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Abstract 

 

Even when kidney allografts are well matched for HLA antigens and anti-HLA 

antibodies are undetected, graft rejection still occurs. There is evidence of hyperacute 

rejection in the absence of HLA antibodies, implicating other alloantigens.  Studies 

have shown that some patients with graft rejection or loss have antibodies specific 

for the highly polymorphic MHC class I-related chain A (MICA) antigens.   

 

This thesis investigated whether mismatching MICA alleles associates with MICA 

antibody production and graft rejection, survival or dysfunction.  Using commercial 

assays, MICA and HLA antibody screening of 442 recipients was performed and 

specificities were confirmed in a sub-group of 227 recipients using single antigen 

(SAg) multiplex technology.  MICA antibody specificity was assigned using three 

independent SAg assays.  In addition, MICA alleles of 227 recipients and donors 

were determined by development and application of DNA sequence based typing.  

Acute rejection (AR) was assessed by renal pathologists and classified as acute 

cellular rejection (ACR) or acute antibody-mediated rejection (aAMR).  Graft 

function was assessed by estimated glomerular filtration rate (eGFR) and serum 

creatinine measurements. 

 

Among the cohort of 442 recipients, 33 (7.5%) produced MICA antibodies, which 

correlated with ACR (P=0.03).  Analysis of the MICA typed cohort revealed 17 

patients (7.5%) had MICA antibodies and 13 (6%) developed MICA donor-specific 

antibodies (DSA).  Multivariate analysis revealed MICA mismatching as a 

significant factor associated with the presence of MICA antibodies (P=0.009) and 14 

mismatched MICA residues significantly correlated with MICA antibody production.  

MICA and HLA antibodies significantly associated with AR and MICA-DSA and 

HLA-DSA correlated with decreased graft function by univariate and multivariate 

analysis.  To conclude, mismatching of specific MICA epitopes in renal 

transplantation is a mechanism leading to production of MICA antibodies and 

MICA-DSA that associate with AR and graft dysfunction. 



 

 5 

Acknowledgements 

 

Firstly I would like to thank my supervisor, Professor Alejandro Madrigal, for 

allowing me the time to pursue a PhD and supporting me throughout the process, I 

am very grateful.  I am also immensely grateful to my supervisor, Ann-Margaret 

Little, whose guidance, support and advice from beginning to end was invaluable in 

maintaining my motivation. 

 

This project would not have been possible without the co-operation of staff from the 

UCL Department of Nephrology.  I would like to thank Henry Stephens for diligent 

and close support with manuscript preparation, Ray Fernando and Aliyye Karasu for 

friendly help, advice and technical assistance and all members of the team for 

guiding me through the technicalities of renal transplantation.  I particularly 

appreciate the help provided by Mark Harber who enabled me to understand clinical 

aspects of transplantation and who provided important clinical data that was crucial 

for this thesis.  I am also extremely grateful to Professor Alexander Howie for 

helpful discussions and detailed graft rejection data, and our collaborators - Professor 

Peter Stastny and Yizhou Zou for expert advice and Luminex testing. 

 

I would like to thank Anthony Nolan Research Institute staff and students, past and 

present for their inspiration, support and friendship (and sometimes their blood!) 

throughout the years.  I particularly thank fellow students Mehri, Daniel, Neema, 

Samir, Michelle, Martha and Isabela who shared a similar experience and often 

offered valuable advice.  I am also grateful to Angus, Nush, Shem, Jennifer, 

Bronwen, Aurore, Richard and Jim for technical help and advice and to Hazel for 

organising the lab and keeping me ósafeô.   

 

Finally, I thank my family and friends who have tolerated my long absences during 

this very demanding time in my life.  In particular I thank my mother for her 

unwavering faith in my ability to succeed, and my brother Matthew for genuine 

interest in my project and the process of obtaining a PhD (got there in the end!).  

Lastly, to my late grandmother, óNanô, for her knowledge and wisdom during my 

formative years, I hope this achievement would have made you proud. 



Contents 

 6 

Table of Contents 
 

Declaration          2 

Dedication          3 

Abstract          4 

Acknowledgements         5 

Table of Contents         6 

List of Figures          13 

List of Tables          17 

Abbreviations          20 

 

Chapter 1: Introduction         23 

1.1  The immune system        23 

1.1.1  Innate immunity       23 

1.1.2  Acquired immunity       26 

1.1.3   Generation of effector B-cells      27 

1.1.4   Generation of effector T-cells      28 

1.1.5   The Major Histocompatibility Complex     29 

1.1.6   HLA Polymorphism       31 

1.2 Solid Organ Transplantation       33 

1.2.1   The immune response in organ transplantation    34 

1.2.2   Classification of allograft rejection     36 

Hyperacute rejection       36 

Accelerated rejection       37 

Acute rejection        37 

Chronic Allograft Dysfunction      38 

1.2.3   Prevention and treatment of immunological allograft rejection  40 

Screening and Crossmatching      40 

HLA matching        41 

Immunosuppression       42 

1.2.4   Other factors associated with rejection and morbidity   45 

1.2.5   Antibodies and their role in transplantation    47 

1.2.6   HLA antibodies and graft rejection     49 

HLA antibodies present before transplantation    49 

Post-transplant de novo HLA antibody production   50 

Donor-specific HLA antibody production    51 

The relevance of HLA antibodies detected post-transplant  54 

Treatment of antibody-mediated rejection    55 

Antibody responses directed against non-HLA antigens   56 

1.3  MICA antibody prevalence and its significance in solid organ  

transplantation         57 

1.3.1  Genetic organisation and structure of MIC gene products   57 

1.3.2   MICA/B expression on cells and tissues      59 

1.3.3   Polymorphism and evolution of MICA and MICB genes   60 

1.3.4   MICA alleles and disease association     62 

1.3.5   Role of MICA in innate immunity     63 

  NK-cell-mediated lysis evasion by tumor cells    63 

  NK-cell-mediated lysis evasion by viruses    65 

1.3.6   MICA allele frequencies in different populations    67 



Contents 

 7 

1.3.7   MICA antibodies and solid organ transplantation    69 

1.4  Methods for detection of MICA alleles and MICA antibodies   79 

1.4.1   MICA allele genotyping methods     79 

Methods based on exon 5 GCT repeat polymorphism   79 

Sequence Based Typing (SBT) of MICA alleles    81 

MICA typing using conformational analysis    83 

MICA typing using PCR and Sequence Specific Primers (SSP)  84 

MICA typing with PCR and Sequence Specific  

Oligonucleotide Primers (SSOP)     85 

1.4.2   MICA antibody detection methods     86 

MICA antibody detection CDC      86 

MICA antibody detection using ELISA     87 

MICA antibody detection using flow cytometry    89 

Detecting MICA antibodies in patient and donor crossmatching  90 

1.5    Aims of this Thesis        92 

 

