyte; Dp, double positive
thymocytes with CD4+tand CD8* expression on single cells; IELs, intraepithelial
lymphocytes; nTreg, natural T regulatory cell; Sp, single positive thymocytes, CD4* or
CD8" on single cells; TCR, T cell antigen receptor (Ti/CD3 complex).

In the past 10 years, major developments have enabled the use of dynamic real-time
techniques, including video imaging of leucocyte interactions. Additionally, there
have been advances in confocal microscopy and, more recently, the use of multipho-
ton intravital microscopy (MPIVM) coupled with the use of MABs and recombinant
cytokines. These approaches are giving an unparalleled view and insight into interactions
within the central and peripheral lymphoid tissues. This has facilitated direct observation
of cell mobility and migration, for example:

¢ naive T and B cells compared with T and B effector and memory populations (see
‘Effector cells and receptors’, below)

+ cell—cell contact dynamics of T cells (CD4* and CD8") with DCs
¢ cell migration and accumulation at sites of peripheral inflammation
¢ lymphoid development and interactions in central lymphoid organs [21].

An overview of the knowledge gained from these various approaches, together with
particular features of the human central and peripheral lymphoid system, is presented
below.
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Thymus

This central lymphoid organ, located in the upper anterior mediastinum in humans, is
known to be the primary site for the development of T lymphocytes from immigrant
bone marrow lymphoid stem cells, which migrate into the thymus from as early as the
eighth week of gestation. The inductive factors in the thymus responsible for the differ-
entiation of stem cells to thymic lymphocytes (thymocytes) include a number of small
polypeptide hormones. Several such hormones have been isolated, including thymosin
(~12 kDa) and thymopoietin (~7 kDa). Organ culture experiments have clearly indi-
cated that direct cell—cell contact between the bone-marrow-derived cells and the
mesenchymal/stromal, dendritic, and epithelial elements of the thymus are also crucial
for cell proliferation and differentiation, as is the need for cytokines (e.g. IL-2, IL-7).

A scheme for thymocyte development is shown in Figure 1.13, indicating recognized
T-cell-associated CD antigens. These CD differentiation antigens are acquired at vari-
ous stages within the thymus, the most undifferentiated cells being found in the outer
cortex and the most mature in the medulla. From the medulla a small percentage of
cells migrate out of the thymus, to become the antigen-responsive immunocompetent
naive T lymphocytes recognized in the peripheral secondary lymphoid T cell compart-
ments. Thus, peripheral T cells are found in the paracortex of lymph nodes; in the
systemic circulation; as intraepithelial lymphocytes (IELs) and lamina propria T cells;
and as lymphoid aggregates in the GIT and other mucosal sites. The naive T cells
emerging from the thymus are immunocompetent but have not reacted with antigens
outside the thymus. Some Tregs are also produced within, and emerge from, the thy-
mus. These are referred to as natural (n) Tregs and have the predominant phenotype
CD4*, CD25%, and the Fox P3 transcription factor. The thymic developmental path-
way of cells found in the periphery, such as y3 T cells, NK T cells, and CD8* IELs are
not yet fully elucidated.

It has been well established that both massive proliferation and death of cells occurs
in the thymus. These events have been demonstrated by classic histological methods,
as well as by labelling cells with radio-isotopes and following the fate of labelled cells.
Experiments in mice have demonstrated that within the thymus more than 108 lym-
phocytes are produced per day, but only about 10° cells are exported to the periphery.
Hence, less than 10% of the cells produced within the organ survive and exit from the
gland. This apparent ‘mysterious’ behaviour within the thymus has been unravelled
by modern cellular and molecular biological techniques.

The raison d’étre of the thymus encompasses three important biological functions:

1. The generation and selective maturation of individual CD4* and CD8* immuno-
competent T cells, which exit from the thymus. The cells possess specific TCR com-
plexes which will recognize a vast array of possible foreign antigens—complexed
with self MHC molecules—to mount an efficient immune response. The TCR rep-
ertoire is generated by a random process of somatic gene rearrangements in the
TCR genetic loci controlled by RAGI and RAG2 genes.

2. The destruction within the thymus of developing cells which, during proliferation
and differentiation, develop TCRs with the potential to react strongly solely against
selfantigens (rather than against foreign antigens—linked to self MHC). Intrathymic
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destruction of such cells (by apoptosis) is seen as a crucial mechanism in the
development of central self-tolerance and, thus, a lack of tissue-damaging responses
to self antigens, as occurs in autoimmunity.

3. The generation in the thymus of nTregs which migrate to the periphery and there
regulate (suppress) other lymphocyte functions. This suppression is thought
to occur by direct and indirect mechanisms orchestrated by nTregs. Additionally,
induction in the periphery of Tregs has been demonstated; these induced (i) Tregs
have a similar phenotype to the nTregs from the thymus, namely they are
CD4*tCD25%FoxP3* Tregs; some subsets are CD25~ but appear to still function as
regulatory cells.

The first key biological role (1) is thought to occur by a process termed positive selection.
Developing cortical thymocytes (possessing both CD4* and CD8* T cells) with TCR
binding to particular molecules on thymic epithelial cells (with self antigens including
self MHC) are selected for survival. The future TCR recognition of foreign antigens
(outside the thymus) by these cells will also require them to ‘see’ the self molecules
responsible for their survival. This positive selection is used to explain thymic educa-
tion of T cells—the process where they must recognize peptide antigen in the context
of self HLA. Thymocytes which do not bind to the self molecules at this stage of devel-
opment undergo apoptosis (programmed cell death). There is strong experimental
evidence indicating that in this second key biological role (2) a process of negative
selection occurs, whereby cells with strong binding TCRs for self molecules (perhaps
encountered at the corticomedullary junction) are deleted, again by apoptosis. The
CD4 and CD8 molecules on thymocytes are believed to play direct and contributory
roles in the processes of positive and negative selection, but these mechanisms require
further clarification.

Thus, the T cells trafficking from the thymus have the following properties:

* unresponsiveness to self MHC antigens alone
¢ ability to react to MHC antigens of other members of the species (the basis of

recognition of MHC antigens in transplantation, leading to acute rejection; see
Chapter 3)

+ ability to react with foreign antigens, associated with self MHC (termed MHC
restriction).

The massive cell proliferation in the thymus will generate many different families of
cells (clones) with TCRs to recognize and interact with the many millions of antigens
that may be encountered in life. The price of such diversity could be the development
of TCRs with anti-self specificity. Such clones would, however, be largely deleted in
the massive death of cells by apoptosis that occurs in the thymus. The thymic selection
processes are less than 100% efficient, however; some potentially tissue-damaging
reactive anti-self T cells escape deletion and can be found in peripheral lymphoid
tissues of most individuals. Additional mechanisms have been described in the periph-
ery to control such potentially self-reactive clones of cells. Some thymic emergent
Tregs and other peripheral Tregs act to suppress these potential anti-self responses in
secondary lymphoid tissues. This is one form of peripheral tolerance (see ‘Immune
tolerance: central and peripheral tolerance’, below).
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An important question regarding deletion of self-reactive T cells in the thymus
is: How can the myriad of self antigens, many anatomically and physiologically active
outside the thymus, be presented to CD4*/CD8" T cells in the thymic microenvironment
to allow deletion? This conundrum was in part explained by the discovery of the AIRE
(autoimmune regulator) gene which is functionally associated with thymic cells. This
gene encodes a transcription factor which causes a promiscuous transcription of a
range of organ-specific genes and translation of their protein products that are usually
only present in peripheral tissues. The correctness of this finding is proved by a situa-
tion where the AIRE gene is nonfunctional either by natural causes (mutational
events), or experimentally. Humans with nonfunctional mutations in AIRE develop a
range of autoimmune disorders and syndromes due to failure of elimination of self-
reactive T cells which were not eliminated by negative selection as a result of lack of
presentation of the antigens (see ‘Autoimmunity’, below). The best-characterized
autoimmune disorder is called APECED (autoimmune polyendocrinopathy with
candidiasis and ectodermal dysplasia).

Bursa equivalents

B lymphopoiesis, like T lymphopoiesis, takes place in a primary lymphoid organ. In
birds, a discrete organ found near the cloaca (the bursa of Fabricius) has been shown
to be responsible for the development of B cells from bone marrow lymphoid stem cell
precursors. In mammals no bursa exists, but there is experimental evidence that
the bone marrow and the foetal yolk sac and liver serve a similar function. Modern
techniques using MABs and radionuclide tracing have clearly defined differentiation
pathways of B cell development (see Figure 1.14), analogous to T cells in the thymic
environment.

A feature common to both T and B primary organs is that the cells in their early
development in those sites are relatively immunoincompetent; they will not react
positively and generate immune responses against classic non-self antigens. Indeed,
encounter with antigens at this time can result in deletion or inactivation of such cells.

Antigen-independent development Antigen and mitogen dependent
development

Stem cells —> Pre-B cells > B cells » Plasma cells
HLA-DR HLA-DR
CD19 CD19
LA-DR
Rearrangement Light chain
transcription and rearrangement and Z(/
translation of IgM expression of kappa Z(/
(heavy chain) gene or lambda on a single Secreted

cell (Smig) immunoglobulin-antibody

Fig. 1.14 B lymphocyte development. Surface membrane immunoglobulin (Smig) on the
B cell functions as the antigen-specific receptor.
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Naive but immunocompetent T and B lymphocytes, by contrast, are found in the
secondary lymphoid organs and other sites.

Secondary lymphoid organs

The common feature of all these sites (lymph nodes, spleen, tonsils, etc.) is that T and
B cells can be found in fairly identifiable compartments and are closely juxtaposed
anatomically to members of the APC family. Figure 1.12 shows a cross-section of a
lymph node with the predominant collection of T cells in the paracortex and B cells in
the follicular areas. Plasma cells, which are derived from B cells and secrete antibody
molecules, can be found in the medullary region. In all of these areas of the node,
appropriate APCs can be demonstrated along with a stromal network of fibroblastic
reticular cells (FRCs) associated with the extracellular matrix. These FRCs are now
known to be a major source of IL-7 which is critical for the survival of lymphoid cells
within the secondary lymphoid organs.

Lymphatic network; recirculation pathways

Thelymphoid cells detectable in a blood differential count consist of T cells (~50-90%),
B cells (~5-15%), and a minor population (~1-10%) of LGLs which contain NK cells.
The blood T and B cells enter the substance of lymph nodes through the postcapillary
venules (PCVs) via the HEV cells. The cells then traffic through the respective T and
B areas of the node and, together with a smaller percentage of cells that enter via the
afferent lymphatics, leave the node via the efferent lymphatics. Figure 1.12 shows this
traffic, based on experiments using fine needle cannulation of the lymphatics and blood
vessels. Ultimately the lymphatics empty into the circulating blood, where the thoracic
duct joins the left subclavian vein, from whence the lymphocytes recirculate (Figure 1.11).
Lymphocyte migration in tissues is, in part, dependent on three-dimensional anatomical
arrangements associated with sinuses, capsular canals (trabeculae), and interactions of
the follicular T cells and of the proteins that constitute the extracellular matrix.
Additionally, lymphocytes express receptors for various chemokines (CC and CXC)
which show variable segregation on different functional and phenotypic groups of
cells. Chemokines produced by stromal and other cells, and found in solution or
bound to the surfaces of cells such as endothelial cells, direct trafficking of lymphocytes
in and out of tissues. Furthermore, certain lymphocyte—integrin interactions (with
their ligands) will segregate and help to activate cells in various tissues. Integrin-ligand
interactions form the basis of the selective homing of some cell types to certain sites.
The best-known example is the recirculation and homing of IgA-committed B lym-
phocyte populations to mucosal-associated lymphoid tissues (MALT—see below).
Some key features of cell recirculation, trafficking, and homing in physiological and
pathological states are as follows:

¢ Naive T cells in their quest to find their cognate antigens constantly recirculate dur-
ing their lifetime between blood and the lymphatic tissues making up the secondary
lymphoid organs. Naive T cells adhere to the endothelial cells of the HEVs within
the secondary lymphoid organs by engagement of their CCR7 receptors with the
corresponding ligands CCL19 and CCL21. The migration of these naive T cells is
further enhanced by T cell LFA-1 integrin interaction with the endothelial ICAMs
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to facilitate the T cell migration into T cell areas at these sites—paracortex of lymph
nodes and white pulp of spleen. In these sites, if the T cells meet the appropriate
DCs expressing HLA—peptide antigen complexes for which the T cells express
specific TCRs, dynamic and strong interactions occur resulting in the formation of
anatomically defined immunological synapses. This facilitates the interactions of
TCRs with the HLA—peptide complexes, which is further enhanced by costimula-
tory and other adhesive interactions and cytokine signalling within that local synap-
tic area. The sum total of these interactions will provide the necessary first signal
and potential for subsequent full activation of the cell.

+ Effector and memory T cells generated from activated and differentiated naive T cells
express different signalling chemokine and adhesion receptors (compared with the
naive cells) which facilitate their functional properties, imparting to effector T cells
their ability to enter peripheral tissues and respond in sites of inflammation and/or
pathogen/antigen entry [22]. Concommitant with the induction of effector T cells
and associated new receptors to underpin their new functions, they lose the ability to
recirculate like naive T cells through secondary lymphoid organs—they lose the
expression of CCR7. Additionally, well-differentiated effector T cells use the key
integrin 041 to react with MADCAM 1 on endothelial cells in peripheral tissues.

¢ Central memory cells retain the ability to recirculate, and continue to express CCR7
and L selectin, along with other CD markers, which help to characterize them as
memory cells. Physiologically, wherever they re-encounter their inducing antigen
they are capable of inducing a more efficient secondary/memory-based immune
response.

+ The discrete segregation of T and B cells into defined areas within secondary lym-
phoid tissues is largely explained by their differential expression of ligand and
receptor pairs for various chemokines. The use of antichemokine receptor agents is
currently being tested in some early clinical studies: for instance, the differential
expression of CCR5 and CXCR3 on T cells which enter the CNS of patients with
MS. This raises the potential for new targets and opportunities to destroy these
tissue-damaging T cells and modulate the course of the disease.

+ Visualization by MPIVM of the interactions of CD8" T cells and Tregs in the vicinity
of malignant cells allows concepts of immune modulation to be placed on firmer
grounds to enhance antitumour responses in situ. Dynamic experiments have
already demonstrated that individual cancer cells can be simultaneously or sequen-
tially attacked by multiple cytotoxic T cells.

+ Tregs have been shown to operate by direct or close physical associations with DCs to
modulate their function for supporting or, in some situations, suppressing, effector
T cell responses [23]. Tregs have also been shown to directly interact with T effectors
without an intermediary. Tregs exert their effects by elaboration of suppressive
cytokines such as IL-10 and TGF-f. These mechanisms are not mutually exclusive.
Tregs have been shown to direct DCs to secrete large amounts of TGF-f.

The lymphatics, which also transport antigens in solution or associated with
migrating APCs, as well as facilitating the recirculation of lymphocytes, provide a
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most efficient system for immune cells to encounter and interact with non-self
antigens, irrespective of where such antigens have managed to breach the integrity of
the host.

Clonal selection

The concept of specificity within the immune system, coupled with its evident ability
to react against huge numbers of different antigens, is best explained and crystallized
in the clonal selection theory of immunology. This original concept, elaborated in
various forms by Burnet, Jerne, and Talmage to explain antibody production, is now
equally applicable to T lymphocyte responses.

Apart from its specificity and memory, the other striking feature of the immune
system is its diversity. The T and B lymphocytes within an individual can react to a
great number (calculated to be many millions) of non-self antigens. How does such
enormous diversity come about, and how is it harmonized with the salient features of
immunological specificity and memory which characterize adaptive immunity? This is
best explained and encapsulated in the clonal selection theory.

Figure 1.15 represents the essence of the theory, the basis of which is as follows:

¢ A lymphocyte and its identical progeny, termed a clone (identical with respect to
their genes) possess on their cell membranes receptors with specific binding sites
for only one or a very limited number of antigenic determinants. The number
of cells comprising a single clone (e.g. clone A3) has been calculated as ranging
from 103 to 10° in the B and T cell compartments. It has been estimated that the

Antigen X

TorB Gene
lymphocyte
clones

>
I

Memory cells

Effector cells producing
anti-X reactants

Fig. 1.15 Clonal selection: antigen X selects and interacts with the clone expressing the
‘best fit" (complementarity) receptor. The clone responds by proliferation and differentiation
to generate anti-X effector and memory cells.
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total number of lymphocytes in humans is more than 104 cells. Thus, by simple
arithmetical analysis, there are over 10° different individual clones (A1, A2, ..., A?).
The mechanisms of receptor specificity for antigens are explained in terms of the
genetics and molecular events that occur during the development of B and T cells
and are outlined in the sections on B and T cells (see ‘Recognition elements, cells,
and receptors in adaptive immunity’, below).

« Implicit in the clonal selection theory is the idea that the specificity of a clone
antedates any experience or encounter with classical non-self antigens. Hence,
lymphocyte clones possess specific receptors, each precommitted to a single antigen.
Thus, ultimately, when antigen is encountered, selection of a precommitted clone
with the ‘best-fitting receptor’ for that antigen occurs.

The shape of the receptor expressed on the surface of A; (see Figure 1.15) gives the
basis of the specificity. The events following receptor—antigen interaction involve cell
proliferation and differentiation, resulting in the exponential expansion of the
responding clone, some of the clone members proceeding to endstage effector cells,
which will act against the inciting antigen. In the case of B cell clones, some of the cells
differentiate into plasma cells and secrete antibodies with the same specificity as that
expressed by the BCR originally selected by the antigen. Similarly, for CMI some
T cells differentiate into effector cells, such as CTLs. It is noteworthy that with clonal
expansion not all the progeny become endstage effectors. Some reach an intermediate
point of differentiation and proliferation, and such cells form the cellular basis for the
immunological property of memory. Thus, if the same antigen is encountered on a
subsequent occasion, the memory bank of cells undergoes a quantitatively greater and
more rapid response against the antigen. Clonal expansion gives four memory cells
each with the specific A; receptor for antigen, compared with only one cell in the
original primary response. Furthermore, the clonal expansion events also qualitatively
result in changes in the affinity (strength of binding) of the lymphocyte receptor for
antigen, although maintaining the same specificity.

Most experimental evidence to date supports the tenets of the clonal selection
theory. ‘Suicide’ experiments using high dose radiolabelled antigens have resulted in
radiation-induced deletion of specific clones; rechallenge with the same antigen gives
no response, yet challenge with a different antigen elicits an appropriate response.
Recent experiments have indicated that certain sites, such as the germinal centres of
lymph nodes, provide the appropriate microenvironment for generating ‘memory’
B lymphocytes and for long-term retention of small amounts of antigen on specialized
APCs within the germinal centre.

In summary, immunocompetent lymphocytes express glycoprotein receptors on
their cell membranes. Lymphocytes undergoing activation and differentiation retain
the same specificity of their receptors for antigens as that of their progenitors. Hence,
in the case of the B lymphocyte, its antibody receptor V region specificity (see ‘B cells,
receptors, and antibodies’, below) is the same as the binding specificity of antibodies
secreted from plasma cells derived from the B cells. Each immunocompetent B or
T cell (representing a member of a clone) bears receptors of unique specificity, when
compared with receptors on lymphocytes from another clone.
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Immunogens, antigens, and adjuvants

Antigens and immunogens

The term antigen strictly defines substances that will react specifically with preformed
immune effector molecules. If they induce the production of such immune effectors, they
are termed immunogens. All immunogens can be antigens but the converse is not always
true. Through imprecise usage over many years the term immunogen and antigen are
now often used interchangeably. Large proteins are usually the most efficient antigens but
polysaccharides, synthetic polypeptides, and simple polymers can also be antigenic. Pure
nucleic acids have been shown experimentally to be nonimmunogenic, yet it is known
that, in old age and in autoimmune disorders, humans and other animals can produce
antibodies that will react with nucleic acids. Hence, patients with SLE may have antibod-
ies against different nucleic acids, including those reacting with double-stranded DNA. It
is possible that antibodies arise against large nucleoproteins (or cross-reacting substances)
and that some antibodies have the ability to react specifically with the associated nucleic
acid. It has been shown that danger signalling molecules, such as HMGB-1, can complex
with DNA molecules to form an immunogen that induces anti-DNA antibodies.

There are several well-defined properties of molecules which render them good
immunogens. Foremost of these properties is their ‘foreignness’, which the immune
system discriminates from self. The size of the molecule is important and, as a gener-
alization, molecules more than 10 kDa in size tend to be strongly antigenic, especially
if they are polypeptides. The actual genetic background of the animal exposed to a non-
self substance may dictate whether the substance functions as an antigen. Careful
experiments with inbred strains of mice, rats, and guinea-pigs have clearly document-
ed the existence of so-called immune response genes, which determine whether an
introduced non-self substance will function as an antigen in the animal. The immune
response gene effect has most often been shown to be expressed as an autosomal
dominant trait. Many of the immune response genes are contained within the MHC
region and are products of genes found in and around that region.

The apparent antigenicity of a substance will also depend on the dose and its route of
administration. In some situations, a non-self substance known to be extremely anti-
genic can fail to elicit an immune response. This effect is produced by manoeuvres
such as intravenous injections of very small or very large doses of antigen, i.e. either
side of the standard antigenic dose. With a very large dose, a definite negative influence
is exerted on the immune system such that a folerant state (acquired immunological
tolerance) to that foreign antigen is induced.

Classic experiments by Landsteiner defined the properties of substances called
haptens. These are molecules (usually very small) which by themselves are unable to
induce an immune response. Nevertheless, they are capable of being recognized by, and
interact with, antibodies or effector T cells induced by another means. The experimental
method of inducing the immune response is usually to link the small hapten to a larger
carrier molecule (usually a protein). This provides the necessary information for the
combined molecule to be recognized as part of an immunogen. Processed peptides
derived from the carrier molecules are recognized by T cells, and antibodies produced by
the B cells will recognize and bind the hapten. The study of ‘haptenization’—attachment
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of the small agents to large protein carrier molecules—provides an explanation of how
diverse substances, including very small metallic ions (e.g. nickel), anaesthetic gases
such as halothane, and antibiotics such as penicillin, can, in individuals of the appro-
priate genetic background, induce demonstrable immune responses, often of a patho-
logical nature. It is suggested that the small molecules complex to normal readily
accessible self proteins, such as albumin and prealbumin (which are widely distributed
extra- and intravascularly). More recent evidence also indicates that binding of small
molecules to self DAMPs induced by cell stressors also results in immunogenic com-
plexes. The complexing presents ‘altered’ self determinants which can appear as non-
self to immune cells and thus induce humoral and cell-mediated responses, some of
which are directed to the haptens of the complex.

Concept of complementarity

The interaction of antigen with antibody or with the specific receptor on the mem-
brane of T and B lymphocytes is often expressed in terms of a ‘lock and key’ interac-
tion. It can best be thought of in terms of the overall three-dimensional shape, which
is recognized by the receptor or antibody regions that interact with the complemen-
tary shape of the antigen. The binding affinity of the specific immune elements with
the antigen can be thought of in terms of their degree of closeness of fit or comple-
mentarity. Apparent antigen cross-reactions may thus be accounted for in regard to
overall complementarity, rather than likeness in terms of overall charge or size. Hence,
cross-reactions result from the closeness in overall shape of the two molecules and
their complementarity with the antibody’s ‘antigen combining regions’ or complemen-
tarity determining regions (CDRs). A well-documented example involves certain
streptococcal antigens that induce antibodies which can cross-react and bind to other
human cardiac antigens that are very dissimilar in terms of size and charge.

A further consequence of considering the overall shape of antigens and the corre-
sponding binding regions of antibodies and lymphocyte receptors is the realization
that, even though antigens may be very large molecules, it is only a few sites (usually
accessible surface sites) of a large folded protein structure that are recognized by
B lymphocytes and antibodies. The sites are termed the antigenic determinants or
epitopes of the antigen molecule. It is calculated that four to six amino acids or sugar
residues may contribute to an epitope of a protein or polysaccharide antigen, respec-
tively. T lymphocytes do not recognize native conformational (folded) protein antigen
epitopes, as described for B lymphocytes. Instead, T cells recognize peptide fragments
of antigens (eight to nine amino acids) presented on self HLA, after having undergone
significant intracellular ‘processing’ and transport to the surface membrane of APCs
and other cell types.

A single large antigen may, therefore, induce both T and B cell responses, usually
elicited to different epitopes on the same molecule.

T cell requirement for optimal B cell response

Efficient humoral immune responses require the dual function of T and B cells. In
fact, the B cell antibody response (for optimal results) requires T cell recognition of
the same molecule—albeit different epitopes—to provide ‘help’ for an efficient anti-
body response. The B cell itself can function as an APC, presenting processed peptide



BASIC IMMUNOLOGY

bound to HLA to the cognate Th cell. These types of antigens are often referred to as
thymus (T cell)-dependent antigens. Contrastingly, there is a group of substances
termed thymus-independent (TI) antigens, which have the property of eliciting B lym-
phocyte and antibody responses with minimal or no requirement for T cell involve-
ment. Such TT antigens are exemplified by bacterial polysaccharides, which have the
structural feature of many identical repeating molecules and epitopes. They tend to
induce IgM antibodies and some IgGs, especially of the IgG2 subclass in humans.
TT antigens can be made more antigenic by linking them to protein carrier molecules
(exploiting the principle of hapten—protein complexes). This approach has in recent
years led to successful new vaccines against encapsulated bacteria and prevention of
much mortality and morbidity, especially in the paediatric setting. Noted successes are
vaccination programmes against pneumococcus and haemophilus where microbial
polysaccarides are linked to proteins, such as tetanus toxoid, to generate strong
immunogens.

Tailor-made antigens

The recent advances in the isolation and molecular cloning of genes have led to the
possibility of generating large amounts of pure antigens for vaccination programmes.
This is particularly so in the case of complex microbial antigens. Parasites, such as
those causing malaria or schistosomiasis, are very complex organisms with poten-
tially hundreds of epitopes, some of which may induce protective immune responses.
Using molecular biological techniques, researchers are now defining and cloning spe-
cific genes, to produce a single or a few dominant antigens and their epitopes in the
hope of generating vaccines to the latter in order to combat such pandemic infections.
Furthermore, the acquired knowledge concerning the generation of processed pep-
tides as antigens is also resulting in attempts to synthesize tailor-made peptide antigens
for vaccination programmes. Both approaches—gene cloning and peptide synthesis—
are currently being employed in the fight against AIDS, seeking to define and pro-
duce noninfectious peptide antigens of HIV to use in possible vaccination programmes
(see “Vaccination’, below). The need for effective adjuvants is key to the potential success
of using these newer antigens.

Adjuvants

Adjuvants are a wide range of compounds which act in a nonspecific immunostimula-
tory fashion to enhance the immunogenicity and/or antigenicity of weak antigens.
The classic example is Freund’s complete adjuvant (FCA), which is a combination of
mycobacterial products, organic oils, and a detergent. FCA is commonly mixed with a
solution of antigen to form an injectable emulsion. The resultant antigen—adjuvant
complex is a very potent stimulator of the immune response. FCA, however, is so
potent that it is not used in humans as it induces extensive granulomatous reactions at
the injection site. Adjuvants in general have been shown experimentally to nonspecifi-
cally increase the action of macrophages and other APCs and to enhance T and
B lymphocyte functions.

In humans, the most commonly used adjuvants are aluminium compounds
(alums), which form precipitates with antigens in common usage, such as tetanus and
diphtheria toxoids. Newer adjuvants are being evaluated for human use, especially
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those designed for increasing the antigenicity of synthetic peptides and the newer
DNA recombinant antigens. Two examples of newer adjuvants investigated over the
past decade are muramyl dipeptide (MDP), a relatively nontoxic extract of mycobac-
terial membranes, and the potent immunostimulating complexes (ISCOMs) com-
posed of a glycoside extracted from the bark of an Amazonian tree which readily forms
micelles containing entrapped peptide or polypeptide antigens. However, in vivo
ISCOMs have proved disappointing, and MDP is still being evaluated.

Alum-based adjuvants (still the most widely used) are known to be effective in
generating strong Th2-biased antibody responses. Their effectiveness is extensively
exploited in vaccines used worldwide—DTP and parenteral polio vaccines. Their
immunostimulatory role has now been largely defined and includes activation of
inflammasomes and induction of inflammation, as well as recruitment and stimula-
tion of APCs such as DCs. Alum, however, shows limited potentiation of CD8* CTLs
and Th1 responses. These immune mechanisms are deemed desirable for vaccines
against ‘life-limiting’ infections (especially associated with intracellular microbes,
viruses, and bacteria such as Mycobacterium tuberculosis). Similarly, CD8" CTLs and
Th1 responses are seen as crucial for effective anticancer vaccines. Newer adjuvants,
therefore, are urgently needed (see Chapter 4).

Many of the antigens currently being explored to combat microbial agents causing
HIV/AIDS, malaria, tuberculosis, and other less well known infectious diseases, are
generated by genetic engineering techniques in the form of recombinant protein mol-
ecules, or subunits of pathogens. Also, DNA vaccine constructs, along with synthetic
peptides, are being produced by state-of-the-art molecular biological approaches sup-
ported by informatics and predictive algorithms on antigenicity. These newer antigens
all have the common drawback of relatively poor immunogenicity; hence the urgent
need for powerful and safe new adjuvants to enhance their immunostimulatory prop-
erties. Knowledge gained over the past 20 years of the integration of innate and adaptive
immune responses has reinvigorated vaccine/adjuvant studies. The knowledge of
innate receptors—TLRs, retinoic-acid-inducible gene 1-like receptors (RAIGLRs),
NLRs—responding to microbial PAMPS, as a key event for antimicrobial inflamma-
tory responses and, concurrently, inducing the development of T and B cell adaptive
immunity, has led to new thinking and ways of producing adjuvants that will exploit
innate receptors to enhance immunogenicity. Examples of very promising adjuvants
that act as TLR agonists include a modified form of lipid A, a PAMP isolated from some
species of salmonella. Modification of lipid A is necessary as it is too toxic for human
use. A derived modified product called monophosphoryl lipid A (MPL), retains the
property of lipid A, thus allowing it to act on TLR-4 as a potent agonist. MPL has been
incorporated into vaccines licensed for human use against hepatitis B and human pap-
illomavirus. The vaccine constructs incorporating this new adjuvant induce very good
T cell CMI and antibody responses. Other TLRs targeted by newer adjuvants exploit the
PAMP molecule CpG which is a ligand targeting the endosomal TLR-9 molecule.

Consideration of all vaccine strategies must balance efficacy with safety concerns.
One of the perceived potential risks of using TLR agonists is the possibility of stimulat-
ing too prominent an inflammatory response. This is an important reason why FCA is
so potent a stimulator of excessive inflammation; the mycobacterial-associated PAMPs
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within the oil and water complex. Another concern regarding possible excessive TLR
stimulation is the possibility of the development of damaging autoimmunity.
Currently, large studies of the licensed vaccines that are targeting TLR-4 indicate no
significant problems with inflammatory disease or autoimmunity. However, vigilance
will be required for all new constructs.

Another exciting area of adjuvant development is aimed at enhancing and exploit-
ing the mucosal route and MALT immunity. Attenuated microbes have long proven
the value of exploiting the mucosal route, as seen with the relatively successful use of
oral polio, typhoid, and cholera vaccines and, more recently, an oral live attenuated
rotavirus vaccine. Many pathogens or potential pathogens cause human infections via
the mucosal route and not parenterally. Increased understanding of mucosal immune
responses (innate and adaptive) is allowing the development of safe and efficacious
adjuvants to enhance a broad range of mucosal-directed vaccinations (see ‘Mucosal-
associated lymphoid tissue’ and ‘Vaccination’, below). Major efforts are being pursued
in the use of the modified cholera toxins and of the heat-labile E. coli enterotoxin. They
are proving good candidate adjuvants to enhance mucosal immunity. Some forms of
these modified toxins are in advanced clinical trials with careful monitoring of efficacy
and safety. Another intriguing approach to the development of good adjuvanted vac-
cines, aiming to induce all-round good Th1, Th2, CD8* CTL, and antibody responses,
is based on a promising construct known as a virosome. This approach essentially
takes an envelope virus, such as influenza, and by the use of detergent solubilization,
ultracentrifigation, and extraction of infectious nucleic acids, together with functional
reconstitution of the envelope, provides an empty body. This is the virosome, which
can then be loaded internally with vaccine antigens; adjuvants and molecules can also
be incorporated within the envelope itself. The elegance of the virosome is that its
envelope still retains the noninfectious haemagglutinin of influenza, which allows it to
bind to surface receptors of many cells, including APCs and DCs. It is then effectively
taken up and processed in class I and class II antigen-processing pathways. Virosomes
have been shown to induce CD4* Th, CD8* CTL, and antibody responses.

The field of adjuvant research is undergoing a renaissance fuelled by our increased
knowledge of the details of integration of innate and adaptive immunity. Coupled
with international coordination and funding from organizations in the USA (such as
the National Institute of Allergy and Infectious Diseases) and the European Union,
and the ongoing efforts in the biotechnology industry, there is much optimism that we
will have significant new novel and effective adjuvants to help advance vaccines to
combat the major morbidity and mortality of infections and cancers, in both the
developing and developed world.

Recognition elements, cells, and receptors in adaptive
immunity
Major histocompatibility complex

Structure, location, and function

The MHC is a discrete, chromosomally assigned region where genes are located that
encode the information for the production of molecules (glycoproteins) that are

55



56

ESSENTIAL IMMUNOLOGY FOR SURGEONS

Centromere @ o—© L "c\jﬂeigtic
A

«—D—>B loci

C
(DP, DQ, DR) |

Transcription and
translation
resulting in
glycoproteins
(i.e., MHC class |
and Il HLA
antigens)
expressed on cell
membrane

Nucleated
cell

Fig. 1.16 The human major histocompatibility complex (MHC) and expressed human
leucocyte antigens (HLAs) at the cell membrane.

Chromosome 6

expressed phenotypically on and in cells. The MHC is located on the short arm of
chromosome 6 in humans, and on chromosome 17 in mice. Located within the MHC
region are discrete loci (points) of defined genes. The classic products of human MHC
genes are the HLA glycoproteins; the original demonstration of the products was in
leucocytes. Other genes within the MHC code for non-HLA glycoproteins.

Figure 1.16 outlines the events from the level of the genes to the cell expression of
HLA (some texts also use the term MHC antigens to define the HLA) (see Chapter 3).

The classical HLAs are termed class I (for the collective HLA loci A, B, and C) and
class II (loci HLA-DR, DQ, and DP). They are good examples of an allelic system; i.e.
many alternative forms of any one particular gene (gene variant) or its products can
be found in different members of the same species.

The many alleles encoded within the MHC genes, together with the potential for
many differing combinations of A, B, C, DR, DQ, and DP, lead to a system which can
also be defined as very polymorphic. The collection of MHC genes on a single chro-
mosome is termed the haplotype; the genotype is determined by the paternal and
maternal chromosomes. The MHC genes of maternal and paternal alleles are codomi-
nantly expressed. The inheritance of the MHC genes follows classic mendelian rules
(see Chapter 3).

Linkage disequilibrium defines the situation where certain MHC genes are found
associated together (linked) on a chromosome at a frequency far in excess of the pre-
dicted/expected occurrence of these genes associating, if the association events were a
completely random process through evolutionary time. From an evolutionary per-
spective, the occurrence of linkage disequilibrium suggests that such a nonrandom
association must have some selective advantage to the organism. The effects of linkage
disequilibrium are further discussed in the chapters on transplantation (Chapter 3)
and autoimmunity (Chapter 8).
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Fig. 1.17 HLA class | (with associated peptide binding site) and class Il molecules
expressed at the cell membrane. B2M, B2-microglobulin; a1, B1, etc., domain units;
HLA, human leucocyte antigen; S-S, disulphide bonds.

The polymorphisms (between individuals in DNA sequences in which the differ-
ences are present at a frequency >1% in the population) are mostly represented by
SNPs, with many fewer deletion/insertion polymorphisms. Details of the identification,
cataloguing and typing of the alternative genes in the MHC class I and II regions are
given in Chapter 3.

The overall forms of HLA class I and II products have been determined and are
shown diagrammatically in Fig 1.17. The figure illustrates the concepts of ‘domains’;
segments of the protein where defined lengths and sequences of amino acids can be
seen as folding into a particular three-dimensional conformation. The HLA class I
antigen has a1, 0.2, and a3 domains, which on the cell membrane are associated with
the small polypeptide called B,-microglobulin (B2M). The latter is not encoded by a
gene in the MHC; in humans the $2M gene is on chromosome 15. The evolutionary
reason for the close association of class I antigen with $2M is not clear, but function-
ally it appears to be necessary for the full expression of the HLA class I. The HLA class I
antigen molecules thus are made up of two chains, o and B, although o is the true class T
HLA chain. In contrast, both a- and B-chains of the HLA class IT antigens are coded
for by MHC genes. Class II molecules are expressed mainly on macrophages, DCs,
and B lymphocytes. The class I molecules, however, are expressed on all nucleated
body cells. Although class II expression is restricted physiologically, at times of signifi-
cant inflammation and/or immune activation, class II can be induced on a much
wider range of cell types—on epithelial and endothelial cells in association with
inflammation.

Within the HLA class III region are found genes for complement components and
regulatory proteins of the complement system, and also genes for inflammation-
associated cytokines (TNF and lymphotoxin o and B).

Since the discovery of the MHC in the 1970s, much research has focused on its role
in transplantation and, subsequently, more broadly in adaptive immune responses to
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infections (initially focusing on viral infections). The classical Nobel prize winning
experiments of Zinkernagel and Doherty and others demonstrated that for T cells to
recognize an antigen that antigen had to be complexed with self MHC, i.e. with the
HLA products. This biological property was termed MHC restriction. Subsequent
biochemical, molecular biological, and x-ray crystallographic studies demonstrated
HLA-bound peptide—antigen complexes in great detail. The size of the peptides, their
affinity for binding to HLA class I and class II molecules, their precise amino acid
interactions (e.g. via various residues), and the kinetics of peptide binding have all
been studied in great detail.

It is clear that the biological and evolutionary role of the MHC is to provide protec-
tion against infection, rather than a system persisting to frustrate the transplant
surgeon! As outlined below, pathways have been defined by which HLA class I mole-
cules can present bound endogenous peptides to CD8* T cells, while HLA class II can
present exogenous antigen-derived peptides to CD4" T cells. The polymorphism asso-
ciated with the MHC appears to be advantageous for the individual and the species in
optimizing the opportunity to potentially respond to the vast array (diversity) of anti-
genic peptides that are associated with the universe of microbial proteins. Variations
in MHC allow opportunities for binding such peptides and presenting them to the
T cell system. Thus, no matter how novel or pathogenic the microbe (e.g. a new pan-
demic influenza virus), peptides can be derived that would be seen by some members
of the species to facilitate immunity, protection, and survival.

Over the past several decades, studies of the MHC have focused on its involvement
in adaptive immunity. However, it has become increasingly clear that the MHC also
has a crucial role in innate immunity. Indeed, the MHC appears to have a key role in
integrating these two arms of immunity. This is most evident with the better under-
standing of the extended mapping of the MHC since 2003, as part of the successful
project to sequence the entire human genome [24]. The extended MHC map has
confirmed the clusters of genes in the classical class I and Il regions and in class III (see
Fig 1.18). Moreover, it has provided more detailed information on additional genes in
all of these regions (defining so-called superclusters). Many of these genes are clearly
linked to functions in innate and adaptive immunity. For example, the HLA class I
supercluster now includes, along with the classical HLA-A, B, and C, the nonclassical

LMP CD2 MICA HLA-E, G, F
TAP CD4 MICB
DP DQ DR LTTN/FB | ® c A
[e7 |—|
I I I I I H I D Chromosome 6
i,.Classlll_:
Class Il : Class |

Fig. 1.18 Extended MHC map: MHC loci products are expressed codominantly in the
alleles inherited from both parents as HLA molecules on or in each cell. The entire
MHC-linked genes tend to be inherited as an intact complex. Nonclassical MHC genes
are shown in the class | region (MICA and B, HLA-E, G, and F); class Il (LMP and TAP);
and class Il (TNF, LTa/B, C2, C4A). MHC, major histocompatibility complex; MIC, MHC
class I-like chain.
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class I genes for HLA-E, F, and G. The products of these genes are recognized by receptors
on innate immune cells, such as the NK cell inhibitory and activating receptors.
Additionally, some class I like-genes, MICA and MICB, are also found in this class I
supercluster. These latter genes appear to be activated particularly by stressed host
cells. Their products are considered to represent self danger signals or DAMPS and are
switched on by cells perturbed by infectious agents, malignant transformations, or
nonphysiological trauma. The MIC products expressed on stressed epithelial cells are
recognized not only by innate NK cell receptors but also by unconventional T cells,
such as y0 T cells and NK T cells, which are able to produce rapid responses mainly
through the secretion of IFN-y and IL-17. These cytokines enhance innate inflamma-
tory responses as well as augmenting downstream adaptive responses of T and B cells.
Interestingly, the MHC class I region also encodes genes for HSPs. HSPs have long
been known to be up-regulated by cellular stressors; they have been implicated as
danger signals for the innate immune system.

The HLA class II supercluster contains the classical class II (HLA-DR, DQ, and DP)
and nonclassical HLA-DM and DO. The latter two gene products are not expressed on
the cell surface but form intracellular complexes involved in peptide exchange and
loading on to classical class II molecules for antigen presentation by class II expressing
cells to T cells (see Chapter 3).

Overall, the MHC is seen to contain genes involved in a whole range of innate and
adaptive immune responses. Table 1.6 shows a selective set of genes in the MHC
involved in different aspects of immunity.

The importance of the MHC is underlined by the fact that from the sequencing of
the whole human genome, it has been calculated that 5-6% of the genome is commit-
ted to functions involved in immune defences. Moreover, rare human deficiencies of
MHC class I and class II are associated with severe morbidity or mortality (e.g. still-
birth) indicative of the profound loss of immunity as a consequence of loss of these
genes.

MHC and disease associations

At present, MHC association has been documented for several hundred diseases,
including most autoimmune diseases (see ‘Autoimmunity’, below and Chapter 8).

Table 1.6 MHC genes associated with immune functions

MHC genes Functional areas

HLA class | and class |l Antigen processing and presentation
TAP genes (transporter for antigen
presentation)

TNF, LTA, LTB Inflammation
BF (factor B), C2, C4a, C4b Complement cascade
HLAE, FG Nonclassical MHC class | presentation to NK

cells, ¥8 T cells, and NK T cells

MIC A, MIC B, HSP genes Stress responses (innate and adaptive immunity)
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In most diseases, MHC is associated rather than proven or shown to be causative. In
rare situations, gene mutations in MHC genes have been firmly established as causa-
tive, e.g. the bare lymphocyte syndrome (a form of immune deficiency associated with
loss of MHC class I or II) and some forms of haemochromatosis. Defining direct cor-
relation or cause and effect between disease and an MHC allele is difficult because
most MHC-associated diseases are multifactorial and they have genetic and environ-
mental contributions. The latter are usually proven by epidemiological studies, as well
as by sibling association and twin studies. Further difficulty arises because of linkage
disequilibrium in the inheritance of MHC genes, the inheritance occuring across a
whole haplotype. Thus, it is difficult to be certain whether a defined association is the
precise or the most important gene involved in the association, or if it is linked to a
more relevant but not recognized gene. Those reservations notwithstanding, some
strong and well-known MHC associations, such as HLA-B27 with ankylosing spond-
ylitis (AS), have allowed detailed studies of subtypes of B27. This has revealed precise
binding of different amino acids to these HLA subtypes which result in differential
T cell repertoire responses against self peptides. This sort of information infers that
subtle differences in antigen presentation associated with different MHC alleles may
play a significant role in our understanding of MHC disease association. Detailed
studies of coeliac disease have given one of the best-defined mechanistic models of
MHC and disease association (see Chapter 8). In the case of HLA-B27 there is also the
suggestion that protein misfolding may contribute to its role in pathological
processes.

Antigen processing and presentation: adhesion molecules
and costimulation

Introduction

An essential requirement in the study of immunology is to understand how adaptive
immunity generates the responses (humoral and/or cell-mediated) best suited to
combat microbial agents that have survived, bypassed, or overcome the first line of
innate immunity and associated inflammatory responses. The understanding has
come, in part, from animal experimental models of infection and immunization over
the past 60 years along with careful documentation of clinical cases, especially of
individuals with defined lesions in their adaptive immune system. A substantial body
of evidence indicates that microbes that are found in extracellular sites are best dealt
with by B cell-generated antibodies (helped by CD4" T cells) and by phagocytosis by a
range of leucocytes. Both of these defence mechanisms are very efficient. In contrast,
viruses and certain bacteria (e.g. mycobacteria, listeria) that gain access to intracellular
niches are not susceptible to antibodies. In general, antibodies do not readily enter
living cells or are directly susceptible to phagocytosis. Evidence from animals with
induced lesions of their immune system and humans with genetic mutations (e.g.
primary immune deficiencies) have clearly shown that CD8* T cells, in particular
primed CD8 cells with cytotoxic properties, are essential for defence against intracel-
lular/cytosolic-located microbes and antigens. Cumulative evidence indicates that
help from subpopulations of CD4* T cells enhances the efficiency of CD8* CTLs.
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Detailed studies by immunologists, cell biologists, biochemists, and ultrastructural
microscopists have unravelled the pathways of microbial antigen processing and presen-
tation to T and B cells which helps to give mechanistic explanations for the observations
and conclusions above: namely, that antibodies and phagocytes are best for dealing
with extracellular pathogens and antigens while CD8* CTLs are best for dealing with
intracellular pathogens and cytosolic antigens.

Extracellular pathogens and antigens

Extracellular pathogens and antigens are taken up by many mechanisms associated
with phagocytic cells. This includes DCs, macrophages, and B lymphocytes. Although
the primary role of B cells is the generation of antibodies, they can also act as APCs and
constitutively express membrane HLA class I and II molecules.

Phagocytic cells sample the external environment in many ways. They may use sens-
ing receptors such as PRRs, receptors for components of the complement system and
for the Fc region of antibodies. Microbes which are opsonized (coated) with bound
molecules such as complement components or antibodies are efficiently taken up by
phagocytes, including APCs. Other nonspecific (non-receptor-mediated) mecha-
nisms such as pinocytosis (macro- and micropinocytosis—cell sampling/drinking
from the extracellular environment) are also used by phagocytes. Essentially, the
material taken up (including microbes) is engulfed in the acidic environment con-
tained within the endosomal vesicles of the phagocytes. The vesicles essentially keep
the engulfed microbial material within the cell but segregated from the cytoplasmic
compartment of the cell. The endosomes fuse with the lysosomal vacuoles of the
phagocyte. The lysosomes contain many proteolytic enzymes and reactive chemical
radicals which contribute to the breakdown of microbial proteins to many peptide
forms.

Simultaneously, in the endoplasmic reticulum (ER) of the same cell, there is con-
tinuous generation of MHC-encoded HLA class II molecules which have associated,
in their potential peptide-binding groove, a molecule called CLIP (a component of the
class IT invariant chain peptide). The HLA class II with its blocked peptide-binding
groove is transported from the ER to the endophagolysosome for transport to the cell
surface. Within that new location, by the action of a molecule called DM (encoded in
the MHC class II region—see above), the CLIP peptide is removed from the HLA
class II binding site. The now empty HLA class II groove is then occupied by the best-
fitting peptide within the environment (generated from the ingested external microbes
and antigens). The peptide with the best fit (determined by its amino acid sequence)
then binds firmly to the HLA class II groove. This binding protects the HLA class II
molecule from cellular proteases. The complex is then transported to the cell mem-
brane and expressed there. Evidence shows that the peptides that are bound by HLA
class II molecules are commonly of approximately 12-20 amino acid residues in
length. The APC membrane-expressed HLA class II peptide complex is recognized and
sampled by CD4" T cells. Importantly, this interaction is restricted to CD4* T cells
because the CD4 molecule itself binds to the nonpolymorphic areas of the HLA class II
molecule, well away from the peptide-binding area, while the TCR of the CD4" T cell
binds to residues of the microbial peptide antigen and to some residues on the closely
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opposed aspect of the HLA class II binding groove; these tend to be polymorphic resi-
dues. The responding CD4* T cells can ultimately provide help to B cells which are
responding to other antigenic determinants of the same microbe from which the pep-
tides were derived. The help from the CD4" T cells assists the B cell to switch on genes
to produce the most efficient antibody responses (antibody class switching—see
‘B cells, receptors, and antibodies’, below). The responding CD4* T cells also produce
cytokines and accessory molecules that enable the phagocytes to more efficiently kill
phagocytosed microbes. This processing and presentation of extracellular antigens by
the innate immune system APCs, via their class II pathway, directs the adaptive
responses best suited for these extracellular microbes, i.e. responses associated with
antibody formation and phagocyte killing.

Intracellular pathogens and antigens

Most types of cells in the body can be infected by an appropriate virus. Additionally,
most cells can also be the target for mutational changes associated with cancer devel-
opment. These intracellular viral and cancer antigens have proteins as their major
components. Such proteins generated in the cytosol have been shown experimentally
to be represented in peptides found associated in the binding grooves of HLA class I
molecules. Elegant experiments involving eluting and sequencing of peptides from
cell surface HLA molecules and identifying them in protein databases have confirmed
the intracellular origin of the parent protein. The cytosolic proteins of intracellular
microbes, mutated (potential) cancerous self protein, or the many self proteins that
are degraded daily during cell turnover, are all broken down by a proteolytic mecha-
nism in the cytosol by the proteosome. The target proteins generally become unfolded
and tagged in a process called ubiquitination. In the proteosome enzyme complex the
ubiquitinated (tagged) proteins are recognized as such and are enzymatically degraded
to peptides of various sizes. These peptides then need to be moved in ‘reverse flow’
from the cytosol to the ER (to meet the newly and continuously generated HLA class I
molecules in that site). This reverse flow is facilitated by an active pumping process
involving molecules termed TAP (transporter-associated with antigen processing). By
energy-dependent mechanisms they transport the cytosolic peptides into the ER
where the newly synthesized HLA class I molecules have empty grooves (contrast this
to the CLIP-blocked groove of HLA class II), and must quickly find an appropriately
fitting peptide newly arrived via TAP. If a peptide is not bound, the HLA class I mol-
ecule degrades. Peptides which bind tightly to the class I groove have been found on
average to have about eight amino acid residues. The HLA class [-peptide complex is
transported to, and expressed in, the membrane of the cell. HLA class I molecules are
found on all nucleated cells (not restricted to APCs, like HLA class IT). Hence, presen-
tation by this HLA class I pathway will allow the presentation of viral peptides or
cancer protein peptides on any cell. This class I-peptide complex is seen by, and inter-
acts with, CD8* T cells. The CD8 molecule itself binds to the nonpolymorphic region
of the HLA class I molecule while the TCR binds to amino acid residues of the peptide
antigen or to some polymorphic residues of the HLA class I binding groove. This
pathway of peptide presentation explains why CD8" CTLs are generated to deal with
intracellular/cytosolic antigens. The HLA class I and II pathways of peptide antigen
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processing and presentation are well established. However, more recent findings
indicate additional mechanisms of antigen presentation. There is new evidence of
cross-presentation mechanisms for both pathways. Endosomal and phagosomal mol-
ecules that are normally processed for the HLA class II pathway can, in some situa-
tions, be demonstrated to leave those vesicles—by leakage, by pathogen circumvention,
or by other active processes—entering the cytosol and becoming processed and trans-
ported by TAP into the HLA class I pathway. Thus, a peptide from an extracellular
antigenic source may be presented by HLA class I to CD8* naive T cells. There is evi-
dence that plasmacytoid DCs (a type of APC) are particularly prone to using this cross-
presentation mechanism. Less robust but growing experimental evidence suggests that
the physiological process of autophagy, responsible for cellular degradation/recycling
of ubiquitinated self (housekeeping) cytosolic protein turnover can, in some circum-
stances, deliver cytosolic protein-derived peptides to the HLA class II pathways. It
should be stressed that cross-presentation of peptide antigens appears to be physiolog-
ically very much the minor player in antigen processing and presentation. However,
these latter processes provide opportunities to enhance beneficial immune responses
in vaccination against cancer cells and some microbes, where vaccine stratagems are
currently not successful.