Chapter 2: Materials and Methods      93 

2.1  Study Cohorts         93 

2.1.1   Recruitment and ethical approval     93 

2.1.2   Specimen Collection       93 

2.1.3  Healthy adult controls       93 

2.2 Molecular Biology        94 

2.2.1   General methods       94 

  DNA extraction from whole blood     94 

  Nucleic acid quantification      94 

  Quantification of total RNA      94 

  Polymerase Chain Reaction      94 

Primer Design        95 

2.2.2   Sequence-based typing for MICA allele assignment   95 

  PCR amplification of the MICA gene     95 

  DNA electrophoresis       97 

  Post-PCR amplification clean up     97 

  Cycle sequencing reaction for direct sequencing and     

sequencing based typing (SBT)      98 

  Sequencing Analysis and Heterozygous MICA typing    98 

2.2.3   Short Tandem Repeat (STR) Analysis of MICA Exon 5  

using Genescan        98 

  PCR Primers and Amplification of Exon 5 of the MICA gene  98 

  Typing of Trinucleotide Repeat Polymorphism in the TM  

region of MICA gene       99 

  Assignment of Alleles       99 

2.2.4   Production of cDNA from RNA      99 

RNA Extraction and DNase Treatment     99 

  Reverse-Transcriptase (RT) PCR ï cDNA synthesis   100 

2.2.5   Generation of plasmid constructs for protein expression  

in Escherichia coli       100 

  PCR Amplification of MICA and MICB from cDNA   100 

  Purification of PCR cDNA from a gel slice    100 

  Ligation of MICA cDNA into pCR
Ñ
4-TOPO

Ñ
 plasmid   100 

  Transformation of TOP10 chemically competent cells   101 



Contents 

 8 

  Miniprep isolation of plasmid DNA     101 

  DNA endonuclease restriction enzyme digestion    102 

  Restriction Digestion to release MICA fragments from  

pCR
Ñ
4-TOPO

Ñ  
      102 

  Digestion with BamH1 to Linearise Plasmid pAC-5   103 

  Ligation of plasmid pAC-5 with purified MICA PCR product  103 

Transfection of AVB101 expression host with pAC-5 ï MICA 

construct        103 

  Induction of protein expression      104 

  Inclusion body purification      104 

  Measurement of protein concentration     106 

2.2.6   Generation of pCMV plasmid constructs for protein  

expression in 293T mammalian cells     106 

  Amplification of the MICA gene from cDNA    106 

  Purification of PCR amplified product and ligation into  

pGEM-T Easy vector       107 

  Transformation of JM109 competent cells using pGEMá-T   

Easy vector ligation reactions      107 

  Sub-cloning MICA DNA into pCMV mammalian expression vector 108 

  Endonuclease-free plasmid purification     109 

2.2.7   Generation of pIEx-4 plasmid constructs for MICA protein  

expression in Sf9 insect cell line      109 

2.3  Biochemistry         110 

2.3.1   Sodium Dodecyl Sulphate (SDS) Polyacrylamide Gel  

Electrophoresis (PAGE)       110 

2.3.2  Setting up, Loading and Running Gels     110 

2.3.3   Western Blot Analysis       111 

2.3.4   Sandwich ELISA for detection of human soluble MICA molecules 112 

2.3.5  Concentrating recombinant MICA proteins    112 

2.4  Serological Assays        112 

2.4.1   Luminex Mixed Bead Antibody Detection Screening Assay  112 

2.4.2   Luminex HLA-Class I and II antibody specificity identification  113 

2.4.3   Luminex MICA antibody specificity identification   113 

  LABScreen
á 

MICA Single Antigen beads (One Lambda)  113 

Detection of MICA antibodies by Luminex developed by  

Prof. Peter Stastny (Dallas, USA)     113 

Lifecodes LSAÓ
 -
MIC Single Antigen beads (Gen-Probe, CA, USA) 114 

2.4.4   Procedure for antibody detection using Luminex    114 

Specimen collection and preparation      114 

General Test procedure       114 

Importing templates for data acquisition in the LuminexÊ  

Fluoroanalyzer        115 

Amendments to procedure for Gen-Probe MICA antibody 

LuminexÊ        115 

2.5  Cell Culture         115 

2.5.1   General cell culture procedures      115 

  Culture media        115 

  Cell Separation        116 

Counting cells and checking viability     116 

  Cryopreservation of cells      116 



Contents 

 9 

2.5.2     Cell lines used to obtain MICA cDNA     116 

The use of commercial cell lines to locate MICA cDNA   116 

The Use other Cell Lines to Locate MICA cDNA   117 

2.5.3   Cell lines used to produce recombinant MICA    117 

  E. coli strain AVB101        117 

Human embryonic kidney (HEK) 293T cells    118 

Spodoptera frugiperda-derived insect cells(Sf9)    118 

2.5.4   Transfection procedures       119 

  Transient transfection of 293T cells     119 

Transient transfection of Sf9 cells     119 

2.6 Data storage and statistical analysis      120 

 

Chapter 3: Development of techniques for MICA allele typing and MICA  

antibody detection       122 

3.1  Introduction and Aims        122 

3.2  Development of MICA sequence based typing     123 

3.2.1   Amplification of exons 2-5 of the MICA gene     124 

3.2.2   Selection of MICA sequencing primers     124 

3.2.3   MICA allele typing results using exons 2-4    127 

3.2.4   MICA exon 5 sizing using Genescan     128 

3.2.5  Determining exon 5 GCT triplet number using sequence analysis  131 

3.2.6   MICA ambiguous allele combinations not resolved   134 

3.2.7   MICA international DNA exchange scheme     135 

3.2.8   Strategies for resolving MICA amplification óallele dropoutô  135 

3.3  Production of recombinant MICA in E. coli      137 

3.3.1   Cell Lines for MICA cDNA Amplification and Cloning   137 

3.3.2   Obtaining cDNA from cell lines and ligation with plasmid vector  138 

3.3.3   Cloning procedures for bacterial expression of MICA protein  139 

3.4  Production of rMICA in 293T HEK mammalian cells    145 

3.4.1   Generation of plasmid constructs for MICA expression   146 

3.4.2   Liposome-mediated transient transfection of 293T HEK cells  152 

3.5  Production of rMICA in Spodoptera frugiperda (Sf9) insect cells   158 

3.5.1   Generation of plasmid constructs for MICA expression   159 

3.5.2   Liposome-mediated transient transfection of Sf9 insect cells  160 

3.6  General Discussion        166 

 

Chapter 4: Evaluation of MICA antibody detection in renal patients  

and healthy controls using fluorescent bead-based assays  170 

4.1  Introduction and aims        170 

4.2  Identification of MICA antibodies by One Lambda Luminex  

screening beads         172 

4.2.1    Calculations used for assignment of positivity with the  

One Lambda mixed bead assay      172 

4.2.2   MICA antibody frequencies - kidney transplant recipients  173 

4.2.3   MICA antibody frequencies - ESRD patients waiting for  

transplant        173 

4.2.4   MICA antibody frequencies - healthy controls    173 



Contents 

 10 

4.3   Identification of MICA antibodies by One Lambda Luminex single  

 antigen beads         174 

4.3.1     Calculation of results for baseline Mean Fluorescence Intensity  175 

4.3.2   MICA antibody frequencies - kidney transplant recipients  175 

4.3.3   MICA antibody frequencies - patients with ESRD, awaiting transplant 175 

4.3.4   MICA antibody frequencies - healthy controls    176 

4.4   Identification of MICA antibodies using a flow cytometry-based technique 

with recombinant MICA molecules produced from insect cells   177 

4.4.1   Calculation of Mean Fluorescence Intensity and interpretation  

of results        177 

4.4.2   MICA antibody frequencies - kidney transplant recipients  177 

4.4.3   MICA antibody frequencies - patients with ESRD, awaiting transplant 178 

4.4.4   MICA antibody frequencies - healthy controls    178 

4.5   Identification of MICA antibodies using Gen-Probe MICA single antigen  

Luminex assay         178 

4.5.1  Calculation of adjusted Median Fluorescence Intensity   179 

4.5.2  MICA antibody frequencies - kidney transplant recipients  180 

4.5.3    MICA antibody frequencies - patients with end-stage renal  

disease, awaiting transplant      180 

4.5.4 MICA antibody frequencies - healthy controls    180 

4.6  Comparison of MICA antibody testing results obtained with three methods 181 

4.7  Identifying patterns of MICA antibody allorecognition of MICA antigenic  

determinants         185 

4.8  Discussion         192 

4.8.1   MICA antibody frequencies using One Lambda screening and SAg  

beads          193 

4.8.2 MICA antibody frequencies using Stastnyôs MICA Luminex single  

antigen assay        194 

4.8.3 MICA antibody frequencies using Gen-Probe Lifecodes MICA 

Luminex single antigen assay      195 

4.8.4 Comparison of three MICA single antigen Luminex assays  195 

4.8.5 Possible reasons for false positive reactions using One Lambda 

Luminex assays        196 

4.8.6 Identifying patterns of MICA antibody specificity   198 

4.8.7 Differences of MICA antibody specificity using different MICA  

Luminex assays        203 

 