B cell recognition

Antigen presentation to B cells needs to be considered in the context that antibodies
can see a much wider range of antigenic determinants than T cells, which, with a few
exceptions, are restricted to recognizing protein-derived peptide antigens. Exceptions
are found in the minor T cell types (e.g. Y0 T and NK T cells) which are able to recog-
nize some glycolipid antigens presented by nonclassical HLA class I-like molecules,
such as those of the CD1 complex CD1d.

BCRs, which are membrane-expressed antibody molecules, can recognize confor-
mational epitopes of intact protein molecules; they can also recognize lipids, small
chemical entities, and some peptides, as well as carbohydrate and nucleic acid anti-
gens. This wide recognition by B cells of various types of antigens is useful. For
instance, T cells may respond to the peptides generated from a microbe’s protein but
the B cell can respond to many other associated antigens of the same microbe while
receiving significant help from the CD4" T cell that is responding to the peptidic
epitopes. Note that the B cell itself can act as an APC to present the peptide to the
CDA4* T cell on its associated HLA class IT molecules.

Table 1.7 summarizes the main features of the HLA class I and II pathways for
antigen processing and presentation to T cells.

Essential signalling (1, 2, and 3)

Effective triggering of adaptive immune responses requires more than the lymphocyte
receptor specific recognition of presented antigen. The initial recognition by CD4*
and CD8" TCRs of HLA class II and I peptide complexes, respectively, is seen as the
necessary but not sufficient signal 1 for effective triggering of T cells. Similarly, B cell
antigen recognition (via its BCR) also represents signal 1. Additional signals,
now termed signals 2 and 3, are deemed necessary for the full cellular activation and
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Table 1.7 Main features and properties of the HLA class | and Il pathways of antigen
processing and presentation

Property HLA class | pathway HLA class Il pathway
Peptide-HLA Peptides of ~8 amino Peptides (12-20 amino acids) bound in groove
complex acids, bound in groove  formed by a1 and B1 domains of the HLA
formed by a1 and a2 class Il molecules
domains of HLA class 1
molecules
Cell type All nucleated cells of the  Class Il-restricted cells, mainly APCs (DCs,
presenting the  body macrophages, B cells); at site of immune
HLA—peptide inflammation epithelial and endothelial cells can
complex present peptides via class Il pathway
Source of Cytosolic proteins Endosomal/phagosomal peptides derived from

protein antigens
for peptides

produced within the cell
(some cross-presentation
by endosomal peptides
entering cytosol)

extracellular phagocytosis and degraded
proteins; some evidence of cross-presented
peptides from autophagic digestion of cytosol
protein entering endosomes and class |l
pathway

Site of peptide

Endoplasmic reticulum

Specialized endosomal phagosomal

loading to HLA  (also site of newly compartment
groove synthesized HLA

molecules)
Molecules TAP CLIP with the invariant chain, HLA DM
involved with molecules
peptide
transport or
loading to HLA
molecules
Responding CD8™ naive T cells CD4+ Th cells
T cell generating CTLs

APCs, antigen-presenting cells; CLIP, class Il invariant chain peptide; CTLs, cytotoxic T lymphocytes; DCs,
dendritic cells.

proliferation that characterizes effective T and B cell immune responses. Figure 1.19
illustrates some of the key molecular interactions involved in the costimulatory events
between T cells and antigen-presenting DCs, and also between T cells and endothelial
cells. The mediators/inducers of signals 2 and 3 are defined by sets of costimulatory
molecules and cytokines. Signal 2 molecules are provided directly by the microbe or
by the APCs reacting with the microbe. Thus, signal 2 molecules include microbial
PAMPs reacting with APC PRRs (e.g. TLRs), which results in the up-regulation of
more signal 2 molecules, such as CD80/CD86 on the DCs (and the induction of
cytokines such as TNF-a, IL-1, and IL-6, as part of innate responses). For adaptive
T cell responses, the mechanism of signal 2 is best defined by the molecular interaction
between CD80/CD86 on the APCs with the activation-induced molecules of T cells
known as the CD28 family of proteins (these also include negative regulators of cell
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Fig. 1.19 A range of costimulatory molecules and their ligands on a T cell interacting
with an antigen-presenting cell (APC), and the T cell interacting with an endothelial cell.
Endothelial cell activation occurs in many inflammatory reactions and up-regulates the
molecules shown which interact with the T cell. The molecules on the T cells show varying
levels of expression and kinetics on naive, activated, memory and effector T cells.

APC, antigen-presenting cell; B7h (a B7 family member); ICOS, inducible costimulator;
PDL, programmed death ligand; TIM-1/4 : T cell immunoglobulin and mucin protein
receptors-1/4; 4-1BBL (CD137L).

activation such as CTLA-4). These key interactions, referred to as costimulation,
result in clonal expansion of the specific T cells responding via signal 1 and facilitate
cellular differentiation and the generation of effector cells and memory cell precursors.
The requirement for at least two signals is a means of ensuring good activation and
focused responses against potentially damaging microbes and antigens (which them-
selves can provide signal 2) while safeguarding against signal-1-induced responses
against self antigens on normal cells, which generally do not produce signals 2/3. One
of the mechanisms of maintenance of tolerance to self molecules is seen in the property
of anergy induction. Experimentally, it has been shown that strong signalling to T cells
via signal 1 alone tends to switch the cell off (i.e. makes the cell anergic and refractory
to stimulation).

Signal 3, as provided by IL-12 and IL-23 produced by activated DCs, is important in
the development of CD4* Th1 cells.

Costimulation and adhesion molecules

The signal 1 reaction of the TCR with the HLA—peptide complex is facilitated and
enhanced by adhesion interactions typified by ICAM-1 (CD54) on the APC interact-
ing with the integrin LFA-1 on the T cell. Other adhesion pairs are formed by CD58
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(LFA3) on the APC and the CD2 molecule on the T cell. The microanatomic result of
this adhesion interaction, which synergizes with the signals 1/2, is the formation of an
immunological synapse (analogous to that in the nervous system) which focuses
interactions to reach thresholds for full T cell signalling and activation.

B cells via their BCRs bind the antigen (signal 1) and gain additional signals (signals 2/3)
from specialized APCs such as follicular DCs (FDCs) found in B cell areas of lymphoid
tissue. The FDCs trap and display immune complexes coated with complement acti-
vation products, such as C3b and C3d, which faciltate B cell signalling via interaction
with the complement receptors CR1and CR2 on the B cells (see ‘B cells, receptors, and
antibodies’, below). There is now strong evidence that some committed B cells receive
costimulation from activated T cells which express the CD40 L (CD 154). This binds
to CD40 on B cells and drives their differentiation and antibody class switching to
produce antibodies of various classes. Additional data have recently shown that cells
such as basophils (and by implication tissue mast cells) can produce cytokines (e.g.
IL-4) which can act as signals 2/3 to T cells to commit them to Th2 responses, and to
B cells to trigger the production of IgE antibodies.

Biologically costimulatory interactions have been defined which, rather than
enhancing T cell activation, have been shown to down-regulate or block activation.
The best-defined interaction is that between the T cell expressed CTLA-4 (also known
as CD152), which belongs to the same family of molecules as CD28, which competi-
tively engages (apparently at higher affinity) the APC-associated molecules CD80/
CD86. CTLA-4 expression on activated T cells appears after that of CD28, and is con-
sidered a major means of limiting ongoing T cell immune responses. More recently,
other costimulatory molecules have been defined on T cells which result in down-
regulation of T-cell-mediated immune responses. Recent targets defined on mouse
and human T cells that have this property include PD-1 and TIM-3; when ligated
they send negative signals. Not surprisingly, TIM-3 and PD-1 are being targeted,
along with CTLA-4 ligation, in immunotherapeutic regimens to overcome unwanted
T cell responses in situations such as acute transplant rejection as well as combating
autoimmunity (see Chapters 3 and 8, respectively) [25]. They are also being explored
as a means of enhancing tolerance induction in the field of transplantation. Other
targets, such as adhesion molecules (e.g. CD54), are also being considered in similar
immunotherapeutic approaches.

In addition to the interactions described, a number of other receptor-ligand pairings
have been defined as contributing to costimulation with varying importance in primary
and established immune responses. A plethora of such interactions are summarized in
Figure 1.20 along with the molecules previously described. Several of these interac-
tions are being explored as targets in immunotherapeutic strategies in the fields of
transplantation rejection and tolerance induction and in cancer and autoimmune
disease therapy (see Chapters 3, 4, and 8, respectively).

The concept of a signal 3 is now supported by experimental evidence. It is based on
our understanding that APCs of innate immunity can influence the class of T cell
response that is induced, i.e. Th1, Th2, Th17, Tregs, or CD8" CTLs. The most studied
model has defined how IL-12 produced from responding APCs, which binds to the
IL-12R on naive T cells, can drive those cells towards the Th1 phenotype characterized
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Fig. 1.20 Presentation of antigen peptide-MHC complexes to naive CD4* T cells by
professional antigen presenting cells (APCs) and development of T effector subsets, Th1
and Th2. APCs present processed microbial peptide—antigen complex with self MHC

class Il molecules to naive CD4* T cells with the specific TCR (signal 1). APCs also produce
cytokines, e.g. IL-12, which facilitates activation, proliferation, and differentiation of the
naive T cell along the Th1 pathway. Sources of IL-4 (e.g. defined for basophils and mast
cells) contribute towards Th2 differentiation. Once the cell is committed to Th2, the
differentiated Th2 cells also produce IL-4 which acts in an autocrine fashion. Note the
signature cytokines (boxed), characterizing the particular helper-effector subset for Th1
(IFN-y) and Th2 (IL-4); IL-4 and IFN-y negatively regulate the reciprocal development of
each helper subset. Note that IL-10 (an immunosuppressive cytokine) is also produced by
both subsets; it plays an important role over time in the control of the immune responses
generated. APC, antigen presenting cell; GATA, guanine, adenine, thymine, adenine
(DNA sequence); MHC, major histocompatability complex.

by the induction and secretion of IFN-v. IL-12 signalling has also been shown to
favour the induction of CD8* CTLs. Similar recent data in mouse and human cells has
shown that IL-4 from basophils can act as signal 3, committing naive T cells to the Th2
helper phenotype. Undoubtedly, more evidence will emerge of different signal 3
inducers for Tregs and other cell types.
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T cells, receptors, and effectors: CD4+ Th1, Th2 and Th17;
CD4* Tregs, and CD8* CTLs

T cell receptors

Thymus-derived T lymphocytes can rightly be considered the conductors of the adaptive
immunological orchestra. These cells play central roles as effectors of T cell-mediated
immune responses and as regulatory cells in T and B cell immune responses. As
outlined in ‘Antigen processing and presentation; adhesion molecules and costimula-
tion’ above, T cells possess clonally distributed receptors generated by massive gene
recombination (controlled by RAGI and RAG?2 genes as in the case in B lymphocyte
development), thus, generating the vast T cell repertoire from a limited number of
germ-line gene segments. The TCR recognizes peptides derived from protein antigens
displayed on self HLA molecules. A second small subset of TCRs (Y0 TCRs), expressed
by less than 10% of peripheral T cells, can also recognize peptide antigens as well as
some glycolipid antigens presented by CD1d molecules and other antigens (see
‘Effector cells and receptors’, below).

The antigen-specific TCRs, sometimes referred to as Tis, to distinguish them
from the complex of TCR with the CD3 molecule which makes up the fully func-
tional and signal-transducing receptor, are glycoprotein heterodimers. The major
TCRs consist of o and B chains linked by a disulphide bond in a functional receptor.
Experiments, using gene transfection of isolated o and P genes, indicate that a com-
posite conformation formed by o and B chains ‘sees’ the appropriate and matching
conformation of the foreign antigen—-MHC complex. The Ti on a CD4" Th cell will
bind to the antigen-MHC class II molecule complex on an APC. In contrast, the
Tiona CD8' CTL will bind to the antigen—-MHC class I complex on the appropriate
target cell. It is established that the CD4 and CD8 molecules on the respective
peripheral T cells play an important role in increasing the affinity of the T cell anti-
gen recognition and binding reactions, particularly in primary T cell responses. The
CD4 molecule binds to nonpolymorphic determinants of the MHC class II on the
APC, at some distance from the antigen—-MHC class IT complex site. CD8 performs
a similar role, enhancing the binding to comparable determinants on the MHC class I
molecule.

The Ti is not immunoglobulin, as is the case for the BCR. Nevertheless, Ti has a
comparable molecular genetic arrangement, whereby the separate genetic loci, desig-
nated V, D, J, and C gene segments, are found in the germ-line of cells committed to
a T lymphoid lineage (early in the thymus environment). The genes undergo somatic
rearrangement events (similar to those described for the BCR in ‘B cells, receptors,
and antibodies’, below) resulting in the transcription and translation of protein ‘mes-
sages’ for the Ti receptor molecule, which becomes expressed on the T cell membrane
closely linked with the CD3 molecule. The CD3/Ti complex (TCR) is essential for
proper triggering of T cells following interaction with the antigen—-MHC complex.
Specificity is the property of the Ti o/ heterodimer and can be shown to be associated
with the V domain determinants. Diversity is due to V regions associating with differ-
ent D, J, and C combinations. Like BCRs, idiotypic determinants can be shown to be
associated with the V domain of the Ti of the TCR.
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The second, phylogenetically older, TCR has been described with a functional receptor
complex (Ti) comprising a y and & heterodimer, distinct from o/ and encoded by
separate genes. Within the thymus it precedes the gene rearrangements for the o/
receptor and may play a role in the thymic selection events associated with T cell
development. The majority of TCRs found on most peripheral T cells in blood and
secondary lymphoid organs, however, are the classical o/p Ti, associated with CD3.

Experimental data over the past 20 years has documented the intimate association
of ¥8 T cells with epithelia lining the GIT, the respiratory tract, and skin in mammalian
species. These T cells, compared with the classical o/ T cells, have more limited diver-
sity and have limited reactions with HLA—peptide complexes. Evidence indicates that
they see lipids/glycolipids presented by the CD1 molecules. It is suggested that they
can also recognize molecules induced/expressed by epithelial cells which are stressed
either by microbial infections or by mutational changes. They will respond to these
stressed cells while remaining tolerant to normal unstressed epithelia. The stressed
molecules recognized by these T cells have been documented to be products of the
MICA and MICB genes found in the MHC class I region. Another unconventional
T cell described more recently, called the NK T cell, expresses the CD56 antigen found
on NK cells along with T cell o/f receptors of very limited diversity. The NK T cell also
appears to recognize antigens presented by the CD1 family of molecules. The overall
suggestion is that the unconventional yd and NK T cells have functions similar to cells
of the innate immune system. Their receptors show limited diversity, they can respond
very quickly to detected antigens, and they are believed to act in a form of surveillance
at epithelial sites, thus detecting and responding rapidly to cells damaged by infection,
injury, or mutational events. They are known to be high secretors of IFN-y, therefore,
influencing other innate immune cells such as phagocytes, as well as the adaptive
immune responses of T and B cells downstream, which also respond to IFN-y.
Interestingly, significant numbers of NK T cells can be found among tumour infiltrating
lymphocytes (TILs) in human cancers.

T cell effectors: CD4+/CD8* subsets

Many of the functions mediated by and attributable to T cells are due to their production
of cytokines (IFN-y, IL-2, TNF-o., IL-17) which in turn target receptors on responding
cell types. Some T cell effects are notably due to their cell-cell contact reactions involving
various ligand-receptor bidirectional interactions.

Effector T cells are found in the CD4" and the CD8" subsets. Classic experiments in
mice in the 1990s, using highly polarized, nonphysiological generation of immune
responses to microbes and to protein antigens, led to the seminal discovery that CD4*
T cell subsets could be described and classified on the basis of the cytokines they pro-
duced. These cytokines correlated with their biological effects in adaptive immunity.
The studies of Coffman and Mosmann defined the Th1 and Th2 subsets [26,27]. The
Th1 cells produce the signature cytokine IFN-y along with IL-2, which promote the
activation of macrophage/phagocytic cells, especially in CMI. In contrast, Th2 cells
are defined by the production of the signature cytokine IL-4 along with IL-5, which
promotes B cell differentiation with Ig heavy chain class switching and, particularly,
IgE-mediated antibody inflammation with eosinophilia. Clones of murine Th1 and
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Th2 cells were readily isolated and strongly supported the paradigm. They also
revealed that certain transcription factors including the STAT molecules, segregated
and correlated with the subsets. Thus, Th1 cells expressed the T-bet transcription
factor, which is known to be the master genetic regulator for Th1 development as well
as selective STAT molecules (e.g. STAT 4) along their developmental pathways.

Definition and acceptance of CD4* Th1 and Th2 initially proved more difficult in
the human system, for several reasons. Most investigations of human T cells use readily
accessible blood lymphocytes. We now know these consist mainly of the naive recir-
culating pool of T cells and some memory T cell subsets: they are not comparable to
the highly stimulated and polarized cells excised from the responding secondary
lymphoid organs (spleen and lymph nodes) as used in mouse experiments. This reali-
zation, coupled with some investigations using human cells obtained from experimental
lesions (e.g. highly challenged repeated skin tests to subcutaneously injected microbial
antigens) or rarer biopsy samples from patients with severe immune-induced inflam-
matory lesions (skin of patients with lepromatous or tuberculoid leprosy) essentially
showed the correctness of the Th1l and Th2 subset paradigm in humans. As in the
mouse system there was also a correlation with the transcription factors and the use of
various STAT molecules. Human Th1 is also associated with the T-bet transcription
factor and the Th2 subset with a GATA transcription factor and, respectively, with
some STAT molecules. Additionally, it was noted that the signature cytokines produced
by the Th1 and Th2 cells could have reciprocal suppressive effects on the development
of each cell type.

Figure 1.21 summarizes the findings of Th1 and Th2 subsets in humans showing
the signature cytokines, the biological/immune functional correlates, and the tran-
scription factors associated with their development from naive T cell precursors
designated Tho.

Many clinical pathological associations have held up well with the Th1 and Th2
paradigm. However, with time the designation has become inadequate; it is unable to
explain some clinical pathological states and, importantly, could not explain the
occurrence of the diseases seen in some clinical immune-deficient patients. Ultimately,
experiments with mice and human cells led to the definition of an additional Th sub-
set termed Th17, which has been implicated in the defence reactions against certain
extracellular pathogens. Th17 cells act directly by producing cytokines such as IL-17,
IL-21, and IL-23 that attract polymorphonuclear phagocytes to sites of tissue invasion
by microbes and activate them. Th17 have also been linked to the destructive inflam-
mation associated with various autoimmune disorders. More recent experiments are
apparently defining other subsets of CD4* Th cells. These include Th follicular cells,
which are believed to produce signature cytokines and play a discrete functional role
in secondary lymphoid follicles, facilitating microanatomical interactions between
T and B cells and APCs. Most recently, a Th22 cell has been proposed which can be
distinguished from Th17 cells and which produces almost exclusively IL-22, and has
the propensity to home to epithelial sites [28]. Th17 cells can also produce IL-22, but
along with several other cytokines.

Useful as the Th subset definitions are, caution needs to be exercised regarding their
definition as fixed irreversible entities. Biologically, such cells may have some inherent
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Fig. 1.21 Extended CD4* T helper-effector subsets with cytokines produced and associated
transcription factors. Extended CD4+ T helper subsets are shown with their signature
transcription factors and cytokines produced. Their main functional and protective
responses are also shown. The suppression from Tregs is considered to help re-establish
homeostasis in the immune system following responses against microbes and also to
protect against the development of autoimmunity or other immunopathological damage.
The transcription factors shown related to the subsets are T-bet, GATA3, RORyt, and
Foxp3—they control and promote the secretion of the associated cytokines; T regs
Foxp3 (forkhead box protein 3) cell; Th17 RORyt (retinoic acid-related orphan receptor
gamma t); Th1 Thet (T-box expressed in T cells); Th2 GATA 3 (transcription factor 3
binding the DNA sequence GATA)

plasticity, their dominant phenotype merely reflecting essentially an expression of the
dominant cytokines within the microenvironment at the time of analysis [29].
Movement of such cells ex vivo into changed environments may yield changing cytokine
profiles and different phenotypic expressions. Recent research has firmly established
that human CD4* Th17 cells can be derived from Th17 precursors which produce
both IL-17 and IFN-v (the supposed signature cytokine of Th1); some mature Th17
cells can continue to produce IFN-y. However, they have not been demonstrated in
any situation to be capable of producing IL-4 (the signature molecule of Th2 cells).
CD161, which is an NK cell marker/receptor, is proving useful in defining the Th17
precursors (CD161TCD4*Th17, IL-17/IFEN-y producers). CD161 is also found on sub-
sets of CD8* T cells. Treg plasticity has been documented by their transformation to
Th1 and Th17 subsets under particular experimental conditions. The plasticity shown
for the human CD4* Th subsets may have some biological advantage for a species that
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is relatively long-lived, providing flexibility to deal with myriad antigens within a sys-
tem which, over time, shows marked immune senescence (see Figure 1.21).

Nevertheless, even with the caveat regarding plasticity, at present the accepted des-
ignations of Th1, Th2, and Th17 (and probably of Th22) is useful with regard to thera-
peutic targeting of such cells in clinical diseases (e.g. autoimmunity), where different
CD4* Th effector subsets have been shown to express different chemokine receptors
that may offer new therapeutic targets. For instance, this is occurring within the set-
ting of MS where the T cells that enter the CNS have been shown to be a particular
subset (Th17) and to express particular chemokine receptors involved in their ingress
into the CNS.

Figure 1.21 summarizes the various CD4* Th subsets and Tregs, with their corre-
lated functions and markers. Figure 1.22 gives an overview of the linkages between
CD4* T cell subsets of adaptive immunity with cells of innate immunity, indicating
their bidirectional interactions.

CD8t effector CTLs predominantly target cells expressing the HLA class I-peptide
complex as a way of eliminating intracellular sources of microbial infections (micro-
bial reservoirs), or of eliminating mutated (potentially cancerous) cells, which
present the mutated peptide fragments at the surface of the cell; the latter can be
killed by the CD8* T cells. CD8* T cells, like NK cells, use at least two pathways of cell

Assist resolution

Inflammation of inflammation,
{phagocytosis antifibrosis, wound
Innate activation healing, regulation
(TLRs, NLRs, etc.) of inflammation
2Alternative and repair
X macrophage
Classical IFN-a/p activation
macrophage «——— —_—
activation TNF
L1 Macrophage Dendritic cell
IL-6
TNF-a IL-12 TGF-g, IL-6 IL-4
(IL-18) IL-21? IL-23 IL-13
INF-y
TNF o IL-10 IL-17 IL-4
IL-2 —» TGF-B IL-22
IL 10 IL-5
IL-10
Intracellular Suppressor Extracellular pathogen Extracellular
pathogen Candida, Klebsiella helminths
Inflammatory Allergy
pathology

Fig. 1.22 The dynamic interactions between cells of innate immunity (shown as
macrophages and DCs) and of adaptive immunity (CD4* Th cell subsets), illustrating
key cytokines and functions linked to each cell type. Note the innate cells can direct the
development of various adaptive immune effector responses. NLR, NOD (nucleotide-binding
domain)-like receptor; TLR, Toll-like receptor.
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killing: granule-associated perforins and granzymes, and/or cell membrane-associated
Fas—Fas L interactions.

For effective CD8" CTL killing in vivo, there is good evidence showing that CD4*
T cell help is important by way of cell-cell contact and by cytokines generated to
optimize CD8* CTL movement to sites for killing of target cells in vivo.

T cell effectors: CD4* Tregs

CDA4* T cells with regulatory effects on T and B cell responses and on antigen-presenting
DCs are now firmly established. Predominant among these cells are the so-called
natural (n) Tregs produced in the thymus, from which they exit to the periphery. The
nTregs are mainly CD4*, CD25" Tregs which express the Foxp3 transcription factor.
Tregs can be induced in the periphery also and are called, not surprisingly, induced
(i) Tregs, which may express the same set of markers as nTregs, but some populations
may be CD25, although they still suppress T and B cell responses. There is recent
evidence showing that Tregs are generated in the very early phases of the induction of
the adaptive immune response and that IL-2 is central to their development and
survival. Tregs appear to exert their suppressive function, in part, by direct cell—cell
contact with responding DCs, T effectors, and B cells, as well as by the secretion in the
local environment of the suppressive cytokines IL-10 and TGF-P [30]. These cytokines
can be secreted by the Tregs themselves, or the Tregs can induce other local cell types
to secrete them, especially IL-10. Much effort is being directed at ways of inducing/
enhancing Treg function in vivo to control disorders such as autoimmune diseases or
destructive immunity associated with type I IgE-mediated allergic responses. Recent
experiments have documented the expansion of Tregs ex vivo and their reinfusion
in vivo to beneficially suppress ongoing transplantation rejection (rejection associated
with Th1 cells and with CD8* CTLs). Experimental mouse systems have recently dem-
onstrated expansions of Tregs by engagement of their CD40 L with CD40 expressing
B cells and immature DCs. In vivo expansion of Tregs has been demonstrated in
experiments using injected immune complexes of IL-2 and anti-IL-2 antibody.

B cells, receptors, and antibodies

B cells and receptors

As an integral part of their membranes, mature B lymphocytes express Ig glycoproteins
which function as the specific antigen receptors (BCRs). These B cells, following bind-
ing to the receptor and appropriate activation, can proliferate and differentiate into
plasma cells producing and secreting Ig. Some B cells fail to reach the endstage of
plasma cell development, but after mitotic division may revert to surface membrane
immunoglobulin (SmIg) receptor-bearing memory B cells. The basic structure of the
Ig receptor is shown in Figure 1.23. This is also the structure of secreted Ig found in
blood and other body secretions. Ig molecules of known antigen-binding specificity
are called antibodies. The terms are often used synonymously.

Plasma cells produce and secrete all classes and subclasses of antibodies: IgM, IgG
(1-4), IgA, IgD, and IgE. The latter are associated with either kappa (k) or lambda ()
light chains on individual molecules. Single heavy chains of immunoglobulin are
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Antigen-combining
regions (with the CDR)
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Fig. 1.23 Basic structure of an immunoglobulin antibody molecule and the surface
immunoglobulin antigen receptor on B lymphocytes. CDR, complementary determining
regions; Fab, fragment antigen-binding domain; Fc, fragment crystallizable domain;

H, heavy chain; L, light chain; variable region, B; constant region, O.

never found with mixed K and A chains. Table 1.8 summarizes some definitions and
properties of Ig antibody molecules. In their development from the lymphoid stem
cell, the earliest B lineage cells do not have antibody receptors on their membrane, but
can be defined by the presence of other differentiation molecules, such as CD19 (see
‘Clusters of differentiation and monoclonal antibodies’, above). The cell designated
the pre-B cell has restricted to its cytoplasm the heavy chain (pt) of IgM with no associated
light chain. Figure 1.14 shows the normal sequence of development of the B cell, with
some of the important markers recognized on the cells and some of the genetic events
occurring during this development.

Apart from their specific antigen receptors, B cells also express other important
phenotypes which can be correlated with their function. Thus, the HLA class II DR
molecules on B cells have been shown to function as presenters of antigen to CD4*
T cells. B cells react to antigens and produce antibody, but may also present other
epitopes of the antigen to T cells for their reactivity. Similarly, receptors have been
defined on B cells which bind secreted products of activated T cells (IL-2, IL-4, IL-6,
and IFN-y) (see ‘T cells, receptors, and effectors: CD4* Thl, Th2 and Th17; CD4*
Tregs and CD8* CTLs’, above) which in turn assist in B cell differentiation and/or
proliferation events leading to antibody production and secretion. CD40 on B cells
interacts with the CD40 L on activated T cells, the interaction being a major determi-
nant of B cell class switching from IgM to the other classes of immunoglobulins.
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Table 1.8 Characteristic properties of the immunoglobulin classes

Properties I9G IgM IgA IgD IgE

Heavy chain Y u o ) €

Subclass chains v1.v2,v3,. ¥4 - ol,o02 - -

L chain KorA KorA KorA KorA KorA

Molecular mass 150 000 900 000 160 000 180 000 190 000
monomer
400 000 dimer

Serum half-life 28 days 4-5 days 4-5 days 2-8days  1-5 days

Complement ++ +++ + - -

fixation

Placental transfer ~ Yes No No No No

via Fc region

Binding to mast Y4(?) No No No +++

cells via Fc region

Antibacterial + +++ + + +

Antiviral + ++ +++ - -

Fc binding to +++ + + - + (eosinophils,

phagocytes macrophages)

Some DCs

CD40" B cells have recently been demonstrated in model systems as important for the
development and expansion of Tregs. Newly defined cytokines such as B cell activat-
ing factor (BAF, also called Blys) produced by mononuclear phagocytes can also
influence B cell class switching and proliferation independent of the CD40 pathway.
Hence, a two-way cooperation between B and T lymphocytes is becoming more appar-
ent. Some of the other molecules defined on the surface of B cells include HLA class I
antigens, various TLRs, and receptors for complement components termed CR2
and CR3.

Diverse ligands such as Gram-negative bacterial LPS, Nocardia extracts, viruses such
as EBV, T cell lymphokines, chemicals such as phorbol esters, and antibodies directed
against the B cell Ig can all act as mitogens (stimulators) for B cells. Following the
binding of these various ligands, singularly or in various combinations, triggering of
membrane-associated enzyme systems (involving turnover of inositol phospholipids
and Ca?" ion mobilization) results in cell cycle changes in DNA and protein synthesis
in B cells. Mitogens have largely been exploited in research to dissect the details of
B cell physiology; knowledge of their activity has also helped to explain clinical and
laboratory observations, such as the marked proliferation of B cells, lymphocytosis,
lymphadenopathy, and hypergammaglobulinaemia associated with EBV infections.
Most of the clinical and laboratory findings can be explained by the mitogenic effects
of EBV on B cells together with T cell responses against EBV-infected B cells.
Furthermore, the interaction of EBV with normal cell-growth-controlling gene elements
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(e.g. the c-myc proto-oncogene) offers a molecular explanation for the origin of some
B cell lymphomas. The translocation of the c-myc oncogene from chromosome
8 to the reactive regions of the Ig genes on chromosomes 14, 2, and 22, together with
the mitogenic drive of EBV for B cells, result in disorders such as Burkitt’s lymphoma
and other B cell non-Hodgkin’s lymphomas.

B cells are produced continuously in the human bone marrow throughout life and
it is estimated that more than 108 cells are formed every day. It is calculated that
such production provides in excess of 106 clones of B cells (each clone expressing an
antibody receptor with a unique antigen specificity—clonal selection theory), ample
provision for the diversity of human antibodies necessary to counteract the potential
universe of antigens.

Immunoglobulins and antibodies

The immunogenetics of Ig (receptor and secreted antibody) production provides evi-
dence to support the clonal selection theory and to explain specificity and diversity.
The genes for Ig heavy chains are found on chromosome 14, while the genes for k and A
light chains are found on chromosomes 2 and 22, respectively. In all nucleated cells
these genes can be demonstrated to be in what is termed a ‘germ-line’ configuration.
In a given cell only the maternal or paternal genes (not both) are selected for expression
by a process termed allelic exclusion.

Some important definitions regarding antibodies are outlined below. The charac-
teristic properties of antibodies are summarized in Table 1.8.

+ Basic antibody unit (see Figure 1.23)—The heavy chain pairs define the classes of
antibody.

+ V and C regions—YV (variable) regions contain marked variability of amino acid
sequences between different antibody molecules; C (constant) regions contain very
little variability.

+ Antigen-binding sites—Formed by small numbers of amino acids in the V regions
of heavy (H) and light (L) chains.

+ Antibody classes—Five classes of immunoglobulins in man—IgG, IgM, IgA, IgD,
and IgE—defined by determinants in the H chains which are respectively denoted
asy, |, 0, 9, €. Subclasses are found in the IgG and IgA immunoglobulins.

+ Antibodies react mainly against antigens located in extracellular sites. Exceptions
have been described whereby antibodies attached to viruses which enter cells inter-
act with a cytosolic Fc binding protein called TRIM 21; the resulting complex is
rapidly directed to the intracellular proteasome for desctruction, thus, providing a
novel and useful antiviral effect.

+ Polymer forms of antibodies—Composed of more than one of the basic monomer
units linked by a J chain produced in the plasma cell. Thus, IgM in blood is usually
pentameric (five basic units linked by disulphide bridges to the J chain). IgA occurs
as a J-chain-linked dimer in body secretions, linked by disulphide bonds to an addi-
tional polypeptide called secretory component (also called the polymeric Ig receptor)
produced by epithelial cells.
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+ Genes encoding H chain V regions are VD] and those encoding L chain V region are
VJC; encode the corresponding H and L chain constant regions.

The term ‘gene’ applies to discontinuous segments (sequences) of nucleotide bases.
The stretches of bases containing the information that will be transcribed to mRNA and
translated to Ig-antibody protein are termed exons and the intervening nonencoding
sequences are termed introns. The exons encoding for different parts of the antibody
molecule are named V, D, J, and C for the heavy chains, and V, ], and C for the light chains.
The critical point to note is that cells which are committed along the pathway of B
lymphoid development change their germ-line configuration of the Ig ‘gene’ elements
(V, D, ], C exons) by undergoing so-called somatic rearrangement and recombination—
bringing together the gene exons by the removal of the intervening introns. The proc-
ess involves various nuclear enzyme systems and subtle nucleic acid curling, splicing,
and recombining events. Two genes (recombination activating genes) have been
defined, RAGI and RAG2, whose products have been shown to regulate the process.
The end result is the product of a final mRNA transcript which is translated into an Ig
protein. In pre-B cells only the IgM-V, D, ], C-genes are rearranged and expressed as
p heavy chain protein in the cytoplasm. In the immature B cell the p1 gene element is
present along with genes for V, J, and C for either k or A. Mature B cells rearrange and
express IgM and IgD heavy chain genes, both of which are associated with the same
rearranged light chain on the cell membrane. Thus, the antigen receptors on mature
B cells is composed of IgM and IgD, but both Igs use the same light chain for associa-
tion and have the same antigen binding specificity, i.e. the same V region.

At the gene level there are many alternative V, D, and ] gene segments which can
combine in various combinations during rearrangement, and can then be translated
into many alternative V region proteins for both heavy and light chains. These numer-
ous combinations of V-D, J, or V-J provide the major part of the genetic basis for
diversity implicit in the clonal selection theory. Each combination contributes to a
novel receptor; similarly, each individual combination provides part of the unique
specificity of the individual clone. Interestingly, patients (newborns and infants) have
been described with mutations in RAGI and RAG2; they present with clinical SCID.
They have no detectable B cells (or T cells) in blood. It is now recognized that RAG
genes which are activated in early immature lymphocytes (before commitment to T or
B lineage) are also responsible for controlling similar somatic recombination to generate
TCR diversity in cells destined for that lineage.

The basis of diversity and specificity can also be seen in the amino acid sequences of
antibody proteins. The V regions of heavy chains show segments of extreme amino
acid variability between the N-termini of differing antibodies of the same class.
Different Igs with different antigen-binding specificities show marked amino acid dif-
ferences in their V regions which correspond with the points of contact and binding of
antigen. These so-called hypervariable regions (three to four in number) correspond to
the CDRs which interact with antigens. The term idiotope is used to define the unique
sequence of amino acids associated with the unique specificity of a single hypervariable
region. Antibodies recognizing and defining the unique conformation contributed by
the combination of CDRs in heavy- and light-chain V regions are called anti-idiotypes,
i.e. the idiotype is the summation of the epitopes derived from the combination of
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CDRs of heavy and light chains. TCRs are not Igs, but their heterodimer receptors
(0t/B and y/3) have similar molecular organization in terms of CDRs and defineable
idiotypes.

Additional diversification occurs in B cells and their BCRs (but not in TCRs) by the
processes termed somatic hypermutation (SHM) and class switch recombination
(CSR). SHM results in the accumulation of point mutations in the V region, especially
in the antigen-binding regions (i.e. CDRs), increasing diversity of antigen recognition
and binding. CSR results in the exchange of the constant region of IgM for the constant
region of the downstream heavy chains of IgG, IgA, or IgE in differentiating plasma
cells, thus diversifying antibody effector functions. SHM and CSR genetic mecha-
nisms are under the control of a gene called AID (activation-induced cytidine deami-
nase) which also regulates the generation and maintenance of memory B cells in
germinal centres.

The molecular rearrangements of Ig genes, together with the definition of light
chains and idiotypes on the BCR, have been readily exploited in clinical medicine to
characterize lymphoid neoplasia. The surgeon who is called on to remove lymph
nodes during the clinical investigation of lymphadenopathy may find that the B cells
in the removed specimen all express one type of light chain, thus, indicating a ‘clonal’
neoplastic proliferation. In a normal or reactive node, analysis reveals approximately
60% x and 40% A positive cells. Anti-idiotypic MABs have been used in the immuno-
therapy of clonal B cell malignancies.

In more difficult and complex analyses, the neoplastic nature of the B cells is defined
by demonstrating the presence of the predominant and most widespread idiotype.
When necessary, these sophisticated examples of phenotyping can be complemented
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Fig. 1.24 Kinetics of primary and secondary immune responses following injection of an
antigen.
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by genotypic analysis using DNA probes to define gene rearrangement events in clonal
B cell proliferation.

Primary and secondary antibody responses

Figure 1.24 shows the classic kinetics and features of the primary and secondary anti-
body responses following injections of an antigen. The secondary response has a
shorter lag period, the antibody response is quantitatively greater and lasts longer, the
quality of the antibody is better—it has a stronger binding ‘affinity’ for the antigen—
and the classes of antibody change from predominantly IgM to IgG and IgA. It is
important to appreciate that, although the antibody classes (heavy chain) have
changed, the antigen-binding specificity is the same (i.e. anti-X, V-region specificity
is maintained). The effect of the secondary response, therefore, is to generate antibod-
ies that will bind the antigen strongly and rapidly and recruit effector mechanisms,
such as complement and phagocytic cells, which will contribute to efficient elimina-
tion of the antigen. The molecular basis for these properties of antibodies is outlined
above under the SHM and CSR mechanisms (see ‘Immunoglobulins and antibodies’,
above). More recent molecular findings on recombination, SHM, and CSR events
have further illuminated our scientific understanding of B cells and antibody
responses.

As discussed previously, the clonal selection theory of the cellular aspects of lym-
phocyte responses following receptor—antigen interaction antedated and predicted
the cell basis of immunological ‘memory’ of the secondary antibody response. The
kinetics and qualitative changes of primary and secondary responses are equally
applicable to T cells.

The basis of the change in antibody class is hence defined at the molecular level in
the CSR events. The antibody-producing cells in the secondary response rearrange
and select IgG and IgA (y and o C-region) rather than IgM C-region exons, while
essentially maintaining the same V, D, ] exons for the heavy chains and the V, J exons
for the light chains, thus ensuring the same specificity. The molecular messages and
signals responsible for isotype switching are now clear. Newer evidence indicates that
cell-cell contact between the switching B cells and activated T cells is required, via
their respective CD40L molecules. Additional cytokine signals involved in antibody
class switching have emerged: for example, the need for IL-4 for IgE and molecules
such as BAF and APRIL (cytokine members of the TNF superfamily), derived mainly
from non-T cell sources [31]. They target various receptors and provide signals that
favour B cell survival and class switching. Indeed, anti-BAF MABs are currently being
used in clinical trials as a new therapy for SLE.

A resurgence in studies of antibody independent functions of B cells has emerged,
as a result of the use of B-cell-depleting anti-CD20 MAB therapy (rituximab) in
human diseases (including B cell neoplasia and a range of organ-specific and systemic
autoimmunity—RA, SLE, pemphigus vulgaris), and in mouse model systems. These
studies document profound non-antibody-associated actions of B cells as modulators
of CD4* T effector and regulatory cells. Mechanisms of B cells shown to operate
include their role as APCs, as costimulatory cells, and as cytokine producers, all influ-
encing T cell responses and linked immunopathology.
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Memory T and B lymphocytes are the cellular drivers responsible for the secondary
and subsequent specific adaptive immune responses. They are key targets of research
aimed at enhancing and exploiting their functions for vaccination programmes.
Additionally, studies of these cells are giving deeper insights into diseases affecting
cells of the immune system, especially lymphoid tumours and immune deficiency
diseases. Phenotypic markers which characterize and segregate with functional B and
T memory cells have proved very useful to study, isolate, and functionally manipulate
such cells. For B lymphocytes, their cell surface marker profile of CD19*C20*
CD27*surface Ig* defines approximately 30% of the circulating peripheral blood
B cells in humans, that are memory B cells; half of that subset are the surface IgG*
long-lived memory B cells. Additional markers, such as CD38%, differentiate the anti-
body-secreting B cells (ASC) in blood, which differentiate within days as a response to
infection or vaccination [32]. The ASCs home to peripheral lymphoid sites to
differentiate into plasma cells secreting high titres of antibody. Populations of long-
lived (over decades) plasma cells have also been defined secreting low levels of
antibody (e.g. antitetanus specificity).

Memory T cells have for decades been phenotyped with respect to their expression
of isoforms of the CD45 molecule; the CD45RO™ marker characterizes CD4* and
CD8* T memory cells.

Recognition events and functionality of the integrated
immune system in vivo

Introduction

Having an overview of the immune system and its major recognition elements and
receptors, it is possible to achieve an understanding of the system’s connectivity and
functionality in vivo. Consider two scenarios of antigen challenge to the host. One is
via a natural portal of entry by a potentially pathogenic microbe and the other by the
systemic (parenteral) presentation of antigen, as used in many experimental approaches
or vaccination programmes (using intramuscular, subcutaneous, or intravenous routes).
The two scenarios will reveal elements of commonality and differences in the induction
of the immune response.

Antigen entry and responses via the natural portal
of the GIT

GIT innate defences

Consider an ingested or resident potential pathogen in the host GIT. It will encoun-
ter soluble factors and cells of innate immunity and, in varying parts of the tract, the
resident commensal microflora. The human commensals are known to be in their
hundreds of millions, some providing vital substances (e.g. key vitamins) for the
host. They also produce nutrients such as short-chain fatty acids and other sub-
stances that antagonize potential pathogens. Recent evidence also indicates they
may induce a basal state of activation of epithelial lining cells via microbe PAMPs
interacting with the PRRs (TLRs and NLRs) of the host cells. This basal state may
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assist homeostasis with commensals while priming the system for additional signals
from and reactions against potential pathogens. This suggestion gains credibility if
we consider colitis induced by Clostridium difficile. This Gram-positive organism is
known to reside in the GIT of many people without any resultant morbidity; it is
also known, however, to cause severe inflammation in some individuals on antibi-
otic therapy. It is surmised that the commensal flora normally suppresses C. difficile.
A simplistic quantitative model suggests that antibiotic depletion of sensitive com-
mensals creates room for the antibiotic resistant C. difficile to dominate, attach to,
and disrupt the epithelial barrier. With the aid of its two toxins (A and B) it is able
to enter deeper tissues and intracellular sites, dysregulating and amplifying inflam-
matory mediator pathways/responses, leading to a highly damaging acute inflam-
mation. Alternative models, supported by some experimental evidence, indicate
that some commensals induce the production of bactericidal molecules from intes-
tinal cells which suppress C. difficile; antibiotic therapy thus provides an indirect
advantage for propagation of C. difficile. Clearly, these models are not mutually
exclusive.

Within mucosal secretions are found various molecules such as mucins, lectin-like
glycoproteins (collectins), enzymes (e.g. lyzozyme), and complement components
together with antimicrobial peptides, such as defensins, which are produced and
secreted by epithelial lining cells and closely related Paneth cells. These soluble factors
have important antimicrobial activities, including binding to and disrupting micro-
bial membranes and preventing microbe attachment to receptors on the epithelial
cells. The increasing understanding of the role of commensals and their interactions
with the gut immune system is providing new insights into the use of nonpathogenic
bacteria and yeasts as probiotics to treat or augment the treatment of microbial or
nonmicrobial inflammatory disease/disorders of the intestines. Probiotics can be
perceived as resetting appropriate basal interactions in the gut (see Chapter 6). The
common disorder irritable bowel syndrome (IBS) is considered to have an underlying
low-grade inflammation and perturbation of commensal flora as key factors in its
pathology. Current IBS treament recommendations involve the use of pre/probiotics,
as well as anti-inflammatory agents.

If pathogens survive the initial defences, as well as the interactions with the natural
ecosystem of commensal microflora, and gain a foothold on or in epithelial cells, then
additional mechanisms are activated. The barrier function of epithelial cells via their
tight intercellular junctions is well known. However, the epithelial cells themselves
have functions beyond that of a pure physical barrier. When stressed or damaged by
microbes, such cells can switch on genes after PAMP—PRR and other receptor interac-
tions to produce cytokines and chemokines to signal and enhance a localized inflam-
matory response. Key cytokines and chemokines produced by epithelial cells include
IL-1, IL-8, and other CC and CXC chemokines. From the early epithelial cell recogni-
tion events and responses, defence mechanisms are triggered which attempt to elimi-
nate the microbes. Microbes that survive these defences encounter other cells that
contribute to early defence, synergizing with epithelial cells found in close anatomical
association. Predominant among these and intertwined between epithelial cells are
morphologically recognized DCs.
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Dendritic cells

The best-known DC is the LC, which is associated with epithelia. Other related DCs
are found just below the epithelium and have been termed DDCs and IDCs. The
Langerhans and related cells are derived from bone marrow and develop from the
mononuclear phagocyte lineage. They have many features in common with macro-
phages and monocytes and also some significant differences. They sample antigens
from the local environment around and between epithelial cells. They are part of the
family of generic DCs which we associate with particular functions of antigen presen-
tation [33]. The functions of LCs and IDCs and macrophages have qualitative and
quantitative differences with regards to endocytosis, phagocytosis, intracellular kill-
ing, processing of internalized protein molecules, and peptide antigen presentation,
bound to HLA molecules, to T and B cells found in GIT lymphoid aggregates and
regional lymph nodes. Essentially, the DCs capture antigen either in its complete form
via their surface receptors or as phagocytosed/endocytosed material for partial digestion,
processing, and subsequent presentation complexed with DC self HLA molecules. The
cells then migrate to lymphoid compartments and, in the process, mature. During the
migration and maturation the cells change their functional characteristics, becoming
less endocytic/phagocytic, and become more firmly committed to processing and
presenting antigens to T cells (see ‘Innate and adaptive immunity’, above). The DCs
ultimately move to areas of secondary lymphoid tissues. In lymphoid aggregates in the

GIT, respiratory tract and other mucosal sites, lymph nodes, and the spleen, they

present the antigens to the relevant T and B cells with the appropriate receptors

(i.e. the specific receptors for those antigens). The DC presentation of peptide anti-

gens, bound to HLA class II and I molecules that are recognized by the TCRs of CD4*

and CD8™ T cells, respectively, provide the signal 1 needed for induction of the protec-
tive immune response. However, signal 1 is not sufficient on its own. Indeed, if
only signal 1 predominates it has been shown to switch off and to tolerize immune
responses by inducing T cell anergy. In the responding MALT, the required signals

(signals 2 and 3—see ‘Costimulation and adhesion molecules’, above) for inducing

positive immune responses are provided by products from the pathogens and by the

cytokines generated from the PAMP—PRR interactions of epithelial DC/APC cell
types. The overall functions of the families of DCs can be summarized as follows:

+ DCs produce proinflammatory cytokines and chemokines following early recogni-
tion events—PAMPs via PRRs. Dominant among the cytokines produced are IL-1
and TNF-a. They are the main mediators, along with chemokines, for the recruit-
ment of leucocytes and soluble mediators to the site of infection and/or inflamma-
tion. DCs enhance the intracellular killing processes of leucocytes upon contact
with microbes and their antigens. This occurs within the intracellular endosomal
lysosomal compartments.

+ DCs migrate from the site of microbial entry to regional lymphoid tissues, taking
with them microbial products which they can present either in native form (recog-
nized by BCRs) or associated as processed peptides bound to self HLA (recognized
by TCRs). During DC movement from superficial tissue sites to regional lymphoid
tissues to interact with T and B cells, the DCs undergo maturation characterized by
increased expression of surface molecules such as CD80/CD86 (B7.1 and B7.2),
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which function as costimulators in triggering immune responses. DC maturation/
activation is also characterized by the cytokines they produce, in particular key
cytokines such as IL-12 and IL-23. Costimulators and cytokines have tended to be
grouped as signal 2, necessary for full triggering of lymphocyte responses. However,
recent data is now indicating a separation, whereby, molecules such as CD80/86 are
regarded as producing signal 2 and the cytokines secreted as providing signal 3
needed for full triggering, especially of T cells. These considerations are important
in cancer immunotherapy which uses in vitro manipulated (e.g. antigen-pulsed)
DCs to induce antitumour responses. This indicates the importance of having the
right maturation and activating protocols for DCs to promote T cell antitumour
responses (see Chapter 4). This is in addition to having optimal tumour peptide
antigen presentation by DCs, utilizing the standard antigen-processing HLA class I
and II pathways or the alternatively described cross-presentation pathways.

¢ The GIT immune system has some particular adaptations that favour functionality
against antigens entering via that route. This includes specialized antigen sampling
and capture by the M cells, found interspersed among the epithelial lining cells of the
lower intestine. M cells engulf antigens by endo/pinocytosis and transfer them to
lymphoid aggregates such as the Peyer’s patches (PP) to start the induction of T and
B cell responses. The PP themselves drain via the equivalent of afferent lymphatics to
regional mesenteric lymph nodes for full induction and dissemination of immune
responses. Other important GIT adaptations include a range of cell types (innate and
adaptive) and molecules found associated within the epithelium: namely, interepi-
thelial effector lymphocytes (e.g. T cells and NK T cells) and lamina propria-associated
DCs, T and B lymphocytes, plasma cells, and macrophages, along with scattered mast
cells and rarer NK cells and eosinophils.