Chapter 5: MICA allele mismatching, production of MICA antibodies  

and acute rejection in renal transplantation    204 

5.1  Introduction and aims        204 

5.2 Study cohorts         206 

5.3  MICA allele typing in a renal transplant cohort     207 

5.3.1   Identification of two novel MICA alleles: MICA*054 and MICA*056 207 

5.3.2 Comparison of HLA-B antigen and MICA allele frequencies in  

UK renal transplant recipients and donors    208 

5.3.3 HLA-B - MICA haplotype frequencies in UK graft recipients  

and donors        211 

5.3.4 Analysis of MICA allele mismatching at the amino acid level  212 



Contents 

 11 

5.4 Clinical characteristics and transplantation variables associated with  

the presence or absence of MICA antibodies     217 

5.4.1 Significance of clinical characteristics with the production of  

MICA antibodies       217 

5.4.2 Significance of MICA allele and antigen mismatching with  

the production of MICA antibodies     218 

5.4.3 Association of HLA antigen mismatches with  

production of MICA antibodies      219 

5.4.4   Significance of HLA class I and/or HLA class II antibodies 

and re-transplantation with the production of MICA antibodies  220 

5.4.5   Association of MICA antibodies with biopsy-proven acute  

graft rejection        221 

5.4.6  Statistically significant associations of óstrongô MICA antibodies  

with other transplantation variables     223 

5.4.7   Multivariate analysis of variables significantly associated  

with the production of MICA antibodies     224 

5.4.8   Correlation of HLA and/or MICA antibodies with ACR and aAMR 225 

5.4.9   Identification of donor-specific MICA antibodies   228 

5.5 Discussion         230 

5.5.1  MICA allele polymorphism and mismatching in UK renal graft  

recipients and donors       230 

5.5.2  Association of MICA antibody production with general renal  

transplant variables       234 

5.5.3  Association of MICA allele mismatching and MICA antibody  

production with acute renal graft rejection    237 

 

Chapter 6: MICA antibody production and evolution in renal transplant  

recipients: a longitudinal analysis     241 

6.1  Introduction and aims        241 

6.2  Detection of MICA antibodies       243 

6.3  Patients and sera        243 

6.4  Assessment of graft function       243 

6.5 Longitudinal testing of individual patients for MICA antibodies   244 

6.6 Results and Discussion        255 

6.6.1  Association of MICA antibody production and change in eGFR  255 

6.6.2  MICA antibody specificity      258 

6.6.3  First appearance of MICA antibodies and evolutionary course  260 

6.6.4  MICA antibody óstrengthô      261 

6.6.5  Long-term renal graft recipients and MICA antibodies   261 

 

Chapter 7: Soluble MICA/B in renal transplantation and association of  

MICA antibodies with graft survival and function    263 

7.1 Introduction and aims        263 

7.2 Soluble MICA and MICB in renal transplantation    265 

7.2.1  Association of sMICA and sMICB with general clinical  

characteristics        266 

7.2.2   Association of sMICA and sMICB with HLA antigen and  

MICA allele and antigen mismatches     267 

7.2.3   Association of sMICA and sMICB with MICA or HLA  

antibodies and AR       269 



Contents 

 12 

7.2.4 Association of sMICA and sMICB with reduced graft function  272 

7.2.5 Five-year renal graft survival and the impact of sMICA and sMICB 272 

7.3        Five-year renal graft survival analysis of association with transplantation  

variables        274 

7.3.1 Inclusion criteria for survival analysis     274 

7.3.2 Transplant variables included for survival analysis   274 

7.3.3 Univariate statistical analysis      275 

7.3.4 Overall five-year survival and the impact of source of  

donor, gender and age       275 

7.3.5 Overall five-year survival and the impact of number of  

transplants, MICA antibodies or HLA antibodies    275 

7.3.6 Overall five-year survival and the impact of ACR and  

aAMR         278 

7.3.7 Multivariate analysis using Cox regression    278 

7.4 Renal graft function analysis       279 

7.4.1  Assessment of chronic renal damage and renal function    279 

7.4.2  Association of general transplantation variables with  

reduced graft function       280 

7.4.3 Association of HLA and/or MICA antibodies with reduced  

graft function        284 

7.4.4 Graft function multivariate analysis ï linear regression model  287 

7.4.5 Assessment of chronic renal damage by morphometric analysis  290 

7.5 Discussion         291 

7.5.1   Soluble MICA and soluble MICB in renal transplantation  291 

7.5.2   Five-year kidney graft survival analysis     293 

7.5.3   Renal graft function analysis      295 

7.5.4   Possible mechanisms of allograft injury by MICA antibodies  299 

7.5.5   Limitations of this study       304 

 

Chapter 8: Conclusions        305 

 

 

Appendix A ï Publications and presentations      312 

Appendix B ï Staff consent form       315 

Appendix C ï Renal graft recipient and donor MICA types    317 

Appendix D ï EMBL summary flatfiles       324 

 

References          328 

 

 



Figures 

 13 

List of Figures 
 

 

CHAPTER 1 

Figure 1.1.1:   Antigen processing and presentation my MHC      

class I and class II molecules      31 

Figure 1.1.2:   Genomic organisation of the MHC region    32 

Figure 1.2.1:  Diagrammatic representation of cellular events leading  

to an alloimmune response      35 

Figure 1.2.2:  Histological features of antibody-mediated rejection   38 

Figure 1.2.3:   Immunofluorescence method of Cd4 deposition detection  39 

Figure 1.2.4:  Immunological and non-immunological factors contributing    

to late allograft loss due to chronic allograft dysfunction   47 

Figure 1.3.1:  Genomic organisation of the MHC region    57 

Figure 1.3.2:   Ribbon model derived from X-ray crystallographic analysis    

of the extracellular domains of the MICA molecule   58 

Figure 1.3.3:  Amino acid variation of the extracellular domains of  

the MICA molecule.       60 

Figure 1.3.4:  Common MICA allele frequencies in nine different populations  68 

Figure 1.4.1:  PCR Amplification strategy to generate fluorescently labelled  

fragments for size analysis using Genescan software and an  

automated ABI 377 sequencer      80 

Figure 1.4.2:  Diagram showing stages involved in PCR-SBT of the MICA gene. 81 

Figure 1.4.3:  Sequence electropherogram showing sense and antisense sequence  

from exon 4 of the MICA gene      82 

Figure 1.4.4:  Reference Strand-mediated conformational analysis (RSCA)  83 

Figure 1.4.5:   Detection of novel MICA alleles using RSCA    84 

Figure 1.4.6:  MICA antibody detection using CDC     87 

Figure 1.4.7:   MICA antibody detection using ELISA     88 

Figure 1.4.8:   Principle of the Luminex single antigen assay to detect MICA  

Antibodies        90 

Figure 1.4.9: XM-ONE
Ñ
 crossmatch assay to detect non-HLA antibodies  

directed against EC antigens      91 

 

 

CHAPTER 3 

Figure 3.2.1:  Amplif ication of the MICA gene     124 

Figure 3.2.2:  Exon 2 sequences with Zwirner MICA sequencing primers  126 

Figure 3.2.3:   Exon 3 and 4 sequence obtained using Zwirnerôs primers and   

cell line JY DNA       127 

Figure 3.2.4:  PCR amplification of exon 5 of the MICA gene using a  

5ô 6-Fam fluorescently labelled primer     129 

Figure 3.2.5:  MICA exon 5 size results generated using Genescan software  130 

Figure 3.2.6:   Heterozygous MICA sequence patterns obtained from sequencing  

exon 5         134 

Figure 3.2.7:  MICA intron 1 region used for amplification of the MICA gene  136 

Figure 3.3.1:   MIC-specific products (MICA and MICB) amplified using cDNA  

from cell lines       139 

Figure 3.3.2:   Restriction digestion of pCR
Ñ
4-TOPO

Ñ
 ligated with MICA*008  

cDNA         140 



Figures 

 14 

Figure 3.3.3:  Sequence alignment of MICA*008 coding sequence with  

sequence of pAC-5 plasmid containing a MICA DNA insert  141 

Figure 3.3.4:   SDS-PAGE analysis of MICA protein with Coomassie Blue  

Staining        142 

Figure 3.3.5:   SDS-PAGE gel Western Blot Analysis     143 

Figure 3.3.6:   SDS-PAGE analysis of scaled-up MICA protein production  143 

Figure 3.3.7:   Measurement of protein concentration from MICA inclusion    

body purification       144 

Figure 3.4.1:  PCR amplification of cell line cDNA     147 

Figure 3.4.2:  Restriction enzyme digestion with Xho1 and Kpn1 of pGEM  

plasmid ligated with MICA*008 cDNA amplicons   148 

Figure 3.4.3:  Cloned MICA inserts and pBK-CMV plasmid vector digested with   

Xho1 and Kpn1 restriction enzymes and purified by gel excision  148 

Figure 3.4.4:  Plasmid map of pBK-CMV      149 

Figure 3.4.5:  Endonuclease-free plasmid extraction using the Qiagen maxi kit  150 

Figure 3.4.6:   Sequence alignment of four MICA alleles ligated into  

pBK-CMV protein expression plasmid     151 

Figure 3.4.7:  Amount of rMICA*008 produced with varying quantities of  

plasmid DNA        153 

Figure 3.4.8:  Effect of varying amount of 0-30 ml of PolyfectÑ reagent  

on rMICA*008 production      154 

Figure 3.4.9:  Production of rMICA*008 by transfected 293T cells over eleven  

Days         155 

Figure 3.4.10:  Expression of rMICA using four different MICA pBK-CMV  

Constructs        157 

Figure 3.4.11:  SDS-PAGE results after electrophoresis of a commercial rMICA  

(lane 1), rMICA*004 (lane 2) and rMICA*008 (lane 3) produced  

by 293T cells        158 

Figure 3.5.1:  Map of plasmid pIEx-4 showing restriction enzyme sites and  

Features        160 

Figure 3.5.2:  Sequence alignment of two MICA alleles ligated into  

pIEx-4 protein expression plasmid     161 

Figure 3.5.3:  Concentration of rMICA protein produced using MICA*002 and  

MICA*008 plasmid DNA and either CellfectinÑ reagent or  

GeneJuiceÑ reagent       163 

Figure 3.5.4:   Concentration of rMICA secreted into culture medium and lysed  

from cells        164 

Figure 3.5.5:   Concentration of rMICA produced by transfection of 10 ml  

suspension cultures       165 

Figure 3.5.6:  SDS-PAGE results after electrophoresis of rMICA   166 

 

CHAPTER 4 

Figure 4.2.1:  Frequencies of MICA antibodies by Luminex screening assay  174 

Figure 4.3.1:   Frequencies of MICA antibodies by single antigen Luminex assay 176 

Figure 4.4.1:   Frequencies of MICA antibodies using the Stastny Luminex assay 179 

Figure 4.5.1:   Frequencies of MICA antibodies detected using Gen-Probe single  

antigen Luminex assay       181 

Figure 4.6.1:  Comparison of MICA antibodies detected in renal graft recipients  

using three independent MICA single antigen Luminex assays  182 



Figures 

 15 

Figure 4.6.2:   Comparison of MICA antibody frequencies detected with three  

single antigen Luminex methods     183 

Figure 4.6.3:  MICA antibody reaction patterns detected with One Lambda  

Luminex but not confirmed with the Stastny and Gen-Probe assays 184 

Figure 4.7.1:   Typical example of serum reactive with Thr at residue 24  185 

Figure 4.7.2:   Typical example of patient serum reactive with MICA-G1 epitopes 188 

Figure 4.7.3:  Typical example of patient serum reactive with MICA-G2 epitopes 189 

Figure 4.7.4:  Frequencies of different MICA antibody recognition patterns  189 

Figure 4.7.5:   Typical example of a patient serum with possible mixed MICA  

antibody specificity 1       190 

Figure 4.7.6:  Typical example of a patient serum with possible mixed MICA  

antibody specificity 2       191 

Figure 4.7.7:   Example of a patient serum reactive with only one MICA antigen 192 

Figure 4.8.1:  Polymorphic MICA residues on the MICA molecule shown in  

3 views         201 

 

CHAPTER 5 

Figure 5.3.1:   Nucleotide sequence alignment of exons 1-5 of the MICA gene  209 

Figure 5.3.2:   Histogram comparing the frequency of mismatched MICA amino  

acid residues between MICA antibody positive (n=17) and  

negative (n=210) renal graft recipients and their donors   213 

Figure 5.3.3.   MICA amino acid alignment of polymorphic MICA residues  

across the a1-a3 domains of the MICA molecule   214 

Figure 5.3.4.   a-1, a-2 and a-3 extracellular domains of the MICA molecule  216 

 

CHAPTER 6 

Figure 6.5.1:  Longitudinal MICA antibody analysis of patient 986EL   245 

Figure 6.5.2:  Longitudinal MICA antibody analysis of patient 300RA   245 

Figure 6.5.3:  Longitudinal MICA antibody analysis of patient 521HJ   246 

Figure 6.5.4:  Longitudinal MICA antibody analysis of patient 396BS   246 

Figure 6.5.5:   Longitudinal MICA antibody analysis of patient 194AH   247 

Figure 6.5.6:   Longitudinal MICA antibody analysis of patient 881AM   247 

Figure 6.5.7:   Longitudinal MICA antibody analysis of patient 690MO   248 

Figure 6.5.8:  Longitudinal MICA antibody analysis of patient 728JP   248 

Figure 6.5.9:   Longitudinal MICA antibody analysis of patient 057SR   249 

Figure 6.5.10: Longitudinal MICA antibody analysis of patient 599EM   249 

Figure 6.5.11:  Longitudinal MICA antibody analysis of patient 197TW   250 

Figure 6.5.12: Longitudinal MICA antibody analysis of patient 977HB   250 

Figure 6.5.13:  Longitudinal MICA antibody analysis of patient 495RT   251 

Figure 6.5.14:  Longitudinal MICA antibody analysis of patient 561JB   251 

Figure 6.5.15:  Longitudinal MICA antibody analysis of patient 953OW   252 

Figure 6.5.16:  Longitudinal MICA antibody analysis of patient 598AM   252 

 

CHAPTER 7 

Figure 7.2.1:  Comparison of mean concentrations of sMICA and sMICB (pg/ml) 268 

Figure 7.2.2:   Effect of sMICA/B concentration on occurrence of  acute rejection 271 

Figure 7.2.3:  Analysis of graft function in patients with eGFR    272 

Figure 7.2.4:  Association of sMICA and sMICB with five-year renal graft survival 273 



Figures 

 16 

Figure 7.3.1:   Association of source of donor (deceased or living), patient  

or donor gender and patient or donor age with five-year  

overall renal GS       276 

Figure 7.3.2:  Association of the number of transplants, MICA antibodies, HLA   

class I antibodies, HLA class II antibodies, HLA class I and class II  

antibodies or HLA-DSA with five-year overall renal GS   277 

Figure 7.3.3:  Association of ACR or aAMR with five-year overall renal  

GS         278 

Figure 7.4.1:  Error bar charts showing eGFR (ml/min/1.73m
2
) of patients  

with and without ACR episodes      282 

Figure 7.4.2:  Error bar charts showing mean eGFR (ml/min/1.73m
2
) of  

patients with and without MICA antibodies overall, MICA-DSA  

and strong MICA antibodies      287 

Figure 7.5.1:  Indirect allorecognition, MICA, NKG2D and the immune  

response in transplantation      303 

 

 



Tables 

 17 

List of Tables 
 

 

CHAPTER 1 

Table 1.1.1:  The allelic repertoire of classical HLA genes    32 

Table 1.2.1:   Types of solid organ transplantation and conditions they     

are used to treat        34 

Table 1.2.2:  Methods of immunosuppression in clinical use    45 

Table 1.4.1:  Relative sizes of exon 5 in different MICA alleles   80 

 

CHAPTER 2 

Table 2.2.1:  Primers used for amplification and sequencing MICA     

from genomic DNA (SBT) and sequencing of cDNA   96 

Table 2.2.2:   Reagents and volumes required for genomic DNA PCR  

amplification of exons 2-5 of the MICA gene    96 

Table 2.2.3:  PCR cycling conditions for MICA gene amplification   97 

Table 2.2.4:  DNA endonuclease restriction enzymes, digestion sites  

and optimum buffers       102 

Table 2.2.5:  DNA Ligation reaction for T4 DNA ligase and pGEMá-T  

Easy Vector        107 

 

CHAPTER 3 

Table 3.2.1:  MICA PCR amplification primers targeting exons 2-5 of  

the MICA gene        123 

Table 3.2.2:  MICA sequencing primers from Katsuyama study   125 

Table 3.2.3:  MICA sequencing primers from Zwirner study    125 

Table 3.2.4:  Cell line DNA MICA typing using exons 2-4 compared  

with IMGT/HLA entry       128 

Table 3.2.5:  MICA allele typing results of cell line DNA using both  

SBT and Genescan analysis      131 

Table 3.2.6:  Exon 5 sequences of TM polymorphisms and heterozygous  

combinations of MICA alleles with differing TM-STRs   133 

Table 3.2.7:  MICA TM -STR exon 5 polymorphisms associated with  

different MICA alleles       133 

Table 3.3.1: Common MICA and HLA-B haplotype frequencies  

and their linkage disequilibrium      138 

Table 3.4.1:  Concentration and purity of endonuclease-free plasmid DNA  150 

Table 3.5.1:  Conditions for transient transfection of Sf9 cells in 24-well  

plates using either CellfectinÑ or GenjuiceÑ transfection reagents  

and pIEx-4 with MICA DNA inserts     162 

Table 3.6.1:   Characteristics of MICA proteins loaded onto SDS-PAGE gels  168 

 

CHAPTER 4 

Table 4.2.1:  MICA antibody frequencies in 442 renal graft recipients,  

200 untransplanted patients and 116 healthy controls using  

One Lambda screening beads      174 

Table 4.3.1:  MICA antibody frequencies among 76 renal graft recipients,  

21 untransplanted patients and 14 healthy controls testing positive  

using One Lambda MICA single antigen beads    176 



Tables 

 18 

Table 4.4.1:  MICA antibody frequencies among 76 renal graft recipients,  

21 untransplanted patients and 14 healthy controls using  

insect cell rMICA single antigen beads (Stastny assay)   179 

Table 4.5.1:  MICA antibody frequencies among 76 renal graft recipients,  

21 untransplanted patients and 14 healthy controls using  

Gen-Probe single antigen Luminex beads    181 

Table 4.7.1:  Alignment of MICA polymorphic amino acid residues across  

the a-1 to a-3 extracellular regions of the MICA molecule.   