Mucosal-associated lymphoid tissue

Introduction

Another key adaption in the GIT, including the oral site, and other mucosal sites such
as the respiratory and urogenital tracts (collectively termed mucosal-associated lym-
phoid tissue or MALT), is the selective homing of effector T and B cells to MALT using
specific adhesion molecule-ligand interactions and chemokine/receptor pairings.
Interestingly, recent data suggest a new functional CD4" Th22 subset (reflecting the
predominant production of IL-22 by the cells) that home selectively to skin and
MALT. A memory T cell subset, which when activated expresses the molecule CLAA
(cutaneous lymphocyte-associated antigen), is known to home selectively to normal
and inflamed skin. CLAA interaction with E-selectin on cutaneous endothelium is the
main pathway for this selective homing. Different integrins associated with oral and
GIT mucosa also favour the homing of some CLAAT CD4* T cells. The CD4* Th17
subset also shows preferential homing to MALT and skin, and is implicated in immune
defences, as well as in immunopathological states. IgA-committed B cells and IgA-
secreting plasma cells have been known for some 50 years to have a selective
predisposition to home to MALT, as a result of specific adhesion-integrin—ligand
interactions between lymphocytes and specialized endothelial cells in MALT sites.
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Intestinal IgA antibodies are produced as dimers linked by a J chain in MALT plasma
cells (in contrast with IgA in blood, which is a monomer), when secreted from the cells
near the basal area of epithelial cells. The dimeric IgA binds with high affinity to the
polymeric Ig receptor (pIgR), a molecule produced by epithelial cells that facilitates
the transport of IgA antibodies to the GIT lumen. At the apex of the enterocyte the
pIgR is enzymatically cleaved, releasing the IgA into the gut lumen with a bound
major fraction, termed the secretory component (SeC). The SeC protects IgA from
intestinal enzymes and confers mucophilic properties to the antibody. The IgA—SeC
complex thus has some relative resistance to proteases in the GIT; the antibody is
efficient at excluding antigens from GIT uptake, and neutralizes some microbes by
preventing their binding to epithelial cells. Most importantly, IgA acts as an anti-
inflammatory molecule as its immune complexes with antigen tend not to activate
complement and other phagocytic proinflammatory actions. This is in marked
contrast to other Ig antibodies such as 1gG and IgM (see ‘B cells, receptors, and anti-
bodies’, above).

Intestinal CD4" and CD8" T cells, which preferentially migrate to MALT, express
the integrin molecule 0i4/B7 and the chemokine receptor CCR9, which bind selec-
tively to respective counter-ligands on intestinal vascular endothelium and intestinal
epithelial cells: MADCAMI1 (mucosal addressin cell adhesion molecule 1) and CCL25.
Some IgA-committed B cells express the receptor CCR10 which interacts with the
ligand CCL28, produced by GIT epithelial and lamina propria cells. The potential
overlapping functions of these homing molecular pairings are the subject of ongoing
research and are being targeted as a means to modulate trafficking of cells involved in
disease induction and/or perpetuation in the GIT. They are also being studied in the
context of vaccination strategies aimed at mucosal vaccines and exploitation of
the homing of effector and memory T and B cells (see ‘Effector cells and receptors’,
below).

Figure 1.25 summarizes the interactions for GIT immune responses and the effec-
tors generated. Antigens are taken up via M cells and delivered by a process of transcy-
tosis to subepithelial DCs, or taken across the epithelium in solution or associated
with other DCs (some sample antigen directly from the gut lumen by their dendrites);
they are delivered respectively to the PPs or the MALT lymph nodes where immune
responses are induced, if appropriate costimulation occurs (signals 1, 2, and 3).
Activated and proliferating T cells with effector and regulatory properties (Th1, Th2,
Th17, and Tregs) then express the integrin and chemokine receptors that allow them
to migrate selectively throughout MALT.

MALT and GIT diseases

The balance between the different lymphocyte subsets in the GIT varies with physio-
logical homeostasis and with inflammation. Th17 and Th1 cells dominate in inflam-
matory environments, whereas Th2 and Treg functions appear to maintain a more
suppressive/homeostatic GIT setting. The homing properties of GIT resident, effector,
and memory lymphocytes distinguish them from the naive T cells from which they
are derived and from other naive and effector T and B lymphocytes (in sites such as
spleen and peripheral lymph nodes) with no predilection for the MALT environment.
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Fig. 1.25 Relationship between induction and effector immune response sites in the
gastrointestinal tract (GIT). The lamina propria, effector, and memory T and B lymphocytes
selectively home to the GIT and other MALT sites. i, induction role; e, effector role.

GC, germinal centre; IEL, intraepithelial lymphocyte; MALT, mucosa-associated lymphoid
tissue; PIgR, polymeric immunoglobulin receptor.
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There is recent evidence indicating that MALT DCs can imprint GIT homing on acti-
vated lymphocytes by a process involving retinoic acid (a metabolite of vitamin A).
Interestingly, this metabolite in conjunction with TGF is also known to induce GIT
production of IgA in a T-cell-independent manner from B cells [34-37].

The immune response generated via the GIT faces some additional challenges. The
system must not only respond effectively to pathogens, as described above, but must
also not over-react to its myriad commensal flora and to the very large numbers of
antigens (proteins, lipids, and carbohydrates) ingested daily in food. The mechanisms
that maintain physiological non- or hyporesponsiveness (oral tolerance) to these
agents are considered to involve specialized intestinal DCs operating in a microenvi-
ronment that promotes the emergence of Tregs, anti-inflammatory cytokines such as
IL-10 and TGF-, and secretory IgA. Breakdown or failure of establishment of this
tolerance is assumed to underpin the serious and growing problem of food allergy and
the major idiopathic inflammatory bowel diseases.

The increasing knowledge of the detailed interactions in the gut has provided
insights into GIT disorders, where these interactions are compromised, and has also
yielded potential new therapeutic targets for GIT and skin-associated inflammatory
diseases. Pertubations in key cells and cytokine (e.g. IL-21) interactions in the GIT
have been noted in Crohn’s disease and ulcerative colitis (see Chapter 8).

MABs against some cytokines/cytokine—chemokine receptors and integrins
are being used or are under active investigation for treating Crohn’s disease and
psoriasis (see ‘Monoclonals and other biological therapies’, below). Additionally,
cytokines such as IL-10 (produced by Tregs and many other cells in the normal GIT)
with broad immunosuppressive activity against a range of haematopoietic cells, are
being investigated in the treatment of severe immune/inflammatory GIT disorders in
humans.

Parental injection of antigen

The injection of protein antigen by the intramuscular (IM) or subcutaneous (SC)
route bypasses the important responses triggered by epithelial cell interactions in
MALT. Furthermore, the pure protein antigen is likely to be a poor stimulator of PRRs
on subepithelial DCs/APCs. Nevertheless, the protein antigen is likely to be endocy-
tosed and processed by the DCs/APCs and will be transported for presentation to T
and B cells in lymphoid tissues with the capability of providing signal 1. However,
because of the lack of signals 2 and 3 (lack of PAMP—-PRR interactions as found with
antigen entry via the mucosa), this injection of pure protein antigen could lead to
immune unresponsiveness/tolerance rather than active immune responses. Indeed,
immunologists have been aware of this situation for many decades; it is referred to as
the immunologists’ ‘dirty’ little secret, alluding to the fact that they need to use adju-
vants (‘dirty’ materials such as FCA, containing mycobacterial products and mineral
oils) to ensure induction of immune responses against the injected protein antigen in
experimental animal systems (see ‘Immunogens, antigens, and adjuvants’, above).
Aluminium salts are another important, though less potent, adjuvant (see ‘Adjuvants’,
above). Currently, much effort is being focussed on production of adjuvants that
may target PRRs in various tissue sites to increase vaccine efficacy to treat a wide
range of human diseases. The systemic immune response generated following protein
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antigen—adjuvant immunization by the IM or SC route is dominated by the produc-
tion of IgG antibodies, with lesser amounts of other Ig classes characteristic of Th2-
driven humoral immunity; additionally, some cell-mediated (CD4* and CD8* T)
reactions can also be demonstrated.

Parenteral administration of antigens via the intravenous (IV) route (clearly with-
out adjuvant) generates immune responses dependent particularly on splenic func-
tion. Discrete T and B cell areas and APC populations are defined in the spleen, as in
other peripheral lymphoid tissues, but that organ has some particular features. There
is an anatomic marginal zone with a population of B cells that respond particularly to
carbohydrate/polysaccharide antigens; it is important for antibacterial responses
to encapsulated organisms such as pneumoccoci. Splenectomized patients are at
particular lifelong risks from such organisms; vaccinations against them are important
for patients undergoing elective or emergency splenectomy (see Chapter 7). The
immune response induced by the IV route is dominated by humoral immunity with
IgM and IgG antibodies with a relatively poor cell-mediated response.

The IV route of antigen administration is also known to be a convenient way (by giv-
ing very low or very high doses of protein antigens) to induce experimental models of
peripheral tolerance, which is also dependent on an intact and functioning spleen.

Superantigen

T cell activation

The term superantigen refers to microbial products, often protein toxins (exotoxins,
enterotoxins), which mainly enter the host via MALT or skin and that have profound
immune stimulating effects simultaneously on large numbers of T cells and APCs.
This stimulation is associated with the toxin binding to the APC/HLA class II mole-
cule, outside the peptide-binding groove, and stimultaneously binding to multiple
TCR V B regions. Superantigens bypass normal antigen-processing pathways and are
often relatively resistant to heat and proteases. Unlike standard peptide antigens with-
in the HLA class II groove, which stimulate a small number of specific T cells (at best,
1in 10 000 or 0.001% of the total T cells with the specific TCR), superantigens can
stimulate of the order of 1% up to 20% of all T cells (binding to multiple TCRs). That
reaction represents a massive polyclonal (or oligoclonal) T cell stimulation which, in
large part, accounts for the serious diseases and morbidity associated with exposure to
superantigens in humans. Superantigens from group A streptococci are considered
the main agents causing necrotizing fasciitis and streptococcal toxic shock syndrome
associated with hypotension and multiple organ failure. Staphylococcal and viral
superantigens have also been associated with serious pathological disorders, including
toxic shock syndrome and Kawasaki disease. There is evidence of their involvement in
upper and lower chronic inflammatory airways diseases, such as chronic rhinosinusitis
with nasal polyps and COPD.

Superantigen polyclonal activation of T cells cross-linked with APCs results in mas-
sive systemic release of proinflammatory cytokines from both cell types. Documented
cytokines include TNF-a, IL-2, IFN-v, IL-6, and many chemokines. These molecules
can account for much of the local and systemic disturbances (fever, hypotension, dif-
fuse skin rashes, and shock) which occur with the severe acute and ultimately chronic
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inflammatory lesions, if the individual survives and the stimulus persists. Superantigens
can have profound effects on other elements of the immune system. Recent experi-
ments have documented their severe impairment of iTregs and nTregs (CD41/CD25%/
Foxp3* T cells), which suggests that superantigens may contribute to some forms of
autoimmune inflammatory diseases. The many T cells activated by superantigens can
subsequently be shown, after releasing their cytokines, to undergo apoptosis; if the
T cells survive they become anergic. This results in the individual being functionally
immunocompromised, at least for some period of time. By the very nature of super-
antigen binding to, and stimulation of, a large number of T cells, there results a marked
skewing of the T cell clonal repertoire. This again limits the individual’s clonal diversity
and, therefore, potentially the ability to react to some antigens.

B cell activation

B cells, by virtue of their expression of HLA class IT molecules, can also be engaged by
superantigens directly (as APCs) and bridged to T cells; the excessively activated
T cells, in turn, induce marked polyclonal stimulation of B cells. Chronic inflamma-
tory disorders associated with superantigens commonly have polyclonal increases in
serum Ig levels (raised levels of IgM, 1gG, IgA, and IgE). Superantigens have been
shown to favour the emergence of Th2 responses; this helps to explain the level of
raised Th2-associated B cell responses linked to B cell heavy chain class switching and
thus panhypergammaglobulinaemia.

Physiological benefits of the effector immune response

Introduction

Previous sections of this chapter have provided an overview of the basis of immunology
as it pertains to protection of the host against infection. The cells, recognition events,
and molecules that define interactions of innate and adaptive immunity, and their
actions and interactions to protect the host, while maintaining homeostasis, have been
outlined. In this section, the cells and soluble proteins operative in innate and adaptive
immunity will be described with regard to how they confer the physiological benefits
of immunity in an integrated way. The complement system of proteins of innate
immunity interacts bidirectionally with elements of adaptive immunity. Some com-
ponents of complement assist B cells in their production of antibodies. Antibody
molecules of particular isotypes directly recruit and activate complement. Leucocytes
that generate innate or adaptive immunity function as major effectors of antimicrobial
responses in peripheral tissue sites.

CD4* and CD8" T effector cells of adaptive immunity, NK cells of innate immunity,
and the ‘unconventional lymphocytes’ (NK T and yd T cells, which operate at the
interface of innate and adaptive immunity) function in discrete, coordinated, and
cooperative ways in delivering highly efficient effector functions. T cells and CMIs
deal particularly with intracellular microbes. T cells recruit and enhance the functions
of mononuclear phagocytes to deal with the intracellular phagocytosed microbes.
CD8* CTLs kill infected cells which express processed peptides of intracellular
microbes bound to HLA class I at the cell surface. T cells also help B cells to generate
antibodies of the best isotype suited to dealing with a range of extracellular microbes,
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including the extracellular phases of viruses, some bacteria, and protozoa which colo-
nize cells intracellularly.

The physiological benefits of the innate and adaptive immune responses become
very evident when investigating nature’s experiments—natural deficits of elements
of both systems which result in immune deficiency. Delineation of such disorders
indicates mutational events affecting proteins, secreted molecules, and receptors asso-
ciated with immune reactions. These observations are supported by experimental
animal model systems where discrete elements of adaptive and innate immunity
can be genetically disrupted or more global effects can be induced by surgical manoeu-
vres (e.g. thymectomy). These approaches have clearly indicated that the effector
elements of immune responses (cells and protein components in soluble compart-
ments) are directly responsible for the reactions that lead to the elimination of
microbes. The effector molecules of the innate system, in many circumstances, are
able to eliminate the microbes directly. However, they additionally play important
roles in augmenting the functional effectors of adaptive immune responses, such as
the products of B lymphocytes (antibodies).

One of the major elements of the innate immune system that functions as a
powerful effector in immune response is the complex of proteins that makes up the
complement system.

Complement system of proteins

The complement system is a series of some 30 protein enzymes and cell membrane-
associated components essential for defence against non-self antigens/microbes.
Complement is part of the innate immune system, its elements acting rapidly and
directly against antigens. The system is also recruited by elements of adaptive immu-
nity, especially antibodies, to enhance their protective effector antimicrobial reactions.
Historically, the term ‘complement’ is a recognition of the system’s role in assisting or
complementing antimicrobial antibodies. Invading non-self antigens (e.g. viruses, bac-
teria, fungi, mismatched transfused red blood cells, or organ transplants) can interact
with, and lead to their destruction and elimination by, the complement series of blood
proteins. Most of these proteins are synthesized in the liver and can function as major
components of the acute-phase response. Molecules and PAMPs on the surfaces of
some microbes can lead to a direct activation of the complement system. Microbes and
mismatched tissues, which are coated (opsonized) with antibody molecules, especially
of IgM and IgG class, are very effective at activating the complement system. Activation
of complement involves sequential proteolytic cleavage of members of the system. This
leads to the generation of effector molecules and by-products that ultimately results in
the destruction of the activating antigen by way of inflammatory responses. Complement
activation, as is common with enzyme systems, results in the amplification of the
responses downstream. Some products of this activation bind covalently to surfaces in
the vicinity of the activation process. This is represented by binding to the opsonized
microbes as well as to self cells in the environment. Biologically, the self cells have, as
part of the human genome, a series of encoded proteins known as complement regulatory
proteins which protect against damage induced by complement activation. These pro-
tective components are not found in microbial genomes, hence the microbes are dam-
aged by the activation products. Because the amplified complement activation system
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is potentially very powerful, other regulatory mechanisms exist to protect self cells.
Some of these mechanisms involve components of activation with very short half-lives
and/or acting over very short ranges in situ. Some fluid-phase regulatory molecules also
exist which limit the complement enzymatic activation pathways.

Three major pathways are known to lead the complement activation: two of them,
the alternative pathway and (the relatively recently described) lectin pathway, are
considered ‘old’ in evolutionary terms. The lectin pathway is antibody independent
and occurs when mannose-binding lectin, a serum protein, binds to mannose or fruc-
tose groups on microbial cell walls. This then attracts the activity of the mannose-
associated serine proteinase (MASP) which drives the activation process. The
alternative and lectin pathways are activated directly by binding to microbes (without
the need for antibody), functioning as soluble PRRs recognizing microbial PAMPs.
The third and most studied system is called the classical pathway.

Figure 1.26 gives an overview of the three pathways and the key molecules generated by
the activation process. The initiating molecules for activation in these pathways are
respectively C3b, mannose-binding lectin, and Clq for the alternative, lectin, and classi-
cal pathways. Activation proceeds in a precise sequence; key in the early parts of the
complement activation system is targeting of the most abundant and central component,
the plasma protein C3. Breakdown of C3 is brought about by the enzyme system complex
termed the C3 convertase. The generation of their respective C3 convertases is a common
feature of all three pathways (see Figure 1.26). The C3 convertase enzymes cleave C3,
generating two products. The first, C3b, attaches covalently to the surfaces of microbes
directly and/or to antibody-coated (opsonized) antigens. The other product is a soluble
fluid-phase entity, termed C3a. It has biological activity; it is sometimes called anaphyla-
toxin as it binds to receptors on leucocytes, especially neutrophils and mast cells, and can
result in chemotaxis (a movement of neutrophils along a concentration gradient) towards
the sites of microbes/antigens responsible for activation of complement. C3a binding also
mediates the release of potent inflammatory mediators from both cell types.

The bound C3b element helps in all three pathways towards generating another
downstream convertase enzyme called C5 convertase. This enzyme, which cleaves C5,
is responsible for the late stage of activation of complement. Cleaved products of C5
are analogous to those of C3; C5b becomes covalently bound to the activating com-
plex and the fluid-phase C5a acts as a chemotactic agent and mediates cellular release
of inflammatory mediators.

The late steps of complement activation (C6—C9) generate products which can
result in the lysis of some bacteria, such as neiserria. These late activation products can
also lyse incompatible transfused red blood cells and leucocytes. The activated com-
plex of C5b with C6, 7, 8, and 9 is termed the membrane attack complex (MAC). The
MAC inserts into susceptible cell membranes in the manner analogous to the evolu-
tionarily related protein perforin, involved in CD8* T cell and NK cell cytotoxicity
(see ‘T cells, receptors, and effectors: CD4* Th1l, Th2 and Th17; CD4" Tregs and
CD8* CTLs’ and ‘Innate and adaptive immunity’, respectively). The insertion of the
MAC complex facilitates osmotic cell lysis. It should be noted that the alternative
pathway is initiated by the binding of low levels of C3b. Interestingly, plasma C3
before complement activation undergoes a small degree of continual and spontaneous
hydrolysis (autolysis), generating small amounts of C3b. This fluid-phase C3D is
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Fig. 1.26 The three pathways of complement activation: the classical, lectin, and
alternative pathways. The phylogenetically youngest and most studied classical pathway
is activated by C1q binding to antibody complexed with antigen, which in turn activates
C1r and Cls. The generated esterase enzyme cleaves C4 and C2. Activation of the lectin
pathway occurs when MBL, a soluble PRR, binds to conserved carbohydrate motifs on
microbes that leads to activation of the MASPs which also cleave C4 and C2. The cleavage
products of C4 and C2 from both pathways form the C3 convertase, C4bC2a. This key
molecule targets C3 resulting in its cleavage into C3b and C3a. Some C3b binds to
nearby activating surfaces, while other C3b molecules associate with the C4bC2a to
form the C5 convertase of the lectin and classical pathways. The alternative pathway
(AP) is activated when C3 undergoes spontaneous hydrolysis generating an AP C3
convertase which is facilitated by factors B and D. An AP C5 convertase is also generated.
Properdin supports alternative pathway activation by stabilizing both convertases. The
three pathways of complement activation can be seen to result in the formation of the
key C3 and C5 convertases. The reactions result in the generation of the major effectors
of complement activation namely the anaphylatoxins (C4a, C3a, and C5a), the MAC
(C5-C9), and the major opsonin C3b. The biological readout of complement activation is
the induction of inflammation, the lysis of target cells, and the opsonization of microbes
and antigens. The anaphylatoxins are potent proinflammatory molecules activating
polymorphs and mast cells as well as acting as chemotatic agents for leucocytes. The
terminal MAC complex is responsible for direct lysis of some target cells. The C3b
opsonin facilitates phagocytosis of opsonized targets; it is also a key amplifying molecule
for the alternative pathway. MAC, membrane attack complex; MBL, mannan-binding
lectin; MASP, MBL-associated serine protease; PRR, pattern recognition receptor.
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Fig. 1.27 The alternative, lectin, and classical complement activation pathways converge
into the final common pathway when C3 convertases cleaves C3 into C3a and C3b.
Overbar indicates activation. C4a, C3a, and C5a act as anaphylotoxins and as
chemotactic factors.The main outcomes of complement activation are induction of
inflammation,target cell lysis and opsonization of microbes/antigens. Ab, antibody; Ag,
antigen; C1-INH, C1 inhibitor; MAC, membrane attack complex; MBL, mannose-binding
lectin; MASPs, MBL-associated serine proteases; P, properdin.

unstable and rapidly decays. However, if it binds to the surface of an invading microbe
it is stabilized and acts as a substrate for further activation and generation of the alter-
native pathway C3 convertase. That pathways reaction is assisted and controlled by
other proteins called factors B and D, and properdin. Figure 1.27 gives a more detailed
overview of the three pathways of complement activation.

Such a potentially powerful inflammation-inducing system needs to have very sensi-
tive and tight control and regulation. This is brought about in various ways including
the following. Mammalian cells lack terminal mannose residues, hence are not suscep-
tible to the lectin pathway of activation. Additionally, mammalian cells possess comple-
ment regulatory proteins such as CD55 (decay accelerating factor, DAF) and CD46
(membrane cofactor protein, MCP) which antagonize C3 convertases/complement
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activation and potential damaging reactions at the surfaces of human cells. Patients
with deficiencies of CD55 and CD46, due to a genetic lesion that leads to loss of anchorage
of the proteins to the human cell surface, have marked complement-induced lysis of
their red blood cells. Experimental models have also demonstrated increases in inflam-
matory and autoimmune disorders linked to loss of those regulatory molecules.

Interestingly, the cells and organs of animals (pigs) being considered for use in
xenotransplantation lack human CD55 and CD46. Such animals have been genetically
engineered (transgenics) to express these human complement components, as one of
the means of protecting against complement activation iz vivo in the context of
xenotransplantation. Other means of regulating complement activation include the
protein C1 inhibitor (C1IN) which regulates the early activation events beyond Clq
by inhibiting the esterase activity associated with cleavage/activation of the C4 and C2
components. C1IN is the only known inhibitor of C1r and Cls, the activated proteases
of CI; it is also a major inhibitor of activated coagulation factor XII and of plasma
kallikrein, a protease that cleaves kininogen and releases bradykinin. The importance
of this C1IN protein is seen in patients with the autosomal dominant disease heredi-
tary angioedema, or with acquired deficiency of the C1 inhibitor. These patients
present with severe and often life-threatening acute inflammatory responses associated
with excessive complement activation; the inflammation also involves the kinin/
kallikrein enzyme pathways.

Box 1.1 provides a vignette of patients with C1 inhibition deficiency.

Box 1.1 Patients with C1 inhibition deficiency

These patients can have life-threatening acute angioedema, e.g. affecting the upper
airways. They also present with an ‘acute abdomen’ with pain and vomiting, asso-
ciated with jejunal involvement and diarrhoea with colonic acute (sterile) inflam-
mation. Management of the disease has improved in recent years, with the
availability of newer therapeutic agents for disease prophylaxis and for treatment
of acute episodes of oedema. Preventive therapies use several anabolic steroids to
induce hepatic production of C1IN. More recently, a C1IN protein concentrate
from pooled plasma has become available for intravenous administration.
A recombinant DNA produced form of the protein is also being evaluated. Therapy
for acute, potentially life-threatening attacks, in addition to emergency care (intu-
bation/ventilation, etc.), ranges from immediate replacement of the inhibitor
using fresh frozen plasma (previous practice) to the present, preferable options
including C1IN protein infusions, to newer agents directed at physiological targets
including enzyme systems involved in the pathological disturbances. A bradykinin
B2 receptor antagonist (icatibant) and an inhibitor of kallikrein enzymes (ecallan-
tide) have recently been added to the treatment regimens. Diagnosis of C1IN
deficiency involves quantitative measurement of the protein and of its function
(see section ‘Immunopathology and tissue damage, immune deficiency, and
immunotherapeutics’, below, and Chapter 9). The simple and rapid measurement
of serum C4 is most helpful as it is invariably low at the time of an acute attack, due
to unchecked cleavage of C4 consequent on the lack of inhibition of the esterase
activity by the low level of, or nonfunctional form of, the C1IN protein.
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At present, clinical deficiencies of most proteins in the complement system have
been documented. These deficiencies have helped to clarify the overall functions of the
system, which can be summarized as follows:

+ Complement plays a key role in eliminating microbes in innate and adaptive
immune responses. Figure 1.28 demonstrates the principles of opsonization and the
efficiency of the process regarding phagocytosis and destruction of microbes, when
coated with complement activation products and with antibody molecules.

+ Some components of complement have been shown to augment the development of
humoral immunity. The binding of the activation products C3b (and a further deg-
radation product called C3d) to complement receptors on B lymphocytes termed
CR1 and CR2, respectively, amplifies B cell responses. For instance, this reaction is
demonstrated in germinal centres of lymph nodes to assist B cells in what is called
affinity maturation—a process for the selection of high-affinity BCRs to generate
high-affinity antibodies. The CR2 receptor (CD21) for C3d also functions as a recep-
tor for EBV, known to infect B cells and to dysregulate B cell Ig production. EBV is
used experimentally to derive B cell lines in vivo. The virus is linked to the develop-
ment of certain B cell neoplasms in some immunosuppressed transplant recipients,
in HIV/AIDS, and in some primary immunodeficient patients (e.g. Duncan’s syn-
drome). Burkitt’s lymphoma was one of the first human tumours shown to be
caused (at least in part) by EBV. The C3d augmentation of B cell responses acts as
the equivalent of a signal 2, analogous to that described for T cell activation. Signal
1, in the case of B cells, is the BCR binding of antigen and intracellular signalling.