A ó-ó denotes identity with MICA*001     185 

Table 4.8.1:  Protein alignment of polymorphic MICA residues shown  

experimentally to be involved in allorecognition by MICA antibodies.  

Each colour represents a different antigenic determinant that can be  

recognised by MICA antibodies      201 

 

CHAPTER 5 

Table 5.3.1:  MICA allele and HLA-B antigen frequencies in 301  

renal graft recipients and their donors     210 

Table 5.3.2:   HLA-B ï MICA haplotype linkage disequilibrium frequencies  

in UK renal transplant recipients      211 

Table 5.3.3:   HLA-B ï MICA haplotype linkage disequilibrium frequencies  

in UK renal transplant donors      212 

Table 5.4.1:   Clinical characteristics of 442 renal transplant recipients   217 

Table 5.4.2:  Clinical characteristics of 200 renal patients awaiting transplant  

and 116 healthy controls      218 

Table 5.4.3:   MICA allele and amino acid residue matching and association  

with production of MICA antibodies in 442 renal graft recipients  219 

Table 5.4.4:   Association of HLA class I (HLA-A, B, C) and class II  

(HLA-DR, DQ) antigen mismatches with the production  

of MICA antibodies in renal transplantation    220 

Table 5.4.5:   Association of the production of HLA class I and HLA class II  

antibodies and re-transplantation with the presence of MICA  

antibodies in 442 renal graft recipients     221 

Table 5.4.6a:   ACR and aAMR and association with the production of MICA  

antibodies among 391 renal graft recipients    222 

Table 5.4.6b:  ACR and aAMR and association with the production of óstrongô  

MICA antibodies in 391 renal graft recipients    223 

Table 5.4.7:   Transplantation variables significantly associated with the presence  

of óstrongô MICA antibodies among 442 renal transplant recipients 224 

Table 5.4.8:  Univariate and multivariate analysis of renal transplantation  

variables associated with MICA antibody status and MICA antibody  

strength in 442 renal graft recipients     225 

Table 5.4.9:   Association of different categories of HLA and MICA antibodies  

with acute cellular and acute antibody-mediated rejection  226 

Table 5.4.10:   Association of different categories of HLA and MICA antibodies  

with acute cellular and acute antibody-mediated rejection  227 

Table 5.4.11: Details of individual MICA antibody positive renal graft  

recipients indicating recipient and donor MICA types  

and MICA antibodies detected in recipients pre- and  

post-transplantation       229 

 



Tables 

 19 

CHAPTER 6 

Table 6.5.1:   Transplant details of patients enrolled in the longitudinal study  253 

Table 6.5.2:   Summary of MICA and HLA antibody profiles for longitudinal  

study patients        254 

Table 6.6.1:  Protein alignment of polymorphic MICA residues shown  

experimentally to be involved in allorecognition by MICA  

antibodies.  Each colour represents a different antigenic  

determinant that can be recognised by MICA antibodies   258 

 

CHAPTER 7 

Table 7.2.1:  Clinical characteristics of 201 renal graft recipients and association  

with sMICA detected in serum one year post-transplant   266 

Table 7.2.2:  Clinical characteristics of 200 renal graft recipients and association  

with sMICB detected in serum one year post-transplant   267 

Table 7.2.3:  HLA antigen and MICA allele/antigen mismatching in 201 renal  

graft recipients and association sMICA detected in serum one year  

post-transplant        268 

Table 7.2.4:  HLA antigen and MICA allele/antigen mismatching in 200 renal  

graft recipients and association with sMICB detected in serum one  

year  post-transplant       269 

Table 7.2.5:  HLA antibodies, MICA antibodies and rejection in 201 renal  

graft recipients and association with sMICA detected in serum  

one year post-transplant       270 

Table 7.2.6:  HLA antibodies, MICA antibodies and rejection in 200 renal  

graft recipients and association with sMICB detected in serum  

one year post-transplant       270 

Table 7.3.1:   Kaplan-Meier and Cox regression analysis of overall survival data 279 

Table 7.4.1:  Comparison of mean eGFR in renal transplant recipients with  

risk factors for chronic allograft dysfunction at one, two and three  

years post-transplant       281 

Table 7.4.2:  Comparison of mean rank serum creatinine values with risk factors  

for chronic allograft dysfunction      283 

Table 7.4.3:  Comparison of mean eGFR in renal transplant recipients with  

different categories of HLA/MICA antibodies at one, two  

and three years post-transplant      285 

Table 7.4.4:  Mean rank serum creatinine comparisons with different HLA and/or  

MICA antibody categories at one and two years post-transplant  287 

Table 7.4.5:  Linear regression analysis of factors associated with eGFR  

decrease in renal graft recipients      288 

Table 7.4.6: Linear regression analysis of factors associated with mean rank  

serum creatinine increase in renal graft recipients   290 

 



Abbreviations 

 20 

Abbreviations 
 

 

aAMR  acute Antibody-Mediated Rejection 

ACR  Acute Cellular Rejection 

ADAM   A Disintregin And Metalloproteinase 

ADCC  Antibody-Dependent Cellular Cytoxicity 

APC  Antigen Presenting Cell 

APS  Ammonium Persulphate 

AR  Acute Rejection 

AT1R  Angiotensin Type 1 Receptor 

ATG  Anti-Thymocyte Globulin 

BCA  Bicinchoninic Acid 

BD  Behetôs Disease 

BLCL  B-Lymphoblastoid Cell Line 

BSA  Bovine Serum Albumin 

CAD  Chronic Allograft Dysfunction 

CAN  Chronic Allograft Nephropathy 

CCD  Charge-Coupled Device 

CD  Chronic Damage 

CDC  Complement Dependent Cytotoxicity 

CI  Confidence Interval 

CKD  Chronic Kidney Disease 

CNI  Calcineurin Inhibitor 

CRP  C-Reactive Protein 

CsA  Cyclosporin A 

CTL  Cytotoxic T-Lymphocyte 

CTS  Collaborative Transplant Study 

DC  Dendritic Cell 

DGF  Delayed Graft Function 

DMSO  Dimethyl Sulphoxide 

DTT  Dithiothreitol 

ECACC European Collection of Cell Cultures 

DNA  Deoxyribonucleic acid 

ESTDAB European Searchable Tumour Database 

dNTP  deoxyNucleotide TrisPhosphate 

DSA  Donor Specific Antibody 

EBV  Epstein-Barr Virus 

EC  Endothelial Cell 

ESRD  End-Stage Renal Disease 

eGFR  estimated Glomerular Filtration Rate 

ELISA  Enzyme Linked Immunosorbant Assay 

ER  Endoplasmic Reticulum 

FACS  Fluorescence Activated Cell Sorting 

FasL  Fas/Fas Ligand 

FC  Flow Cytometry 

FC-XM Flow Cytometry crossmatch 



Abbreviations 

 21 

FPLC  Fast Protein Liquid Chromatography 

GS  Graft Survival 

GvHD  Graft versus Host Disease 

HAR  Hyperacute Rejection 

HCMV  Human Cytomegalovirus 

HEK  Human Embryonic Kidney (cell) 