+ Complement is believed to be important for the physiological removal in vivo
of immune complexes and of apoptotic cells. Such cells have molecules that are
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Fig. 1.28 Opsonization of microorganisms and the role of phagocytic cells, CR1, and
CR3 receptors for complement activation products C3b (A) and C3d (H).
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recognized directly by some complement components. Such complexes are envisaged
as occurring in normal cell turnover events associated with apoptosis and by the
actions of natural low-affinity polyreactive IgM antibodies (some with autoanti-
body specificity). Additionally, immune complexes generated in the removal of
microbial invaders are facilitated by the complement system. Patients with deficien-
cies of early components of complement (e.g. Clq, C2, C4), have been described
with typical clinical immune complex problems resembling serum sickness syn-
drome or lupus-like syndromes, with complexes deposited in skin and renal tissue.

¢ Many complement-deficient patients present with various microbial infections;
some complement deficiencies are rapidly fatal, e.g. deficiency of C3, the major
component targeted by all three activation pathways.

In summary, it can be seen that the alternative and lectin pathways act as important
immune effectors in innate immunity, while the use of antibodies, as exemplified by
classical complement pathway activation, is seen as a key effector of adaptive immunity.
Opverall, the complement system plays a key role in the elimination of microbes during
innate and adaptive immune responses. The system also helps to maintain physiological
homeostasis by facilitating the removal of immune complexes and of apoptotic cells.
Importantly, the complement system is being understood as playing a major role in
the integration of innate and adaptive immunity.

Effector cells and receptors
CD4+ and CD8* T cell effectors

To appreciate the mechanisms used in developing efficient effector CD4" and CD8* T
cells, it is helpful to consider them in terms of their maturity, anatomical location, and
physiological recirculation. Some key points to note regarding CD4* and CD8* T cells
are as follows:

+ Naive, non-antigen-experienced, peripheral T cells recirculate between blood and
secondary lymphoid tissues. In these latter sites they may encounter and interact
with their cognate peptide antigen—-HLA complex displayed on APCs. Following
TCR-peptide-HLA interaction, signalling events occur which facilitate naive T cell
activation, proliferation (clonal expansion) and differentiation to effector T cells,
some of which also generate memory T cells. This sequence of events occurs for
both CD4* T cells and CD8* T cells.

¢ The primed (antigen experienced) effector T cells generated from naive T cells
migrate from their peripheral lymphoid sites of induction and circulate through all
secondary lymphoid tissues, including dispersed lymphoid elements as found within
the GIT and other MALT sites. They also migrate into nonlymphoid tissues. If the
effector T cells re-encounter their cognate antigen they can undergo further episodes
of activation, together with more marked proliferation and differentiation to become
well-defined and polarized effector subpopulations. These subpopulations for CD4*
T cells are the Th1, Th2, and Th17 effectors. Similarly, CD8* T cells respond and
develop as fully functional CD8* CTLs. After executing their effector functions many
of the proliferating clones of lymphocytes undergo apoptosis, thus, maintaining the
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homeostatic cellular pool. A proportion of CD4" and CD8* T effector cells survive
and differentiate to become long-lived memory T cells. Some of the memory CD4*
and CD8* T cells recirculate while other subsets remain within peripheral tissue sites,
ready to respond rapidly to any incoming microbial antigens. The physiology of
recirculation of the primed and differentiated effector T cells provides an excellent
surveillance system ready to respond rapidly to incoming microbes/antigens to which
they have had previous experience.

T cells respond to intracellular microbes endeavouring to colonize the host and to
persist as intracellular, protected reservoirs of infection. The range of potential intra-
cellularly located microbes includes viruses (such as herpesvirus, CMV, EBV), bacteria
(such as Mycobacterium tuberculosis, Listeria monocytogenese, legionella) and protozoa
(such as Leishmania major). Some microbes phagocytosed by macrophages and other
APCs can be detected in intracellular vesicles (endosomes and lysosomes) where they
can survive having developed mechanisms to subvert intracellular killing. Additionally,
components of such microbes may leak from the vesicles into the cytoplasmic com-
partment. Viruses can infect APCs (macrophages and DCs) but also many other cell
types; they are the most successful parasites. After hijacking the genetic machinery of
the host cells they produce, intracellularly in the cytoplasm, components such as pro-
teins for assembly of new viruses. In some situations, virus-infected host cells may be
recognized and phagocytosed by macrophages, some viral antigens will then be present
in endosomal compartments.

Microbial proteins in endosomal compartments and proteins in the cytosolic com-
partment are degraded to peptides which become associated with the HLA class II and
HLA class I pathways of antigen presentation, respectively.

¢ APCs transport microbial antigens from peripheral sites to the regional/secondary
lymphoid tissues. In these sites, the APCs provide the opportunity for the recircu-
lating naive T cells to recognize processed peptide—-HLA complexes. Within the
recirculating pool of naive T cells are the relatively rare clones with specific TCRs
for any given peptide antigen displayed on the APCs. The recirculating naive T cells
in blood leave the vessels in the lymphoid tissues via the HEV, using their integrin
and L selectin adhesion molecules, and are directed to the T cell areas within the
lymphoid structure by their chemokine receptor CCR?7. This moves directionally
toward the ligands CCL19 and CCL21 which are produced by stromal cells within
the paracortical T cell areas. The rare specific T cell (estimated at ~1:10%) with
the specific TCR has the opportunity to interact with the recently arrived APC dis-
playing the appropriate peptide—HLA complex. CD4* T cells interact with HLA
class IT-associated peptides while CD8* T cells interact with the HLA class [-peptide
complex.

¢ Initial interactions assist in increasing the strength of the antigen-specific interac-
tion, i.e. the signal 1 interaction. Thus, the integrin LFA1 present on the T cells
binds to the ICAM-1 on the APC and, additionally, the CD4 molecules of the T cell
bind to the invariant part of the class II molecules; similarly, for CD8* T cells, the
CD8 molecule reacts with the nonpolymorphic residues of the HLA class I mole-
cule. Key interactions also occur between the specific T cell and the APC, most
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notably by the binding of the CD28 molecule on the T cell which interacts with the
costimulatory molecules CD80/CD86 on the APC.

The above interactions cause a clustering of molecules around the primary signal
1 complex of TCR with the antigenic peptide-HLA on the APC. The clustering
results in the microanatomical formation of a synapse between the APC and the
T cell membranes. This is referred to as the immunological synapse and is believed
to be the main means for focusing reactions at that site, including aggregation of
several TCR complexes. The interactions within the synapse facilitate biochemical
signals (including calcium ion fluxes) which rise above a particular threshold and
lead to further signals resulting in T cell activation (this reaction occurs for CD4*
and CD8" cells responding to different peptide antigens derived from the same
microbe).

The biochemical signals are well described for T cells and are summarized in
Figure 1.29. The essence of the signalling is due to the CD3 component of the TCR.
The CD3 molecule is made up of three chains, one of which contains in its cytoplas-
mic domain an ITAM motif, phosphorylation of which along with a molecule called
the zeta () chain attracts the intracellular kinase termed Zap-70. The Zap-70 is in
turn phosphorylated as it contains ITAM residues and it attracts downstream adap-
tor proteins. They, in turn, activate additional downstream biochemical pathways
which are linked to further active enzyme systems. Ultimately, the signalling path-
ways target transcription factors located in the cytoplasm. On interaction, modified
transcription factors translocate and enter the nucleus of the T cell to target their
particular genes, inducing the production of their encoded proteins. Key enzymes
and the transcription factors targeted are (1) the calcium-dependent enzyme
calcineurin which acts on the transcription factor nuclear factor of activated T cells
(NFAT), (2) PKC targets NF-kB, and (3) ERK/JAK targets the transcription factor
activator protein-1 (AP-1).

The molecules produced during T cell activation characterize activated T cells and
include membrane-associated molecules and cytokines. Among the earliest activa-
tion molecules detectable (present within hours of TCR full signalling) is CD69.
This is followed in turn by FasL (CD95L) and, subsequently, by the key functional
molecule CD40L (CD152). Most of these molecules are expressed over hours rather
than days. However, 24—48 hours after activation the production of the cytokine
IL-2 can be demonstrated, with concomitant production and expression on the cell
membrane of the high-affinity IL-2R complex. This series of events then favours
autocrine binding of the cytokine IL-2 to its receptor and drives proliferation of
the specific T cells (clonal expansion). The proliferative events are characterized
by DNA synthesis and ultimately cell mitosis. The dividing cells are evident and
measurable from approximately 3 days onwards (see Chapter 9).

The proliferating cells have the ability to differentiate into various effectors (primed
T cells). The differentiation events are facilitated by the CD40L on the activated and
proliferating T cells; thus can bind CD40 expressed on APCs, macrophages, and B
cells. Cytokines and their receptors induced on various cells also contribute to prolif-
erative outcomes. Thus, for responding CD4* T cells, along with the CD40L/CD40
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Fig. 1.29 T cell signalling pathways: TCR complex (Ti/CD3) recognizes and binds
peptide—HLA complex display on the APC. The ITAM motifs of CD3 molecules and of the
zeta chains become phosphorylated and bind the ZAP-70 protein. Further adaptor
proteins dock into the complex and various biochemical intermediates and pathways are
activated, including key enzyme systems (e.g. calcineurin) which target and activate TFs.
The TFs move into the nucleus and stimulate various genes whose products characterize
and mediate the T cell responses, e.g. cytokines, chemokines and their receptors and
other activation markers. AP-1, activating protein 1; MAPK, mitogen-activated protein
kinases; NFAT, nuclear factor of activated T cells; P, phosphorylation site; TF, transcription
factor; ZAP-70, zeta-associated protein of 70 kDa.

interaction, if the cells bind the IL-12 (produced abundantly by APCs and macro-
phages), the cells receive additional biochemical stimuli (signal 3) which favour their
differentiation as CD4 * Th1 effectors. Their differentiation is under the control of
the transcription factor T-bet along with STAT4. These Th1 cells produce a signature
cytokine IFN-y along with IL-2 and TNF-o.. Th2 effectors develop under the control
of the transcription factor GATA, along with STAT 6, with signals induced by the
binding of the cytokine IL-4. Sources of IL-4 in the tissue sites have recently been
defined in innate cells such as tissue mast cells and basophils (see later). The differen-
tiated Th2 cells produce in turn more IL-4, its signature cytokine, which can act in an
autocrine manner to drive further differentiation. Additional cytokines produced by
Th2 cells include IL-5, IL-9, and IL-13. Analogous reactions occur to facilitate the
differentiation of Th17 cells. Current evidence in humans shows that this latter dif-
ferentiation is driven by IL-6, IL-21, and TGF-f; also, IL-23 is seen as important for the
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maintenance of differentiated Th17 cells. The related transcription factor for Th17 is
retinoic acid orphan receptor (RORY).

For naive CD8% T cells, their development to primed effector cells generally needs
help from CD4* T cells by way of the latter cells’ production of IFN-y and IL-2 which
bind to receptors on the naive CD8* T cell and stimulates biochemical signals for
proliferation and differentiation. The differentiated CD8* T cell effectors can be
shown to have prominent intracytoplasmic granules which contain the molecules
perforin and the enzyme granzyme B.

The differentiated primed effector CD4* and CD8* T cells develop changes in
cytokine/chemokine receptors and adhesion molecules that favour their movement
from their site of induction in the lymphoid tissues. They become recirculating cells
that have the ability to move into tissue sites including sites of inflammation. This
physiological change gives them the opportunity of re-encountering their cognate
antigens, wherever those antigens may enter the host. This recirculating surveillance
by effector T cells moving into and through tissues is not antigen specific. However, if
the specific antigen is encountered, the T cells undergo rapid expansion and execute
their effector function to destroy the antigen. For CD4* Th cell effectors (Th1, Th2 or
Th17) the effector readouts are summarized in Figure 1.21. CD8* T cells, which develop
into efficient CD8" CTLs, effectively kill cells harbouring the intracellular microbes,
whose peptides are displayed on the cell surface associated with HLA class 1. This is a
crucial response because viruses can infect a wide range of cell types and the recirculat-
ing effector CD8* T cells must be able to recognize such cells to execute their function.
Importantly, once CD8* T cells are primed, in most situations they require little or no
CD4" T cell help to carry out their effector killing functions. The killing mechanism of
the CD8" T cell is associated with the formation of yet another immunological syn-
apse. It can be shown that CTLs within this location secrete their perforin and
granzyme complexes toward the target cell. The molecules are taken up by receptor-
mediated endocytosis. Within the endosomes of the target cell the perforin induces a
pore in the membrane, allowing, in turn, entry of the granzyme into the cytoplasm
and also in to the nucleus of the target cell. The granzyme mediates the apoptotic
death of the cell by activating caspases (see ‘Apoptosis and autophagy’, below). CD8*
CTLs can also kill targets by FasL (CD95) binding to the death receptor CD95 on the
target cell. That pathway also leads to apoptosis of the target cell. The FasL pathway of
CD8" T cell killing is believed to represent a minor pathway. The CD8* CTLs also
produce and secrete IFN-vy. Th1 cells produce IFN-y which stimulates macrophages
with phagocytosed microbes to enhance their intracellular killing mechanisms. The
IFN-y from CD8* T cells also acts in a similar manner.

Following the antimicrobial effector lymphocyte responses, there is a contraction of
the responding clones by the process of apoptosis, induced by loss of cell survival
factors such as cytokines and up-regulation of proapoptotic genes. The apoptotic
mechanism is referred to as activation-induced cell death (AICD; see ‘Apoptosis and
autophagy’, below), and ensures homeostatic maintenance of the peripheral lym-
phocyte pool. Some effector T cells survive and differentiate to generate long-lived
antigen-specific memory lymphoctyes. Two distinct subsets of human memory T cells
have been documented based on their differential expression of the receptors CD62L
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and CCR?7. These memory cells are termed effector memory and central memory cells.
They show differential recirculation patterns and homing to tissue sites; they have
been shown to mediate early and effective recall responses against previously encoun-
tered antigens. Such responses are much more rapidly induced than those generated
by responding naive T cells. Memory cells are seen as key protectors at sites of natural
portals of microbial entry such as the GIT, respiratory and urogenital tracts, and
the skin. Understanding the induction, recirculation, and tissue-specific homing
of memory T cells is seen as crucial to enhancing vaccine strategies against microbes,
particularly against currently intractable targets, such as HIV and the malaria
parasite.

B cells expressing CD40, which are engaged by the CD40L on activated T cells, are
induced to undergo class switching. These cells move from IgM production toward
other heavy-chain Ig isotypes. B cell differentiation to antibody-secreting plasma cells
uses various cytokines along with the CD40/CD40L interaction to drive different class
switch Ig heavy-chain outcomes. Thus, Thl cells produce IFN-y favouring B cell
differentiation to plasma cells producing complement-fixing antibodies, such as IgG1
and IgG3. In contrast, Th2 cells produce IL-4 favouring the production of IgE and
IgG4 non-complement-fixing antibodies, while IL-5 in MALT sites favours the pro-
duction of IgA antibodies. Th17 cells produce cytokines including families of IL-17,
IL-21, and IL-22 and favour the attraction of neutrophils and monocytes to sites of
tissue inflammation and their activation.

Regulation of beneficial effector T and B cell responses is important to avoid host
tissue damage. It is achieved in part by removal of the exciting antigen by the immune
response and by apoptosis of effector cells after execution of their beneficial role.
Another major contribution is from nTregs and iTregs, found in peripheral tissue sites
and secondary lymphoid tissues. They regulate immune responses at various levels,
including direct suppression of DCs, T cells, and B cells, by direct cell-cell contacts
and by their secretion of suppressive cytokines.

The early phases of T cell activation and differentiation toward effector T cells
involves the cytokine IL-2. It is now recognized that Treg proliferation and differentia-
tion is also supported by the early IL-2 interactions. Thus, the cytokine IL-2 appears to
play a dominant role in driving Treg biology. The kinetics and signals for CD4*,
CD25%, Foxp3* Tregs induction, and control of effector CD4* Th, CD8* CTL, and B
cell responses is an area of ongoing intense investigations.

NK cells

The innate NK cells function as effectors in cell cytotoxicity; they also produce signifi-
cant amounts of IFN-y which can activate macrophages and APCs, as described for
T cell IFN-y action. NK cells destroy virally infected cells and transformed/mutated,
potentially malignant, cells [38]. As mentioned previously, NK cells have activating
and inhibitory receptors. The latter are seen as dominant, and both types of functions
are found in the family of KIR molecules and in heterodimers comprising CD94,
along with a lectin molecule (NKG2A or NKG2B). These latter molecules function as
inhibitory receptors; in contrast, NKG2D is an activating receptor. The inhibitory
receptors, on binding to self HLA-C molecules on host cells, activate their cytoplasmic
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ITIM motif which on phosphorylation, activates phosphatases which suppress the
ITAM motifs on the activating receptor such as NKG2D. When viruses, as part of their
evolutionary escape mechanism, try to avoid CD8" T cell killing by down-regulating
or, in other ways, subverting or destroying HLA class I molecules (preventing presen-
tation of viral peptides to CD8* T cells), the biological advantage of the NK cells’ dual
receptor system becomes apparent. The now naked (missing self HLA class 1) virally
infected host cell cannot be engaged by the inhibitory NK cell receptor. The activating
receptor now has the opportunity to recognize the infected cell and sends positive
biochemical signals into the NK cell, which results in the death of the target cells using
perforin and granzyme, similar to that described for CD8* CTLs above. The target
cells undergo death by apoptosis.

NK cells express the molecule CD16 (the low-affinity FCYRIII that binds to the Fc of
IgG molecules). Cells coated with IgG antibodies via their Fab region have Fc portions
that undergo conformational changes and become attractive to receptor binding by
CD16. The interaction forms a bridge between the target antibody-coated cell and the
NK cell, which is brought into close juxtaposition. The NK cell can then contribute to
the destruction of the antibody-coated target cell via ADCC.

NK T cells

These populations are currently considered in the category of ‘unconventional T cells’
even though they contain somatically rearranged TCRs. In the case of NK T cells, these
are of very limited diversity.

NK T cells are defined as cells which recognize antigen presented by the non-MHC
molecules termed CD1. NK T cells are said to be CD1-restricted cells. They have an
invariant o-chain which is linked to a very limited number of 3-chains. In humans,
they can be CD4* or CD8% and some subpopulations have been defined which are
CD4~ and CD8". The term NK T cells also indicates that such cells express some NK
cell molecules, including CD56 and the activating NK receptor NKG2D. The charac-
teristic effector role of NK T cells is that, on recognizing their antigens (lipid and/or
glycolipid antigens presented by CD1d on transformed/stressed cells), they respond
very rapidly—within hours. That contrasts with standard naive T cell adaptive immune
responses that evolve over days. The rapid kinetics of NK T cell responses is much
more in keeping with that seen for innate immune cells rather than that of cells of
adaptive immunity, hence their classification as unconventional T cells.

A dominant lipid antigen presented by CD1d to NK T cells is a-galactosylceramide
(0-GALCER). This specific antigen has allowed the production of CD1d tetramers
(analogous to MHC tetramers—see Chapter 9). The CD1d complexed with a-GALCER
in the tetramer has been used to enumerate and isolate NK T cells. Although these cells
are seen to represent a small population in human peripheral blood and other second-
ary lymphoid tissues, it is evident that there exist several subsets. A dominant subset is
termed the classical type I invariant (i) NK T cell. Experimentally, NK T cells have
been shown to enhance Th1 responses and they also modulate DC and B cell responses,
as well as enhancing NK cell functions. NK T cells are seen as important effectors with
regard to antimicrobial responses and also they have the ability to respond against
stressed and/or mutated or overt cancerous cells. There is growing evidence that they
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also have potentially important immunoregulatory roles with regards to autoimmunity
and allergy. NK T cells are being used currently in anticancer immunotherapeutic
studies. They can be shown to expand T and B cell immune responses and appropriate
strategies are being pursued to exploit NK T cell functionality within the design of
various vaccine candidates [39,40]. NK T signalling can also enhance TLR responses
occurring in innate immunity. These wide-ranging effects of NK T cell subsets are, in
part, associated with their rapid production of a range of cytokines including IFN-v,
TNF-a, IL-17, and IL-22. The range of cytokines produced by NK T cells indicate they
can be proinflammatory. However, they also have a suppressive role and can induce
cell apoptosis. They are clearly seen as cells bridging innate and adaptive immunity.
Anatomically, apart from the low populations in blood and secondary lymphoid
tissues, NK T cells can be found in mucosal sites near or in epithelia; they are also
present in TILs associated with some tumours. It is surmised that they are responding
to the stress molecules expressed by mutated cells; similarly, they recognize stressed/
infected epithelial cells at mucosal sites.

Yo T cells

As described in ‘T cells, receptors, and effectors: CD4* Thl, Th2 and Th17; CD4*
Tregs and CD8% CTLs’, above, these T cells express the phylogenetically older ¥ het-
erodimer. They represent a small population (<10%) in peripheral blood, compared
with conventional af T cells. They can be CD4~ and CD8~ or they can be CD4" and
CD8* ¥d T cells. Anatomically, they can be shown to be abundant in epithelial sites
where they are believed, like NK T cells, to act as essential sentinels capable of inducing
rapid effector responses against microbial invasion and against damaged/stressed cells.
Like NK T cells, 8 T cells can recognize glycolipid antigen presented by CD1 mole-
cules. Interestingly, they have been shown to have specificity for lipids and glycolipids
presented by other members of the CD1 family, namely CD1b and CD1c¢ found on
DCs. Unlike NK T cells, 0 T cells appear to have the ability to recognize not only lipids
but also protein antigens; they have also been demonstrated to recognize directly vari-
ous microbial metabolites. Thus, yd T cells appear to be able to recognize various
antigens in a more flexible way than other T cells. Such flexibility may relate to their
key sentinel role at natural portals of entry of microbes, where the ability to recognize
various constituents of antigens, whether lipid, protein, carbohydrate, or glycoprotein
molecules, can be deemed beneficial. Like NK T cells, the evidence indicates that
Y0 T cells, on recognizing antigen, respond quickly (within hours), with the production
of a range of cytokines including IFN-y. They are believed to be responsible for killing
early infected or stressed epithelial cells. ¥ T cells have been documented to show
potent actions against intestinal parasite infections, as well as against viral infections.

Mast cells and basophils

Mast cells and basophils have long been studied with regard to their inflammation-
potentiating roles in allergy and parasitic diseases. In the latter situation, the inflamma-
tion induced by mast cells and basophils is seen as protective, helping in parasite
expulsion, e.g. from the GIT. In human allergic disease (asthma and other type I
IgE-mediated disorders), these cells are seen as key instruments in the undesirable
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inflammation-inducing immunopathology. Within the most serious condition of
life-threatening anaphylaxis, mast cells and basophils are key players. Their role in
mediating type I hypersensitivity is known to be induced by the cross-linking of their
high-affinity IgE receptors by bound IgE leading to mast cell and basophil activation,
with release of their preformed mediators along with the generation of new mediators.
Among the well-known preformed mediators are histamine, proteoglycans, and a
spectrum of neutral proteases. Released histamine acts on its various defined receptors
(H1, H2, H3) to mediate its effects. Among the proteases released from mast cells is
tryptase. Measurement of blood tryptase is one of the assays used in the investigation
of suspected anaphylactic reactions, IgE or non-IgE mediated (see ‘Tmmunopathology
and tissue damage, immune deficiency, and immunotherapeutics’, below). It is also
used in investigating possible diagnosis of mastocytosis. Among the newly generated
mediators from mast cells and basophils are arachidonic acid metabolites, including
the LTs and PGs D series. Importantly, it is recognized that a significant number of
cytokines can also be produced by both cell types.

Detailed studies of mast cells and basophils indicate they can have much more
diverse roles in several aspects of innate and adaptive immunity. Mast cells are strate-
gically located in connective tissue sites. They are sessile cells derived from bone mar-
row precursors; the precursors enter the tissues and mature in situ. They are strategically
placed below key sites of possible microbial entry. The microbes or their antigens,
which get through the epithelial barriers, are likely to encounter mast cells. In con-
trast, basophils remain in blood as a minor population of circulating granulocytes, but
they are readily mobilized and recruited into sites of tissue inflammation.

The physiological effector functions of mast cells and basophils have become clearer
with the definition of a wide range of membrane receptors associated with both cell
types. These receptors relate to their cell function and to their site of location. Both cell
types have a range of chemokine receptors including CCR3, which can be activated by
the ligand CCL11 (eotaxin) produced by epithelial cells. A range of other CXC and CC
chemokine receptors have been demonstrated on both cell types. Mast cells, unlike
basophils, have also been shown to have membrane receptors for PAMPs, namely
TLR-2 and TLR-4, indicating that in tissue sites they can respond to PAMPs as part of
the innate early antimicrobial effector reaction. Indeed, LPS stimulation of mast cells
via TLR-4 demonstrates another important role of mast cells as producers and secre-
tors of cytokines. In response to such stimulation, mast cells produce IL-4, IL-13, and
other Th2-associated cytokines. This illustrates that mast cells of innate immunity can
harness and direct the development of adaptive immune effector responses. The
responses favour the production of IgE, which in turn can enhance mast cell effector
reactions via its binding to mast cell Fc receptors. Such augmenting responses between
mast cells and Th2 cells in sites such as the GIT may be seen as very positive [41].
However, in sites such as the lung of atopic individuals this may be counterproductive.
TLR activation of mast cells results not only in cytokine production but also in
increased release of LTs. The knowledge that microbial stimulation can directly stimu-
late mast cell production of cytokines and other inflammatory mediators may well
relate to the long-known clinical association of some respiratory tract infections trig-
gering or exacerbating allergic asthma.
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Basophils have recently been shown, in several model systems, to be very significant
producers of IL-4 and IL-13 when attracted to tissue sites via chemotactic reactions
associated with their CCR3 receptors. Several bacterial and viral proteins have been
shown to induce/up-regulate CCR3. The efficient production of IL-4 and IL-13 by
basophils is now placing these cells as key in vivo effectors for generating Th2 cells
from ThO precursors. Other very recent findings are again illustrating some new
potential functions of mast cells and basophils with relation to signalling molecules.
The recently identified cytokine IL-33 (a member of the IL-1 family) is produced by
many cell types—endothelial, epithelial, and fibroblast cells. IL-33 is also believed to
be released from damaged or dying cells, and is seen to be active as a DAMP. Mast cells
have been shown to have high levels of receptors for IL-33 [42]. Thus, in areas of
significant tissue damage mast cells can be stimulated to enhance proinflammatory
reactions within such sites. Another key cytokine, IL-25, has been shown to be produced
both by mast cells and by Th2 cells. Both cells also possess receptors for the cytokine,
suggesting a powerful augmenting stimulus for allergic reactions. Indeed, IL-25 is being
investigated as a potentially major target to modulate the allergic response.