HI-FCS Heat Inactivated Foetal Calf Serum 

HLA  Human Leucocyte Antigen 

HRP  Horse-Raddish Peroxidase 

HSCT  Haematopoietic Stem Cell Transplantation 

IFN  Interferon 

IHIWC International Histocompatibility and Immunogenetics Workshop and 

Conference 

Ig  Immunoglobulin 

IHC  Immunohistochemistry 

IPTG  Isopropyl-ɓ-D-thiogalactoside 

IUB  International Union of Biochemists 

IVIG  Intra-Venous Immunoglobulin 

KIR  Killer-cell Inhibitory Receptor 

LB  Luria Bertani 

LD  Linkage Disequilibrium 

LPS  Lipopolysaccharide 

MBL  Mannose Binding Lectin 

MDRD  Modification of Diet in Renal Disease 

MFI  Mean Fluorescence Intensity 

MICA  MHC class I-related Chain A 

MICB  MHC class I-related Chain B 

MHC  Major Histocompatibility Complex 

MLE  Maximisation Likelihood Estimate 

MMF  Mycophenolate Mofetil 

NBR  Normalised Background Ratio 

NC  Negative Control 

NF-AT  Nuclear Factor of Activated T-cells 

NDSA  Non-Donor Specific Antibody 

NK  Natural Killer 

OD  Optical Density 

OR  Odds Ratio 

OS  Overall Survival 

PAGE  Polyacrylamide Gel Electrophoresis 

PAMP  Pathogen-Associated Molecular Patterns 

PBMC  Peripheral Blood Mononuclear Cell 

PE  Phycoerythrin 

PEX  Plasma Exchange 

PBS  Polybuffered Saline 

PCR  Polymerase Chain Reaction 

PRA  Panel Reactive Antibody 

PRR  Pattern Recognition Receptors 



Abbreviations 

 22 

Rae  Retinoic acid early inducible 

RAET-1 Retinoic Acid Early Transcript-1 

RNA  Ribonucleic acid 

RSCA  Reference Strand-mediated Conformational Analysis  

RT  Reverse Transcriptase 

SAg  Single Antigen 

SBT  Sequence Based Typing 

SCr  Serum creatinine 

SDS  Sodium Dodecyl Sulphate 

Sf9  Spodoptera frugiperda-9 (cell) 

SFM  Serum-Free Medium 

SSOP  Sequence-Specific Oligonucleotide Probing 

SSP  Sequence-Specific Priming 

STR  Short Tandem Repeat 

TAP  Transporter Associated Protein 

Taq  Thermus aquaticus 

TBE  Tris-Boric acid-EDTA 

TCR  T-Cell Receptor 

TEMED Tetramethylethylenediamine 

Th  T-helper 

TLR  Toll-Like Receptors 

TM  Transmembrane Region 

Tm  Melting temperature 

TNF  Tumour Necrosis Factor 

ULBP  UL16-Binding Protein 

UNOS  United Organ Sharing scheme 

WHO  World Health Organisation 

 



Chapter 1 

 23 

CHAPTER 1 

Introducti on 

 

1.1 The Human Immune System 

 

The immune system in humans employs of a variety of mechanisms involving interactions 

between different cells and tissues in the body, with the aim of protecting the host from 

infections and cellular abnormalities.  There are several levels of defence involved in 

preventing unwanted pathogens such as bacteria, viruses, parasites and fungi from entering 

the body and causing damage.  The skin is the main barrier against infection and when 

penetrated, cells and factors of the innate immune system can quickly eradicate pathogens, 

as the first line of cellular defence.  The next level of defence is provided by the adaptive 

immune system where cells can acquire ómemoryô of their first encounter with their specific 

antigen and when presented with the same antigen again, can react with a fast and efficient 

response.  The adaptive immune response has evolved to provide an army of lymphocytes, 

with each cell capable of recognising a separate antigen from an almost infinite variety.  

Therefore these specialist cells possess specificity and memory for any substance that is not 

a constituent of óselfô providing the capacity to eradicate most pathogens that can be 

encountered in a lifetime (Bonilla and Oettgen, 2010). 

 

1.1.1 Innate Immunity 

 

Innate immunity, as the name suggests, is present from birth and lasts for the lifetime of the 

individual.  The term non-specific immunity can also be used, referring not only to cell-

mediated defence against pathogens but also the physical and anatomical barriers that are 

designed to prevent entry of organisms into the body.  The first physical defence that must 

be breached for a pathogen to establish an infection are the epithelial surfaces, such as the 

skin, which provide the first defence against infection with a tough and impenetrable 

barrier.  The epithelial surfaces lining the body orifices of the respiratory, gastrointestinal 

and urogenital tracts are more vulnerable to infection.  They are known as the mucosal 

surfaces or mucosa and are constantly bathed in mucous secreted by the epithelia forming a 

thick fluid layer containing glycoproteins, proteoglycans and enzymes that protect the 

epithelial cells and limit opportunistic infections (Knight and Holgate, 2003; M. W. Russell 

and Mestecky, 2010; Turner, 2009).  For example, secretions such as tears and saliva 
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contain enzymes that have anti-bacterial properties, such as lysozyme (McClellan, 1997).  

To keep respiratory airways free from dust and microorganisms, specialised goblet-cells 

secret mucous, and their protruding cilia beat in a wave-like manner to move mucous and 

particles towards the oesophagus where they can then be swallowed (Knight and Holgate, 

2003).  Material that enters the stomach is also a potential source of infection however the 

acidic environment helps eliminate pathogens (Skillman and Silen, 1972).  Thus, our bodyôs 

physical and chemical barriers can defend us against the magnitude of pathogens present in 

the external environment.  However, these barriers can be breached by physical damage, 

such as wounds or burns, allowing entry of pathogens into the body where they face the 

next level of defence: the inflammatory response. 

 

Effector cells such as neutrophils, macrophages and dendritic cells (DC) have the primary 

function of identifying, ingesting and destroying microorganisms.  Together, effector cells 

mediate the inflammatory response.  The process by which particles or bacteria are engulfed 

is called phagocytosis, therefore neutrophils, macrophages and DCs can collectively be 

referred to as phagocytes.  Macrophages are long-lived cells residing in infected tissues and 

are the first phagocytic cells to come into contact with an invading microorganism, 

secreting soluble proteins called cytokines that attract other cells such as neutrophils to the 

site of infection.  Other factors are also secreted by macrophages and act as anti-bacterial 

agents that amplify the inflammatory response (Valledor et al., 2010).  Neutrophils are 

short-lived cells specialised for phagocytosis of pathogens and are the primary and most 

abundant cell in inflamed tissues.  They are rapidly mobilised, can act in aerobic and non-

aerobic conditions and often die at the site of infection giving rise to pus (Summers et al., 

2010).  Cytokines secreted by phagocytes can induce local dilation of blood capillaries and 

change the adhesive properties of the vascular epithelium allowing phagocytes and other 

white blood cells to bind and migrate out of the blood into the inflamed tissue (Ley et al., 

2007).  Infiltration of cells into inflamed tissues increases swelling, redness and dilation of 

blood vessels allowing leakage of plasma into the inflamed area (oedema) and factors 

secreted by effector cells can produce local pain.  These physical features of inflammation 

have been known for a long time and are traditionally defined by the Latin: calor, dolor, 

rubor and tumor, meaning heat, pain, redness and swelling (White et al., 2005). 

 

Phagocytes can become activated by specific recognition of structures that are unique to 

pathogens through interaction of their Toll-Like Receptors (TLR) with microbial antigens 

such as lipopolysaccharide (LPS) (Trinchieri and Sher, 2007).  There are an increasing 

number of TLRs being recognised in humans and are defined as pattern recognition 
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receptors (PRR) that recognise pathogen-associated molecular patterns or PAMPs such as 

LPS or deoxyribonucleic acid/ribonucleic acid (DNA/RNA) (Meylan et al., 2006).  As well 

as cell-bound PRR, soluble recognition molecules can enter sites of inflammation via 

infiltrating plasma as a result of oedema.  One member of the pentraxin family of plasma 

proteins is C-reactive protein (CRP), which can bind to several different species of bacteria 

and fungi.  A member of the collectin family of plasma proteins is mannose-binding lectin 

(MBL) and binds carbohydrates with a terminal mannose, typically found in microbial cell 

surface glycoproteins and glycolipids (Apostolopoulos and McKenzie, 2001).  Therefore 

both CRP and MBL have specificity for pathogen-derived molecular patterns and have the 

function of óopsonisingô or coating the microorganism to allow the mechanism of 

complement activation.  Complement is the name for a group of plasma proteins involved 

in an enzymatic cascade, initiated by the binding of complement component C1q to CRP or 

MBL on the surface of the microbe.  Complement activation is a general effector 

mechanism of the immune system, responsible for antibody-mediated cell lysis associated 

with humoral adaptive immunity in addition to innate immunity (Tomlinson, 1993).  

Complement proteins bound to pathogens associate with specific complement receptors 

expressed by phagocytes, triggering their engulfment and elimination.  The soluble 

complement fragments released during the enzymatic cascade enable recruitment of 

additional phagocytic effector cells to the site of inflammation, enhancing pathogen 

clearance (Tomlinson, 1993). 

 

Another important cellular component of the innate immune response is a cell related to the 

lymphocyte called the Natural Killer (NK) cell.  NK-cells are derived from the same 

lymphoid stem cell progenitor as T and B-cells and are characterised by their expression of 

CD56 and absence of the CD3 molecule found on all T-cells (Rees, 1990).  They recognise 

infected or stressed cells and respond quickly and directly, killing them by secretion of 

potent inflammatory cytokines that mediate killing without prior activation, resulting in the 

term óNatural Killerô (Kiessling et al., 1975a; Kiessling et al., 1975b).  The effector 

functions of NK-cells are to kill infected or stressed cells and activate macrophages to 

destroy phagocytosed microbes by secreting interferon-gamma (IFN-g).  NK-cells contain 

protein granules that are released by exocytosis and act on adjacent cells.  One of the 

granules, called perforin, initiates lysis by making a hole in the target cell through which 

other granules called granzymes can enter the cell cytoplasm and cause the cell to undergo 

apoptosis.  NK-cells have several important roles in the defence against intracellular 

microbes and are able to directly kill virally infected cells in the early phase of viral 

infection.  When effector T-cells are formed and arrive at the site of infection, they become 
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the main source of IFN-g and cell-mediated cytotoxicity and secrete an inhibitory cytokine 

called IL-10, deactivating NK-cells (Biron et al., 1999). 

 

An important feature of NK-cells is their sensitivity to cells lacking HLA class I molecules, 

allowing them to identify virally infected cells that have escaped detection by T-cells, 

known as the ómissing-self hypothesisô (Karre et al., 1986).  Cell surface molecules 

expressed by NK-cells can induce activatory and inhibitory signals to regulate their activity 

and diverge into three groups called Killer-cell Immunoglobulin-like Receptors (KIR), the 

C-type lectin domain and Leucocyte Immunoglobulin-like Receptors (LIR) (Sawicki et al., 

2001).  Activating signals must be blocked by inhibitory signals to prevent NK-cell 

activation which is achieved by the binding of KIRs to their HLA class I ligands.  

Deficiency of HLA class I molecules leads to NK-cell activation (Karre et al., 1986; Lanier, 

2005; Vilches and Parham, 2002).  Activating receptors on NK-cells also recognise ligands 

expressed on cells that have undergone stress, been infected by a virus or become 

malignantly transformed, activating NK-cells without the requirement of a second signal.  

One of the most studied NK-cell receptors is NKG2D and its ligands are structurally similar 

to HLA class I molecules (Bauer et al., 1999; Wu et al., 1999).  In humans these ligands are 

MHC class I-related Chain A and B (MICA and MICB) and UL16-binding proteins 

(ULBP1-6) (Eagle and Trowsdale, 2007, Champsaur & Lanier, 2010).  Among these, 

MICA has been the most widely studied as it displays considerable polymorphism, may be 

involved in autoimmunity and transplant rejection and has recently become recognised as 

an important molecule in tumour immunosurveillance (Salih et al., 2002).  MICA 

expression is up-regulated in response to stress as a danger signal to NK-cells, effectively 

marking the MICA-bearing cell for destruction by engagement of NKG2D and NK-cell 

degranulation (Bauer et al., 1999).  Therefore NK-cells are important for the normal day-to-

day surveillance of the bodyôs cells, able to rapidly respond to changes that indicate viral 

infection or malignant transformation. 

 

1.1.2 Adaptive Immunity 

 

Just as the innate immune system relies on specialised cellular functions, the adaptive 

immune response has evolved complex and specialised mechanisms.  The properties that 

make these cells distinct from innate immunity are their specificity for a particular antigen 

and their capacity for memory of antigenic encounters.  The ability to remember a primary 

encounter with an antigen enables subsequent exposure to result in a much faster and more 

potent cytotoxic response (Bonilla and Oettgen, 2010).  This role is carried out by 
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lymphocytes descended from a common lymphoid progenitor, called T-cells and B-cells; 

their names reflecting the different sites at which they undergo maturation: the Thymus (T-

cells) or the Bone marrow (B-cells) (Prchal et al., 1978).  T-cells and B-cells can be 

characterised by their distinct cell surface markers.  T-cells express CD3 in addition to 

either CD4 or CD8 molecules while B-cells are characterised by expression of CD19, CD20 

and CD21.  T-cells are further categorised as either the more common ab or gd-T-cell 

depending on the extracellular subunits of their T-cell receptor (TCR) and have slightly 

different functions (Kang and Raulet, 1997). 

 

1.1.3 Generation of effector B-cells 

 

Upon activation, B-cells differentiate into plasma cells and have a unique function in 

immunity, as they are the only cell type able to synthesise and secrete antibody.  Antibodies 

are variable antigen-specific proteins known as immunoglobulins (Ig) that circulate the 

body as a major constituent of plasma in blood and lymph and specifically target their 

antigen by binding to it.  There are five classes or isotypes of immunoglobulin: IgG, IgA, 

IgM, IgD and IgE that differ in their structure and effector functions.  The binding of 

antibody renders the pathogen susceptible to other components and cells of the immune 

system, heralding its destruction.  Each antibody has a unique specificity for a particular 

antigen covering a vast array of substances that may be encountered in a personôs lifetime.  

 

Antibodies are glycoproteins consisting of a basic unit of four polypeptide chains forming 

two identical heavy chains and two identical but smaller light chains that create a structure 

resembling the letter óYô.  Polypeptide chains of different antibodies vary considerably in 

their amino acid sequence but this variability is concentrated in one area called the variable 

region.  This variability is responsible for antigenic specificity and the heavy and light chain 

variable regions form the two antigen binding sites.  The remaining part of the antibody 

does not differ and is called the constant region.  Most genes are encoded by exons and 

introns that are readily transcribed and this is the case for the leader peptide and constant 

regions of Ig.  However, the variable regions are encoded by two variable light chain and 

three variable heavy chain gene segments and rearrangement is required to produce an exon 

that can be transcribed.  The light chain variable region is encoded by variable (V) and 

joining (J) gene segments and the heavy chain has an additional set of diversity (D) gene 

segments.  The V, J and D gene segments have a number of variants and can be randomly 

rearranged by cutting and splicing the DNA, known as DNA recombination (Fanning et al., 

1996).  This process occurs during the development of B-cells in the bone marrow and is 
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called somatic recombination.  The unique rearrangement of V, D and J gene segments 

leads to the extreme diversity and specificity of immunoglobulin binding sites.  Once the 

antibody molecule encounters its antigen, the specificity can be enhanced by single 

nucleotide changes within the variable region in a process known as somatic hypermutation 

(Weill and Reynaud, 1996).  This final change in specificity ensures that only B-cells 

producing antibody with the strongest affinity will become antibody-secreting plasma cells 

(Hozumi and Tonegawa, 1976; Lefranc and Lefranc, 1980). 

 

Naïve B-cells circulate the body and carry out immunosurveillance via their membrane 

bound antigen-specific IgM or IgD molecules.  B-cells can become activated by an 

encounter with antigen and undergo somatic hypermutation and clonal expansion leading to 

the development of effector, plasma cells secreting antibody, and memory B-cells.  The 

soluble IgM secreted by plasma cells is monoclonal and can inactivate antigens such as 

extracellular pathogens or soluble toxins by neutralisation, opsonisation and complement 

activation.  Multiple epitopes can also be a target for B-cell receptors, giving rise to 

polyclonal antibodies against a single antigen.  Memory B-cells remain in the lymphatic 

system and following a secondary exposure to the same antigen, can become plasma cells 

and instead of IgM, produce IgG by isotype switching, giving rise to long-term immunity to 

an antigen (Gowans and Uhr, 1966).  Approximately 80% of serum Ig is in the form of IgG.  

B-cells can also be activated by synergistic interplay with another cell of the adaptive 

immune response, the T-cell (Gowans, 1966). 