Key insights that have been gained into the role of mast cells and basophils in innate
and adaptive immunity, along with their well-established role in type I IgE-mediated
responses, makes both cell types important entities to consider for immune
manipulation.

Vaccination

Introduction

Vaccination procedures have been demonstrated, for more than a century, to be the
most beneficial means of protecting humans and animals from infections. From the
early 20th century vaccine efficacy and effectiveness has been unrivalled in utilizing
effector immune responses for beneficial outcomes. Noteworthy examples include use
of attenuated microbes, e.g. BCG, which induces partially effective immunity; the use
of the inactivated toxins of diphtheria and tetanus (highly effective vaccines); and
the recent successful use of polysaccharide protein conjugates (for haemophilus and
strains of meningococcus bacteria). Over this period, limited numbers of adjuvants
have also been used to enhance vaccination responses (see ‘Immunogens, antigens,
and adjuvants’, above).

Striking decreases in the incidence of a range of infectious viral and bacterial diseases
have been documented worldwide. Vaccination programmes have led to the world-
wide elimination of smallpox and the imminent elimination of poliomyelitis—truly
universal medical triumphs. When vaccination programmes become compromised,
as occurred with the MMR vaccine in the UK in the late 1990s, mumps and measles
infections re-emerged with resultant associated morbidity. This highlights the need
for constant vigilance and use of robust vaccination programmes.

Most successful vaccines are based on preventive pre-exposure challenge; very
few vaccines are available for postexposure treatment (therapeutic vaccines). Use of
passive immunity by way of Ig/antibody therapy is helping to control postexposure
risks. The success of vaccines has most often been correlated with protective humoral
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(antibody) immunity. Correlation of protection by serological analysis is relatively
straightforward using various techniques such as ELISA, complement fixation, and
agglutination methods (see Chapter 9). Implicit in many antibody responses to vaccines,
which are mainly of the IgG class, is the understanding from basic immunology that
CD4* Th cells have contributed to the protective immune response. The CD4*
Th cells induce B cell class switching, antibody affinity maturation, and generation of
memory cells. With some antiviral vaccines protection is correlated with antibody
production, and again the involvement of the CD4" Th subset is important. In some
situations, using rare attenuated virus vaccines, there is also a likely contribution
by CD8" CTLs as effectors and memory cells. Successful as vaccination has been, there
is nevertheless a range of viral, bacterial, and protozoal diseases that are currently
proving intractable to various attempted vaccine strategies. Problem areas include
attempts at developing vaccines against tuberculosis (TB). BCG is only partially pro-
tective, in limited patient groups and with waning immunity over the years. Other
major challenges are HIV/AIDS and malaria. The concepts highlighted throughout
this chapter need to be borne in mind in vaccinology. Examples of such considerations
are as follows:

¢ Microbes that have a predominant extracellular effect, either prior to infecting host
cells or occupying that space at key times in their natural history, should be
targeted by antibodies. The antibodies may directly neutralize the microbes or
recruit effector mechanisms such as complement activation and ADCC. Particular
antibody isotypes may be needed to be invoked for particular infections. A success-
ful antihelminth vaccine should stimulate good Th2 responses with the production
of effector IgE antibodies targeting the large extracellular helminth pathogens. The
immune response may harness ADCC via eosinophils, which are activated and
recruited to sites of infection by IL-5 produced by Th2 cells. Activated eosinophils
have high-affinity Fc receptors for IgE and can execute ADCC reactions. The actions
of chemokines that attract eosinophils, via their corresponding receptors, can also
focus reactions against helminths in the local tissue sites. Eosinophils, by release of
their basic cytoplasmic granules, can damage directly the parasite or favour the
generation of an inflammatory microenvironment that is disadvantageous for para-
site survival and/or nutrition.

¢ Microbes that exist mainly intracellularly (viruses, some bacteria such as mycobac-
teria) require vaccine strategies that can present antigens to the HLA class I pathway
for CD8* T cells. Additionally, to get effective and robust CD8" T cell effector and
memory cells, CD4* T cell help is required; therefore, the vaccine strategy also
requires engaging the HLA class IT antigen presentation pathway. To achieve access to
both HLA class I and II pathways, may require strategies to exploit cross-priming—
cross-antigen presentation (see ‘Antigen processing and presentation; adhesion
molecules and costimulation’, above). Consider the case of the TB microorganism;
over time it remains within a granuloma, remaining alive in the endosomal com-
partment of macrophages. The strong host anti-TB CD4" T cell response, which has
been documented in vitro by the ELISPOT assay or by the tuberculin (Mantoux)
skin testing (DTH responses in vivo; see ‘Type IV hypersensitvity’, below), appears
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to be insufficient to remove the microbe. Strategies to facilitate leakage of the TB
antigen from the protective endosomal compartment into the cytosol and thus to the
class I presentation pathway would be a rational way forward. Indeed, some ongo-
ing experimental vaccines are exploiting certain bacterial cytolysins as a means of
helping to induce CD8* CTL responses against the TB organism. The bacterial
cytolysins are used to create pores in the endosomes, thus, allowing mycobacterial
antigens to enter the cytosol and ultimately be presented on HLA class I molecules
for CD8" T cell recognition.

+ Attempts to get wide CD4" T cell, CD8* T cell, and antibody responses against dif-
ficult targets (HIV and malaria) have used novel immunization methods including
the so-called prime-boost strategy. Essentially, DNA constructs encoding target
antigens (often antigens too dangerous to be used in whole live or attenuated micro-
bial vaccines), such as the HIV env, pol, and nef genes, are administered by a gene
gun. Within the tissues the incorporated genes become transcribed and translated
to their protein products to stimulate immunity. After some time, a booster vaccine
is given, commonly using one of the viral proteins as a recombinant molecule in a
nonpathogenic viral vector (such as adenovirus). Laboratory analysis, by use of
MHC tetramers, ELISPOT, and serology, has documented that prime-boost vac-
cines can induce good CD8* T cell responses, followed by CD4* T cell responses
and some antibody production, with the responses noted in that order of quantita-
tive positivity. Unfortunately, trials of such prime-boost vaccines have so far not
proved protective or efficacious in clinical trials of HIV vaccines in the field.

+ Strategies using the bridge between innate and adaptive immunity have targeted
DCs. This has been done particularly in attempts at anticancer immunotherapy (see
Chapters 4 and 7). These approaches involve antigen pulsing, DNA transfection,
and other means of exploiting HLA class I and II peptide cross-presentation
antigen-processing pathways. Caution is needed to ensure that the DC approach
uses the right type/subset of DCs (proinflammatory rather than suppressive DCs;
see ‘Innate and adaptive immunity’, above), as well as using appropriate additional
costimulatory signals ensuring good signal 2 and/or 3 delivery.

¢ Newer strategies, enhancing and exploiting links between innate and adaptive immu-
nity, are targeting TLRs on other innate cells as a form of novel cellular adjuvant. A
particular innate cell that is being used in such strategies is the NK T cell. Additionally,
the TLR molecules expressed as intrinsic membrane molecules on T and B lymphocytes
are being investigated as pathways to enhancing possible vaccination responses.

A crucial and, in this author’s view, under-investigated area to enhance vaccination
strategies is the use of mucosal administration of vaccines to generate responses against
microbes and environmental antigens. Exploitation of the MALT system has proved
to be highly successful in the past, as with the oral attenuated polio vaccine. Increased
knowledge of the induction of mucosal immunity, coupled with the concomitant
knowledge of tolerance (hyporesponsiveness) induction by that same route, suggests
the potential for the wide exploitation of vaccines administered orally or intranasally.
At present, investigational mucosal vaccines are being explored for allergic diseases
and for human autoimmunity, including oral vaccines for MS.
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Vaccines at the extremes of life

Incisive studies of the integrated immune system at the extremes of age are needed
to inform the best approaches for immunization for the very young and the elderly
population. Infectious diseases worldwide still cause considerable mortality and mor-
bidity. This is seen particularly at the extremes of life. Observations in humans and
studies in model systems have indicated elements of the innate and adaptive immunity
that are compromised with age; some salient observations are as follows:

¢ In infants (<2 years of age) the immune system responds poorly to polysaccharide
antigens. Such antigens are major components of the capsule of significant num-
bers of bacterial pathogens. Knowledge of that situation has led, over the past decade,
to the introduction of children’s vaccines where polysaccharide antigens are conju-
gated to proteins, exploiting the protein hapten biological process (see Tmmunogens,
antigens, and adjuvants’, above). The conjugated vaccines, e.g. against haemophilus
and pneumococcus bacteria, have had major beneficial effects in decreasing infant
mortality and morbidity.

+ Observations of the aged immune system (referred to as immune senescence) have
documented the following:

(i) T cell, quantitative and qualitative, immunity declines with advanced age
(>65 years). This is partly explained by the involution of the thymus which
shows minimal function beyond the age of 60. Additionally, aged T cells have
significant telomere shortening and lose the ability to undergo repeated cell
divisions (a prerequisite for generating effector and memory T cells).
Interestingly, NK cells appear to be much better preserved in older people.

(ii) T cell responses in older people have been shown to be oligoclonal, especially
for CD8* T cells. The loss of polyclonality restricts the diversity of T cells able
to respond to incoming antigens.

(iii) Similarly, B cell responses in older people show increased oligoclonality. From
the age of 55 years onwards, significant monoclonal Igs can be found in blood.
They are not malignant myeloma and are referred to as monoclonal gam-
mopathy of uncertain significance (MGUS). It is known, however, that when
MGUS patients are followed over decades a significant proportion is found to
develop true malignant myeloma.

+ Other observations in older people show a reduction in the MALT system of secre-
tory IgA levels and responses.

+ With regards to the innate immune system, macrophages in older people show less
efficient intracellular killing of bacteria. This may be due, in part, to lack of T cell
cytokines to stimulate the macrophages.

+ Immune senescence is also characterized by the detection of increased levels of
autoantibodies. This arises, in part, because of diminished Tregs and their function.
Often, the autoantibodies detected are not associated with clinical disease and are of
low titres.

All of the above observations would predict poor responses to common vaccines in
older people. Indeed, studies looking at patients aged 65-90 years, using conventional
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non-adjuvant-containing influenza vaccines, have documented very poor or no vaccine
responses in the very old. In contrast, other studies using influenza vaccines with adju-
vant, compared with standard vaccines, clearly demonstrated boosting of the immune
response in those given the adjuvant, with little significant increase in adverse effects.
It is speculated that the immune stimulus given by the adjuvant, acting via TLR stimu-
lation and cytokine/chemokine induction, helps to overcome the poor lymphocyte
immune responses characteristic of older people. Overall, more research is needed to
address the observations documented in cases of immune senescence. The findings
may inform appropriate and novel vaccine strategies for the elderly population. It
must be remembered that this age group has the heaviest mortality and morbidity
associated with seasonal influenza infections. Additionally, bacterial pneumonias,
especially community-acquired pneumonias, are also very serious in older people,
causing much morbidity and death.

In summary, our ever-increasing knowledge of the early and subsequent responses
of immunity and the links between innate and adaptive responses is proving enlight-
ening. Concurrent advances in technologies for generating recombinant antigens and
novel adjuvants and using systems biology (see Chapter 9) to model host-microbial
interactions provide new therapeutic strategies.

Indeed, transformational research using synthetic biology to generate and express a
synthetic genome, as published by the J. Craig Venter Institute in 2010, signals a poten-
tial exponential advance in new ways of generating vaccines for a range of diseases [43].

Immune regulation and modulation

Introduction

Innate and adaptive immune responses normally exhibit excellent self-regulation.
They provide protection against homoeostatic perturbations threatened by pathogens
(non-self) and their associated antigens. The immune system is characterized by
sequential and integrated responses. These reactions involve receptor ligand interac-
tions, signal transduction, gene induction, cell activation, proliferation, and differen-
tiation. The effects of these responses generate reactions that can contain or destroy
the potential non-self invaders. The system then resets its components back to
the basal state. A qualitative difference is noted, however, with adaptive immunity,
whereby the responding clones of lymphocytes exhibit memory status after the first
encounter.

An often-quoted tenet of immunology is that it is an efficient self-regulatory system
that does not react against self. That statement requires qualification; it is evident that
in generating protective immune responses there is some inevitable reactivity against
self, albeit within physiologically tolerable limits. Thus, innate immunity, which
exploits controlled inflammation to deal with non-self, causes limited collateral tissue
damage although the system initiates rapid downstream responses to facilitate repair.
Adaptive immunity fundamentally displays reaction against self as part of the basal
response. T cells need to recognize and respond against peptide antigens linked to self
HLA molecules. This signal 1 event requires recognition of antigen peptide amino acid
residues as well as self HLA polymorphic amino acids. Within humoral immunity it is



BASIC IMMUNOLOGY

recognized that physiological levels of autoantibodies exist with specificity for self
components. Efficient immune regulation can thus be seen in terms of responses and
mechanisms to prevent excessive pathological anti-self reactions while tolerating
and facilitating some physiologically useful anti-self reactions, which in themselves
contribute to effective immune responses.

Evidence for these regulatory processes and mechanisms has been obtained by animal
experiments, in particular the use of gene knock-out mice and transgenic mouse
strains. Similarly, the recent use of cell culture systems, using dynamic inhibitory RNA
(siRNA) in systems biology approaches, has added useful information. Importantly,
careful and detailed studies of rare ‘experiments of nature’ (humans with associated
gene mutations) have contributed significant knowledge with respect to immune
regulation. Immune regulatory mechanisms have been much studied in adaptive
immunity, but over the past decade increased attention has been paid to such studies
in the field of innate immunity. More recently, integrated views of regulation within,
and bidirectionally between, adaptive and innate immune systems are being studied
and published.

Immune regulation and innate immunity
Within this expanding field some salient examples of regulation are as follows:

+ At thelevel of TLR and NLR responses (see ‘Innate and adaptive immunity’, above)
natural antagonists have been described to the TLR/IL-1 pathway, evident in the
existence of the inhibitory IL-1Ra molecule.

¢ TLR/NLR cell signal transduction events are mediated predominantly by intracel-
lular phosphorylation of kinases (e.g. JAK, MAPK), ultimately targeting primarily
the transcription factor NF-xB. These kinase responses are regulated by phos-
phatases responsible for dephosphorylation and inactivation of kinases. Animal
experiments, using knock-out mice for genes for certain phosphatases, indicate that
subsequent stimulation of such animals with LPS, which targets the TLR-4/Md2/
CD14 complex, can lead to excessive cytokine production resulting in a cytokine
storm and multiple organ failure.

¢ GWASs have defined polymorphisms in a human phosphatase, which has been
associated with dysregulated inflammatory responses and with a range of autoim-
mune disorders.

¢ In humans, genetic polymorphisms associated with NOD?2 are linked to Crohn’s
disease, a chronic inflammatory bowel disease (see Chapter 8) and polymorphisms
in the tyrosine phosphatase PTPN22 are linked to autoimmune diseases. These
polymorphisms appear to dysregulate mechanisms and lead to excessive signalling
and inflammation.

+ Within the GIT, evidence demonstrates that epithelial cell TLR signalling, triggered
by commensals of the gut microflora, can induce anti-inflammatory responses [11].
The basal activity within the host MALT and associated microflora aids homeosta-
sis. Note the interesting contrast of TLR signalling associated with recognition of
PAMPs by epithelial cells, compared with immune cells. Reactions of immune cells
generally result in the production of proinflammatory cytokines, such as TNF-o
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and IL-1 via NF-kB activation, whereas epithelial cell signalling appears to be anti-
inflammatory.

Innate DCs found in MALT (GIT and respiratory tract) are often of an immature
phenotype. They can be induced by cytokines (e.g. IL-10) from other innate cells to
express suppressive functions. Such DCs, in turn, produce more IL-10 and TGF-3
which regulate, control, and limit inflammatory responses in MALT.

The fundamental process of apoptosis (see below) which ensures the engulfing and
disposal of effete cells without exciting inflammation (in contrast to necrosis), is
being recognized as more than a passive process. Phagocytes of innate immunity
which engulf apoptotic cells have been demonstrated experimentally to develop a
suppressive phenotype. When challenged with LPS or other stimuli, rather than
elaborating proinflammatory cytokines (e.g. TNF-a), such phagocytes with
engulfed apoptotic bodies elaborate suppressive cytokines (e.g. IL-10).

An alternative pathway of macrophage activation is also now considered an impor-
tant regulatory mechanism in innate immunity, ensuring that tissue damage initi-
ated by inflammatory responses is, in turn, directed towards resolution and repair
[23]. Cytokines linked to activating the alternate macrophage pathway include IL-4
and IL-10. Innate immune cells, such as basophils and tissue mast cells, are now
known to be key sources of IL-4 in tissue sites and are activated in sites of inflam-
mation. The broadly suppressive cytokine IL-10 is produced by a wide range of
immune and nonimmune cells [44,45].

Intriguing recent experiments, using animals depleted of subsets of T cells, indicate
that such cells play an important role in regulating innate immune responses.
T-cell-depleted animals, challenged via PAMP-PRR systems, show markedly
excessive production of proinflammatory cytokines. Replacement of the missing
T cells significantly dampens the response. Mechanistic data suggests that T cells
exert their inhibitory effects via actions against proteins of the inflammasome
complex.

Rare human autoinflammatory diseases (see Chapter 8), which are linked to gain or
loss of function mutations, are revealing fundamental mechanisms that are impor-
tant in the regulation of innate immunity. These diseases are seen as dysregulation
of innate immunity.

Other areas of innate immunity have long illustrated the need for tight regulation
within the system. This is evident in the complement system where loss of regula-
tory mechanisms, such as the loss of the C1 inhibitor protein, leads to severe
acute, potentially life-threatening, inflammation. Other complement cell-associated
molecules and fluid-phase regulators are well defined and include CD46, CD55,
factor H, and factor I. More recently attention has been paid to the possible role
of complement activation being linked to regulation of lymphocyte responses. T
and B lymphocytes express several receptors for complement components. These
have mainly been studied for their augmenting role in a range of adaptive immune
responses. However, recent studies of molecules (such as CD55) found on T cells
indicate that such molecules may be important in the generation of suppressive
Tregs.
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¢ Tregs provide good examples of bidirectional regulation between adaptive and innate
immunity [46]. It is known that Tregs can induce marked suppressive phenotypes in
innate DCs (see above). DCs in the MALT systems are good inducers of Tregs.

The study of immune regulation of innate immunity and of the bidirectional influ-
ence of innate and adaptive responses is an exponentially expanding area. Such studies
will undoubtedly yield new understanding and insight into the control of diseases
ranging from rare autoinflammatory conditions to common disease such as cancer.
Noteworthy links between persistent inflammation and the induction of neoplasia are
established (see ‘Overview of immunology’, above, and Chapter 4). Understanding of
these innate immunoregulatory pathways will also undoubtedly inform studies of
autoimmunity.

Studies of immune regulation of adaptive immunity have a long and well-documented
history. Key mechanisms relate to central and peripheral tolerance for T and B cells,
the process of anergy, immune suppression by regulatory T cells, and major cell dele-
tion events in peripheral tissues associated with AICD. These mechanisms are explored
in ‘Apoptosis and autophagy’, below. A fundamental process mediating many of these
adaptive immune regulatory mechanisms is apoptosis. Much effort is being directed
to modulating apoptosis as a means of controlling and treating a wide range of dis-
eases encountered in medical and surgical practice. Some key features of apoptosis, as
it relates to immunology and wider cell biology/physiology in medicine, are outlined
below together with comments on autophagy, another physiological process that is
becoming recognized as important in immunity.

Apoptosis and autophagy
Apoptosis

The process of apoptosis may be considered as the physiological master controller of
cell death. It counterbalances cell proliferation to ensure cellular homeostasis.
Apoptosis is a fundamental process in cell biology and development; it takes centre
stage where tissues undergo massive periods of remodelling requiring cell prolifera-
tion (mitosis) and concomitant cell death. Apoptotic cells are cleared by viable neigh-
bouring cells or by professional phagocytes. The removal of apoptotic cells is thus
achieved without exciting inflammation, as occurs in the process of necrosis, and
is characterized by cell swelling, membrane disruption with release of intracellular
contents, and induction of inflammation.

Apoptotic cells can be characterized by molecular and cellular features that flag
them for phagocytosis. The seminal paper published by Curry et al. in the early 1970s
documented the key cellular/morphological changes of apoptosis. These are summa-
rized in Table 1.9 and are compared with features and functions of necrosis.

In central and peripheral lymphoid tissues, massive numbers of nonselected lym-
phocytes (potentially deleterious and anti-self reactive) die daily and are removed by
apoptosis. In innate immunity the bone marrow generates in the order of a billion
neutrophils per day; the lifespan of such cells ranges from hours to a few days. The
massive cell death and turnover of such cells, which possess very potent intracellular
inflammation-inducing molecules, must be regulated to maintain homeostasis and
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Table 1.9 Cardinal features associated with apoptosis and necrosis

Apoptosis Necrosis

Physiological (can also be pathological) Pathological

Specific stimuli induce genetic events leading to Toxic stimuli

apoptosis (genetically controlled)

DNA condensation, internucleosomal fragmentation No condensation or laddering but
producing a DNA laddering pattern large random DNA fragments may

be detected

Cell membrane remains intact (excludes various dyes) Loss of membrane integrity
and expresses on the surface phosphatidyl serine
molecules (detectable by binding of annexin V)

Leads to an anti-inflammatory clearance (passive and Inflammatory clearance

active induction of suppressive phagocytes)

Suppressive phagocytes on stimulation secrete IL-10 The tissue inflammation favours
and TGF-B the production of proinflammatory

cytokines (e.g. TNF-a,, IL-12)

survival—this is achieved through apoptosis. Apoptosis can be considered as constitutive
in the physiology of immune cell development and in developmental biology generally
with regard to tissue remodelling.

In certain situations, dysregulation of the process of apoptosis occurs and can mani-
fest in disease. In some areas, such as cancer and autoimmunity, evidence indicates
inadequate apoptosis, due in part to genetic susceptibility events that contribute to
disease development (see below for apoptosis in autoimmunity). In the area of cancer,
the master regulatory proto-oncogene p53 normally detects DNA damage in cells and
triggers the process of apoptosis. However, p53 is often noted to be mutated in many
cancers, resulting in a failure in apoptosis, a major factor contributing to survival of
tumour cells. By contrast, an ever-growing list of diseases and disorders are being
defined as associated with the aberrant induction of excessive apoptosis. These dis-
eases range from cardiovascular disorders (strokes and myocardial infarction), acute
liver failure, and spinal cord injuries to neurodegenerative diseases and AIDS. In some
of these disorders, it is suggested that the excessive apoptosis overcomes the normal
cell clearance mechanisms, resulting in degeneration of nonphagocytosed apoptotic
cells which release their contents by undergoing secondary necrosis. This, in turn, can
induce tissue inflammation. Thus, inflammation is seen as a significant process in all
of these diseases.

The in vivo effectiveness of phagocyte clearance of apoptotic cells is evident; micro-
scopic examination of tissue sections can rarely demonstrate apoptotic cells.
Historically, the description of ‘tingible body’ macrophages within sections of thymus
tissue is an indicator of cells that have engulfed and destroyed apoptosed thymocytes.

It is important to recognize that a whole range of stimuli can induce apoptosis.
Figure 1.30 illustrates some well-known inducers of apoptosis. It is evident that some
of these stimuli are already exploited in medical practice, particularly in the use of
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Fig. 1.30 Inducers of apoptosis. Various stimuli which are known to induce apoptosis in
target cells are indicated. ROS, reactive oxygen species.

anticancer drugs. Other stimuli give insight into peripheral pathways that exploit
apoptosis; cytokines, such as TNF-0., and also the FasL can induce apoptosis. These
are pertinent to death-inducing responses in adaptive and innate immunity.

The genetic control of apoptosis is a highly regulated and complex area and beyond
the scope of this text. More than 50 genes are known to be involved in apoptosis [47].
However, certain key areas with particular pertinence to immunology can be sum-
marized as follows. There are two predominant pathways that provide signals for
apoptosis, the extrinsic and intrinsic pathways, the latter being associated with mito-
chondria. Of the many genes linked to apoptosis, there are some whose products
favour the induction of apoptosis, e.g. Bax and Bak. The proapoptotic Bax is particu-
larly active in the mitochondrial intrinsic pathway. A well-known antiapoptotic gene
and protein is Bcl2. The pro- and antiapoptotic proteins ultimately target the enzyme
systems which lead to the expression of apoptosis. These enzymes are proteases of the
caspase system: some 10 caspases have been defined in human cell biology. Caspases 8
and 10 are linked to the essential cell cleavage processes which ultimately result in the
well-characterized features of apoptosis such as DNA laddering. The caspases act in a
cascade activation manner analogous to that seen in the complement system. They
exist as proproteins which undergo cleavage and activation, the active compound then
cleaving downstream caspase targets. Ultimately, the active caspases lead to cleavage/
disruption of cytoplasmic and nuclear proteins.

The extrinsic pathway leading to apoptosis is particularly pertinent in immunology,
as it is exploited by cytotoxic cells such as NK cells and CD8" CTLs in their effector
functions (see ‘Effector cells and receptors’, above). It is also the prominent pathway
used for maintenance of peripheral tolerance induced by the mechanism of AICD
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Fig. 1.31 Extrinsic pathway of activation (via death receptors) of the caspases to induce
cell apoptosis. Shown are the receptors CD95 (Fas) and TNFR1, which both have
cytoplasmic ‘death domains’. On binding their respective ligands, their cytoplasmic
death domains attract the adaptor proteins FADD and TRADD, which ultimately leads to
activation of procaspases that are cleaved to generate terminal caspases, enzymes that
cause the apoptotic death of the cell. FADD, Fas-associated death domain; TNFR1,
tumour necrosis factor receptor 1; TRADD, TNFR-associated death domain.

(see below). Key molecules within the extrinisic pathway are shown in Figure 1.31.
This pathway has associated membrane receptors, referred to as death receptors;
particularly well-characterized examples are the Fas (CD95) molecule and the TNF
receptor (TNFR). The cytoplasmic portion of these receptors have linkages to adapter
proteins, termed Fas-associated death domain (FADD) and TNFR-associated domain
(TRADD), respectively. These have other linkages downstream that ultimately gener-
ate from procaspases the key molecules, activated caspases 8 and 10, which mediate
the apoptotic cleavage events. The death receptor Fas/CD95 and its ligand FasL/CD95L
can both be expressed on activated T cells. Engagement of Fas with its ligand triggers
the extrinsic apoptotic pathway and is particularly pertinent in the process of AICD.
The TNER family proteins, upon ligand binding, can also trigger proapoptotic path-
ways (Figure 1.31).

Mutations in apoptosis-associated genes have been linked as causal or contributory
factors in some rare but important human diseases. Examples include mutations in
TNFR1 which leads to some forms of familial autoinflammatory diseases (see Chapter 8).
Mutations in CD95 or CD95L have been associated with some forms of non-Hodgkin’s
lymphoma and, importantly, with autoimmune lymphoproliferative syndromes (see
‘Autoimmunity: re-establishing homeostatic regulation’, below). Perforins are key
mediators of lymphocyte cytotoxicity (used by NK cells and CD8* CTLs); genes for
perforin have been found to be mutated in some forms of familial haemophagocytic
lymphobhistiocytosis syndromes. It is also noteworthy that mutations of the proapoptotic
gene BAX have also been documented in significant numbers of malignant neoplasms
with p53 mutations.
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Fig. 1.32 Molecular interactions that occur between apoptotic cells and phagocytes.
The pre-eminence of the reacting pairs of molecules in the process is an area of intense
study. B2-GP1, B2-glycoprotein1; CHO, modified carbohydrates; CRP, C-reactive protein;
ICAM, intercellular cell adhesion molecule; MBL, mannan-binding lectin; PS, phosphati-
dylserine; TSP, thrombospondin.

Apoptotic cells have a range of membrane-associated molecules (Figure 1.32) which
have counter receptor molecules defined on the phagocytic cells. Much research has
been carried out in exploring the hierarchy associated with these interactions. Some of
the well-known molecules which bind to the surface of apoptotic cells and cross-link
with phagocytes include CRP, C1q, MBL and annexin V. The molecule phosphatidyl-
serine, which flips from the intracellular surface of the cell membrane to the extracel-
lular surface early in the process of apoptosis, is exploited in laboratory experiments to
demonstrate early apoptosis by the binding of labelled annexin V. This analysis for
detecting apoptotic cells can be done by flow cytometric methods (see Chapter 9).

Autophagy

Autophagy is a catabolic process which is important in cell growth, development and
homeostasis. It is being recognized as a fundamental process in the regulation of
innate and adaptive immune responses [48]. In autophagy, cell cytoplasmic constituents
are sequestered into a double-membrane autophagosome and delivered for degradation.
This is perceived as a housekeeping process involved in the daily turnover of cell con-
stituents. Autophagy is being linked to aspects of innate and adaptive immunity. For
example, it is considered to play a role in the cross-presentation of antigens, whereby,
intracellular/cytosolic-processed peptides that would normally be destined for the
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HLA class I presentation pathway, can, as autosomes, be delivered for presentation via the
HLA class II pathway for recognition by CD4* T cells. Autophagy in DCs, in particular
in plasmacytoid DCs, has been shown to favour high production of type 1 IFNs,
important in innate antiviral responses. GWASs have helped to define autophagy
genes and their links to disease and disease processes. A strong linkage has been found
for a particular autophagy gene, ATG61, which has been linked to susceptibility to
Crohn’s disease. Autophagy has also been generally thought to favour negative regula-
tion of cytokine signalling and inflammation. Thus, loss-of-function mutations may
favour excessive inflammation; polymorphisms or mutations in such autophagy genes
may favour the emergence of inflammatory conditions as typified by Crohn’s disease
(see Chapter 8).

Immune tolerance: central and peripheral tolerance

Introduction

The ability of the adaptive immune response to react specifically against vast arrays of
antigens/non-self, but not to react against host self cell tissues in a pathological way is
the essence of immune tolerance or unresponsiveness to self. T and B cell lymphocyte
receptors are generated by massive somatic rearrangement of limited germ-line genes
(see ‘B cells, receptors, and antibodies’, above). This occurs mainly in the central
lymphoid organs—the thymus and the bone marrow. The process is stochastic and
lymphocytes with receptors against self molecules must, therefore, arise frequently.
However, in normal physiology there is little evidence of such self-reactive clones of
cells inducing disease. Self molecules (potential antigens) are constantly seen by devel-
oping lymphocytes. Accordingly, there must exist powerful and robust mechanisms
preventing response to self while simultaneously favouring effective immune responses
against non-self (microbial) antigens. These mechanisms of immunological tolerance
are induced by exposure of T and B cells to potential self antigens in very particular
situations.

Normally, immune competent T and B cells outside the central lymphoid organs,
with appropriate stimuli from signals 1-3 (see ‘T cells, receptors, and effectors: CD4*
Th1, Th2 and Th17; CD4* Tregs and CD8" CTLs’, above) respond positively by acti-
vation, proliferation, differentiation, and generation of effector and memory cells. The
result is a productive immune response to the exciting non-self molecule termed the
immunogen. In contrast, in the situation of immunological tolerance, exposure of
T and B cells in the central and peripheral lymphoid organs to antigens can result
either in cell death (by apoptosis), cell inactivation (anergy), or apparent neutral non-
responsiveness (immunological ignorance). This lack of responsiveness is the defining
element of tolerance. Self antigens that have the particular property of being able to
induce this response are termed tolerogens in contrast to the immunogens (microbial
antigens). What determines the choice between immune responsiveness and tolerance
is, in part, determined by the nature of the specific T and B lymphocytes, as well as the
nature of the antigen, and how it is presented to the immune system.

A great deal of experimental evidence, over many decades, has demonstrated that
immunological tolerance of self antigens is strongly induced when developing lym-
phocytes meet antigens in the central lymphoid organs; this is known as central tolerance.
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When tolerance is noted in the reactions of cells outside the thymus and bone marrow,
in peripheral lymphoid tissue, the term peripheral tolerance is used.

Central tolerance for T and B lymphocytes

Central tolerance mechanisms have been described for T and B lymphocytes. The
processes of central tolerance for T cells is associated with cell death (apoptosis) in the
thymus and also by the generation of CD4* nTregs in that organ, and their subsequent
exit to the peripheral lymphoid compartment. The randomly generated TCRs in the
thymic lymphocytes can be shown to have specificity for self and non-self antigens. As
described in ‘Central and peripheral lymphoid organs; lymphocyte recirculation’
above, if immature thymocytes strongly react to self antigens bound to HLA, these
cells receive negative signals that trigger their apoptotic death in the process called
negative selection. Many self antigens are expressed in the thymic environment,
including some proteins abundant elsewhere in the body. These latter proteins are
produced in the thymus by the action of the AIRE gene transcription factor regulator
[49]. Negative selection destroys CD4" and CD8" T cells that have strong anti-self
reactivity. T lymphocytes engaged in immunological ignorance also ‘die by neglect’ via
apoptosis.

Clearly, defective negative regulation (failure of apoptosis) or malfunction of the
AIRE gene, resulting in the lack of self antigen for negative selection, could lead to
unwanted outcomes associated with lack of deletion of potentially self-reactive clones
(see ‘Autoimmunity: re-establishing homeostatic regulation’, below). Positive selection
processes operate for wide ranges of CD4* and CD8* T cells which survive and exit
the thymus to become the naive immunocompetent T cells in the periphery. In the
periphery they have the potential for reactivity against antigenic peptides linked to self
HLA molecules (see ‘T cells, receptors, and effectors: CD4* Th1, Th2 and Th17; CD4*
Tregs and CD8* CTLs’, above) due to their selection and education in the thymus.
The nTregs are also among the CD4* populations emerging from the thymus. The
selection processes within the thymus for generating nTregs are not fully understood,
but the cytokines IL-2 and IL-7 appear particularly important for this process.

Central tolerance mechanisms operate in a similar manner in the bone marrow, to
delete immature B cells with receptors with strong reactivity against self antigens.
These cells undergo apoptosis. Another process also operates for B cells in the bone
marrow, whereby, some BCRs with high affinity and strong anti-self reactivity, rather
than being destroyed, are modified by a genetic process called receptor editing. In this
situation, the RAG genes responsible for somatic recombination and generation of
functional receptors (see ‘B cells, receptors, and antibodies’, above) are reactivated,
particularly for the BCR light chains. Random generation of new light chains occurs,
some combined with the existing heavy chains. Some of the productive combina-
tions result in new BCR specificities that have moved away from strong anti-self
reactivity. Those B cells that survive exit the bone marrow to function in the periph-
eral lymphoid tissues. The central tolerance mechanisms, although very efficient,
are not absolute. Clones of T and B cells can be found (and isolated) from peripheral
lymphoid tissues and shown in vitro to have TCRs and BCRs with self antigen reactiv-
ity. However, in vivo such clones do not normally mediate apparent deleterious
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autoimmunity (see Chapter 8). Such cells are kept nonreactive by the peripheral tolerance
mechanisms.

Peripheral tolerance for T and B lymphocytes

The mature immunocompetent T and B cell clones in the periphery have the oppor-
tunity of constantly meeting the widely expressed and persistent self antigens. However,
recognition events between such cells and their cognate antigens result not in cell
activation, but in functional inactivation. The mechanisms responsible are lack of
effective costimulator signals (signals 2 and 3). Normal self tissues containing imma-
ture DCs express very low levels of signal-2-inducing molecules such as CD80/CD86,
although physiologically they are constantly processing and presenting self molecules
to T cells. The lack of adequate signals 2 and 3, including the lack of innate inflamma-
tory signals (e.g. TNF-o and IL-1), leads to lack of adequate TCR signalling down-
stream from signal 1. It is suggested that the T cells fail to reach an appropriate
threshold for activation. Additionally, some studies have shown that anergic T cells
constitutively express low but functional levels of CTLA-4% (the inhibitory receptor
of the CD28 family of molecules on CD8"T cells). This receptor on engagement
transmits negative inactivating signals helping to maintain the anergic state of the
T cells.

B cells with self-reactive specificity in the periphery, when encountering high con-
centrations of self antigens, can also be shown to become anergic. Mechanistically, this
is explained in part by such B cells being unable to receive help from T cells. The T cells
with specificity for peptides of the same antigen may also be anergic. TT antigens (e.g.
some human polysaccharide antigens and microbial polysaccharides), may trigger
self-reactive B cells. These may account for some of the so-called natural antibodies
found at low levels, and the IgM class in blood. Such antibodies are believed to play
useful physiological roles in cell turnover, contributing to removal of effete cells.

Activation-induced cell death

AICD represents another significant use of the process of apoptosis in immune regula-
tion, this time in peripheral lymphoid tissues. AICD results in the deletion of mature
self-reactive T and B lymphocytes. Within the T cell compartments, when self antigens
are strongly recognized, experimental data shows that this can result in increased
expression of proapoptotic proteins (e.g. Bax and Bak), which trigger cell death via the
mitochondrial pathway (see ‘Apoptosis’, above). Self-reactive T cells in anergy are
assumed to exhibit intermediate or weak self recognition. In contrast, when T cells
react against non-self (microbial antigens), with appropriate costimulation from DCs
(CD80/CD86) or with costimulation from cytokines of innate immune responses,
such reacting cells switch on their antiapoptotic genes and proteins such as Bcl2 and
survive. In some models of AICD, lymphocyte recognition of self antigens leads to
coexpression of death receptors (Fas/CD95). Signalling via these up-regulated recep-
tors, following engagement with FasL, uses the death receptor pathway to activate
intracellular caspases and results in apoptosis (see ‘Apoptosis’, above).

AICD is also seen to be the key process in re-establishing homeostatic levels of lym-
phocytes in the body following normal immune responses. In some antiviral responses
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massive expansion of lymphocytes can be demonstrated (at times as much as 10% of
blood lymphocytes), which need to be disposed of subsequently. After effector cells
control the infection and there is generation of long-lived memory cells, the excess
lymphocytes are dealt by AICD using the pathways described.

Another area where apoptosis occurs in the peripheral immune system is within
B cell areas, such as secondary follicles and germinal centres. In these areas, there is
generation of memory B cells and of cells undergoing hypermutation to generate
high-affinity receptors. It can be shown that there is a significant amount of apoptosis
within these areas. This is believed to be associated with removal of nonproductive
potentially deleterious mutations, as well as with removal of highly self-reactive B cells
generated by chance by new point mutations.

Overall, the processes of central and peripheral tolerance are evidently very success-
ful, as evidenced by the survival of the species and maintenance of effective reactivities
against non-self antigens without any significant evidence of deleterious anti-self
autoimmune reactions. Nevertheless, it is apparent that human autoimmune diseases
do occur (see Chapter 8) and must indicate situations where failure of immune tolerance
occurs. These maladaptations—linked to the generation of autoimmunity—are explored
in the next section.

Autoimmunity

The distinction between autoimmunity and autoimmune disease is explored in
Chapter 8. The discussion here is focused on the anti-self reactions of T and B lym-
phocytes that are deemed to be pathological and indicate failure in some or most of
the regulatory mechanisms of tolerance outlined above.

Although autoimmune disorders are heterogeneous (>80 different diseases have
been defined) they nevertheless have several common features which relate to aetiol-
ogy and pathogenesis that can be seen in humans and in experimental models
of autoimmunity. There is a genetic susceptibility linked with defective immune
responses and, in some cases, documented aberrant responses to environmental agents
[50,51]. There is also a very apparent but poorly understood gender (female sex)
linkage.

Genetic factors in autoimmunity

For many decades, it has been recognized that patients with autoimmune diseases
have a strong family history of autoimmunity and increased association with other
disorders such as specific IgA primary antibody deficiency, and some apparent linkage
with nonimmunological disorders, such as Down’s syndrome (see Chapter 8).
Significant correlations were subsequently established in individual patients and on a
population basis with the occurrence of increased associations of certain autoimmune
diseases with various HLA alleles and haplotypes encoded in the MHC region (see
Major histocompatibility complex, above). The pattern of disease inheritance in the
vast majority of autoimmune diseases does not follow simple mendelian rules of
genetics: they are clearly polygenic disorders. Additionally, twin studies demonstrate
that concordance for an autoimmune disease such as type 1 diabetes was of the order
of 50% in monozygotic twins. This clearly demonstrates that genetic factors alone are
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Table 1.10 HLA association (class | or Il) and risk of autoimmune disease

Class | Class Il Disease Approximate relative
risk (RR)?
A29 Birdshot retinopathy >200
DR2(DQB1*0602) NarcolepsyP >100
B27 - AS ~90
B27 - Reiter’s syndrome ~40
DR3 Insulin dependent (type 1) ~5
DR4 diabetes mellitus _5
DR3 and 4 20
DR4 RA -5
DR4 IgA nephropthy ~4
DR2 Pemphigus vulgaris 24
DR3 and DR7 Coeliac disease ~30
(DQ2 and DQY)
DR3 SLE ~4
DR3 Graves' disease ~3

AS, ankylosing spondylitis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.

aThe relative risk (RR) is a statement of the chance an individual, with the disease-associated HLA allele, has
of developing the disease compared with an individual who lacks that HLA type. The higher the RR the
more frequent is that HLA allele represented in the patient population.

bIn excess of 95% of narcolepsy patients are reported to be HLA-DR2 but subsequent and larger studies,
using the related subtype HLA DBQ1 *0602, has resulted in a RR >100.

not sufficient to cause an autoimmune disease (with some rare exceptions of single-gene
defects outlined below).

The overall evidence for induction of autoimmunity is of a genetic susceptibility,
best exemplified by linkages to HLA alleles, which may be linked in various ways to
failure of self-tolerance acting in concert with various environmental triggers, and
probably some other random events.

Table 1.10 illustrates examples of human autoimmune diseases with their association
with HLA alleles and the concept of relative risk.

It is important to note that these HLA alleles can be found in controls in the normal
population, but usually at significantly lower frequency than in the disease cohorts.
Some HLA alleles have strong association with a range of different diseases, e.g. HLA-
DR2, HLA-DR3. Historically, the associations have been found to be predominantly
with alleles of HLA class II D region genes. However, there are some very notable and
strong associations with HLA class I alleles. In Table 1.10, note the association of
HLA-B27 with AS and HLA-A29 with birdshot retinopathy. With refinements in HLA
typing, in particular the development of molecular techniques (see Chapter 9), some
earlier documented associations, such as linkage of narcolepsy with HLA-DR2
and coeliac disease with HLA-DR3/DR?7 have now been shown to have even stronger
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linkages with subsets of molecules associated with these loci. Thus, narcolepsy has
now an even stronger linkage described as HLA-DQB1*0602.

What does HLA disease association mean in terms of disease aetiology and or patho-
genesis? The definition of the functional role of HLA molecules in presenting peptide
antigens to T cells clearly led to much effort to link the autoimmune disease associa-
tions to that function in various patient groups. Clearly, this approach is limited by the
fact that in most autoimmune diseases the important antigen (i.e. self/autoantigen or
possibly cross-reacting environmental antigen) is not known. However, studies of a
few autoimmune diseases have been particularly enlightening regarding the role of
HLA molecules and pathology. One of the best worked out is that of patients with
coeliac disease who are known to generate aberrant immune responses to dietary glu-
ten protein complex. Such patients have a strong HLA association with molecularly
defined subsets of the HLA-DQ2 and HLA-DQS8 alleles; they also have autoantibodies
to isoforms of an enzyme called tissue transglutaminase (tTG; see Chapter 8). The
links between coeliac disease patients’ presentation of gluten peptides, cross-reactions
and binding to tTG, and the results of catalysis contributing to peptide-binding affin-
ity and presentation to relevant T cells have all been well worked out, as expanded on
in Chapter 8, ‘Coeliac disease’. Mechanistically, the HLA associations, antigen presen-
tation, and induction of autoimmunity appear to be linked and robustly explained.
There is no other human autoimmune disease where the linkages to HLA and disease
have been so closely worked out to explain disease induction and/or maintenance. The
strong association of HLA-B27 with AS has similarly been explored looking at sub-
types of B27 and variations in antigen peptide-binding presentation to T cells. Indeed,
B27 peptides which cross-react with microbial antigen triggers have been examined in
a similar manner to the experimental approaches in coeliac disease. Currently, how-
ever, there is no proven mechanistic linkage that can be documented as clearly as that
produced in coeliac disease. Caution must also be exercised when it is recognized that
established HLA associations may not, in themselves, necessarily reflect the most rel-
evant genes. This is a result of the strong linkage disequilibrium associated with HLA
haplotypes and with the extended MHC type (see ‘Recognition elements, cells, and
receptors in adaptive immunity’, above).

With the technological advances in gene sequencing linked to postgenomic tech-
nologies and, in particular, the use of whole GWASs (see Chapter 9), more informa-
tion has been gathered linking sequence variants to autoimmune disease. Concurrently,
deep genetic analysis of rare human single-gene defects that have been linked to the
expression of autoimmunity, together with analysis of useful animal models using
gene knock-out mice and some spontaneous mutations, have given new mechanistic
insights into the development of autoimmunity. Some of the findings clearly indicate
the importance of failure in mechanisms of immune tolerance.

Table 1.11 shows some of the documented human single-gene defects with the par-
allel mouse models, and the biologically plausible mechanism in humans and proven
mechanisms in the animal models that lead to autoimmunity. The table lists the non-
MHC genes that, when defective, have been linked to the development and clinical
expression of human autoimmunity. The known functional role of the normal genes
is well characterized immunologically. Parallel experiments knocking out the target
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Table 1.11 Single-gene defects and associated autoimmunity in humans and mouse
models

Human gene Disease Mouse model Mechanism of autoimmunity
AIRE APECED Knock-out Decrease expression of self
mice AIRE antigen in the thymus,
leading to failure in negative
selection
FOXP3 IPEX Knock-out mice Deficiency of CD4*+ CD25*
FOXP3; spontaneous Tregs
mutation
CD95/CD95L ALPS Spontaneous Failure of peripheral
mutations in CD95 lymphocyte apoptosis,
or CD95L maintenance of self-reactive
clones
Complement Lupus-like Knock-out mice Poor clearance of immune
(C2, C4) syndrome complexes, poor clearance of
apoptotic cells
FcyRIlb Lupus-like Knock-out mice Defective inhibitory signals to
syndrome B cells. Augmentation of mast

cell degranulation

IL-2/CD25 Increase in range Deficiency of Tregs
of autoantibodies—
lupus-like syndrome

CTLA-4 Associated with Knock-out mice Failure of peripheral T cell
Graves' disease and anergy, reduce threshold of
other organ specific activation of self-reactive
autoimmunity T cells

IL-10 Crohn’s disease Knock-out mice Failure of cytokine IL-10

suppressive action in GIT host/
microbe interactions

AIRE, autoimmune regulator; ALPS, autoimmune lymphoproliferative syndrome; APECED, autoimmune
polyendocrinopathy candidiasis and ectodermal dysplasia; CD25, low affinity IL-20 receptor; CTLA-4
(CD152), cytotoxic T lymphocyte-associated antigen 4; IPEX, immunodysregulation—polyendocrinopathy/
enteropathy X-linked syndrome;

genes in mouse model systems support the autoimmune associations with the natural
human mutations. Some long-known mouse spontaneous mutants which show prob-
lems with marked lymphoid proliferation and autoimmunity (e.g. lpr—/Ipr— mouse)
parallel the human disease associated, for example, with mutations in Fas (CD95) or
FasL (CD95L)—see above.

These rare single-gene disorders strongly support the need for central and periph-
eral tolerance mechanisms to prevent autoimmunity. The mechanisms of autoimmu-
nity, associated with these genetic defects, fit in well with the basic and essential
immunological reactions described throughout this text. For instance, the key role of
the transcription factor Foxp3* in the generation of CD4%, CD25% Tregs (lost in
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome, IPEX),
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the key role of CTLA-4, a molecule that engages with costimulators (CD80/86) but
results in inhibitory signals for T cell activation [52].

Other interesting and strong associations derived from GWAS analysis include the
polymorphisms associated with NOD2 in Crohn’s disease (see Chapter 8, ‘Crohn’s
disease and ulcerative colitis’) and of a protein, PTPN22, which is linked to several
autoimmune diseases including RA. Defective PTPN22 is shown to result in abnormal
phosphatase regulation of lymphocyte activation (see ‘Innate and adaptive immunity’,
above). This is believed to contribute to autoimmunity by lack of checks on kinase
signalling and a generation of proinflammatory reactions.

The above examples of association of single-gene defects and of susceptibility genes
obtained via GWAS are linked mainly to non-MHC genes. However, the importance
of the MHC associations have been confirmed; important MHC associations occur
with type 1 diabetes and RA—prototypic organ-specific and systemic autoimmune
diseases, respectively (Wellcome Trust Consortium, 2007) [53]. The mechanistic
role of MHC associations with common autoimmune disease, with a few exceptions
(e.g. coeliac disease), still remains unclear.

Hormonal and environmental factors in autoimmunity

Hormonal factors: It is well documented that, after puberty, there is a significantly
increased susceptibility to connective tissue autoimmunity in females, compared with
males. This could represent the effects of oestrogen and/or permissive alleles on the
X chromosome. Current evidence indicates that oestrogen, and many other endocrine
hormones, can directly modulate the action of lymphocytes. Thus, receptors for testo-
sterone and for thymic hormones are expressed on T cells, and the functions of such
cells are enhanced by receptor occupancy by the appropriate hormone. In contrast,
oestrogen has been shown to down-regulate the reactivity of some T cells which, it is
speculated, facilitates the expression of autoimmunity in women. Recent data has
firmly demonstrated that oestrogen activates the expression of the AID gene which is
known to drive the mechanisms of antibody diversification (see ‘B cells, receptors, and
antibodies’, above), including probably autoantibodies.

Environmental factors: Drugs that are well documented as inducers of autoimmunity
(e.g. penicillamine) may adsorb on to cells and alter the structure of self molecules, so
that they become antigenic. Environmental trauma, which leads to the release of seques-
tered antigens (e.g. in the eye, heart, or urogenital tract), can lead to the induction of
autoimmune responses. Interestingly, the autoimmune responses which commonly fol-
low trauma and surgery are transient (see Chapter 8). They illustrate that induction of
autoantibodies may not be sufficient in itself for induction of clinical autoimmunity;
other ‘factors’ in the individual’s immunogenetic background are required