 

1.1.4 Generation of effector T-cells 

 

T-cells are the main component of the adaptive immune response and although originating 

in the bone marrow, undergo education and maturation in the thymus.  T-cells can perform 

cell-mediated immunity against intracellular pathogens including viruses, bacteria and 

parasites, and like B-cells generate memory as well as specificity.  There are two broad 

subsets of T-cells based on their expression of cell-surface markers CD4 or CD8 and each 

have distinct functions. CD8+ T-cells are known as cytotoxic T lymphocytes (CTLs) and 

can directly kill or lyse cells that have been infected (Landegren et al., 1982).  CD4 

expressing T-cells give óhelpô to other cell types and are known as T-helper (Th) cells that 

can be divided into Th1, Th2 and Th17 subtypes based on differential phenotypic 

expression, cytokine secretion and the type of cells they help.  Th1 cells can stimulate and 

activate macrophages and B-cells via cytokine secretion (Stout and Bottomly, 1989).  Th2 

cells can activate B-cells that have encountered their antigen via synergic recognition of an 
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antigenic peptide presented on the B-cell receptor, thus giving help to B-cells to 

differentiate into antibody-secreting plasma cells.  Th2 cell effector function is carried out 

in the lymphoid tissues whereas Th1 and CD8 CTLs must migrate to the site of infection 

(Mosmann and Coffman, 1989a, b).  Th17 cells are a new addition to the T-helper cell 

group, characterised by secretion of IL-17A with the role of mediating recruitment of 

neutrophils and macrophages to the site of infection (Bettelli et al., 2007). 

 

Recognition of antigen by T-cells is facilitated by the highly specific TCR.  There are two 

types of TCR, the ab and the gd, the former being the most commonly expressed, while T-

cells bearing gd-TCR are relatively few (Kreslavsky and von Boehmer, 2010).  The ab-

TCR is a membrane-bound glycoprotein heterodimer composed of a and b heavy chains 

with variable regions at their distal domains.  The specificity of the TCR variable region is 

determined by gene segment rearrangement but does not interact with or recognise intact 

antigens, rather individual peptides (Lanier et al., 1987).  Therefore T-cells must be 

presented with their specific antigen via other cell types known as professional antigen 

presenting cells (APC), such as DCs or B-cells.  The Human Leucocyte Antigen (HLA) 

gene in humans, located within the Major Histocompatibility Complex (MHC), encodes the 

cell surface molecules responsible for peptide presentation to T-cells.  TCRs can only 

respond appropriately to an antigen if presented by an HLA molecule of the host, a 

phenomenon termed MHC restriction and originally observed by Zinkernagel and Doherty 

(Zinkernagel and Doherty, 1974, 1979). 

 

1.1.5 The Major Histocompatibility Complex 

 

MHC molecules are essential for ensuring that the appropriate T-cell class is activated by 

stimulation with a particular source of infection.  There are two types, or classes, of MHC 

molecules known as MHC class I and MHC class II, with each presenting peptides to CD8 

and CD4 T-cells, respectively.  CD8 T-cells recognise peptides of intracellular origin 

presented by MHC class I molecules and CD4 T-cells present peptides from antigens of 

extracellular origin via MHC class II molecules.  Specific interactions between CD4 or CD8 

glycoproteins and MHC class I or II occur when a TCR recognises its specific peptide and 

MHC molecule.  This involvement of CD4 and CD8 with immune recognition gives them a 

role as co-receptors (McMichael, 1980). 
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MHC class I and class II molecules have similar three-dimensional structures comprised of 

differing elements.  The MHC class I molecule has a transmembrane heavy a-chain non-

covalently complexed with a protein called b2-microglobulin.  The three extracellular 

domains of the heavy chain are called a-1, a-2 and a-3, with the folding of the a-1 and a-2 

domains forming the peptide-binding region, which is supported by b2-microglobulin 

(Bjorkman et al., 1987). The a-3 domain provides the binding site for CD8 co-receptors 

(Norment and Littman, 1988).  MHC class II molecules comprise two transmembrane a and 

b heavy chains each having two extracellular domains.  The distal a and b domains form 

the peptide binding groove and the b2-domain nearest the cell membrane provides a 

binding site for CD4 co-receptors (Stern and Wiley, 1994).   

 

Proteins derived from bacteria or viruses as well as proteins derived from self-molecules 

must be processed and presented as peptides by MHC class I and II molecules in order to be 

recognised by a TCR.  Proteins from within the cell are processed by the MHC class I 

pathway and extracellular proteins by the MHC class II pathway as illustrated and described 

in Figure 1.1.1. 

 

HLA class I and class II molecules also differ by the size of peptide that can be bound.  

Peptides presented by HLA class I molecules are around nine amino acids in length and 

bind the HLA molecule via anchor residues at either end of the peptide.  Peptides associated 

with class II molecules are generally longer, between 10-34 amino acids, and are fixed by 

multiple anchor residues. Openings at either end of the binding groove allow extended 

lengths of peptide to protrude (Madden, 1995). 

 

The TCR is capable of recognising an infinite number of peptides by rearrangement of gene 

segments in a similar manner to antibody hypervariable regions.  In addition, thymic 

education attempts to ensure that immune responses are not inappropriately generated 

against self-antigens by a mechanism known as peripheral tolerance (Walker and Abbas, 

2002).  Immune responses against pathogenic or non-self antigens can also be enhanced by 

the conformation of peptides bound to HLA molecules and depending on the HLA 

molecule, a different repertoire of peptides may bind.  These attributes, acquired through 

polymorphism of HLA molecules, have occurred through evolution and natural selection as 

a mechanism of ensuring that during pandemic infections, some individuals will remain 

infection-free (Bodmer, 1975; Parham et al., 1989; Piazza et al., 1980). 
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Figure 1.1.1:  Antigen processing and presentation by MHC class I and class II molecules.  Peptides 

presented by HLA class I molecules are produced by proteosomal digestion of intracellular components, 

including pathogens, within the cytosol of cells and are shuttled to the Endoplastic Reticulum (ER) by a 

protein called the Transporter associated with Antigen Presentation (TAP).  Within the ER, MHC class I 

molecules are transcribed and stabilised by chaperone molecules before binding with b2-m.  Peptides 

derived from proteosomal digestion of proteins associate with newly formed HLA class I molecules 

making them stable. Complexes are transported in vesicles to the cell surface to engage with CD8+ 

TCRs.  By contrast, HLA class II peptides are derived from extracellular antigens engulfed by the cell in 

a process called endocytosis and transported inwards inside vesicles.  Increasing acidity activates 

proteases and hydrolases within the vesicle, degrading the antigen and producing peptides from the 

proteins and glycoproteins.  Inside the ER, newly transcribed class II molecules are stabilised by 

chaperone molecules and are prevented from binding peptides by association with an invariant chain.  

The class II:invariant chain complex then leaves the ER in vesicles where the invariant chain is degraded 

by enzymes, activated in changing pH, leaving a small fragment called CLIP in the peptide binding 

groove.  The vesicle then fuses with a vesicle containing peptides where a vesicle membrane protein, 

HLA-DM releases CLIP.  Peptides then become bound to HLA class II molecules and the complexes are 

carried to the cell surface by outward-bound vesicles where they present their peptide to CD4+ T-cells 

(Trombetta and Mellman, 2005).  

 

 

1.1.6 HLA Polymorphism 

 

The MHC molecules and other proteins involved in antigen processing and presentation, are 

encoded by the MHC genes situated on the short arm of chromosome 6 (6p21.3) (Ziegler et 

al., 1990).  The striking feature of HLA class I and II molecules is their extensive 

variability between individuals, termed polymorphism.  HLA class I molecules are encoded 

by HLA-A, B and C genes and class II molecules by HLA-DR, DQ and DP genes as shown 

in Figure 1.1.2.  
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Figure 1.1.2:  Genomic organisation of the MHC region. The human MHC region encompasses 3.6 

Megabases on chromosome 6 and contains over 200 gene loci including all HLA genes and many 

immune regulatory genes.  HLA-A, B and C genes are encoded within the class I region and HLA-DR, 

DQ and DP genes within the class II region. (Klein and Sato, 2000). 

 

 

HLA class I and II molecules are encoded by inherited genes and ensure diversity by two 

mechanisms.  For each loci, two genes are expressed, one inherited from the mother and the 

other from the father, thus a total of twelve different HLA molecules can be expressed from 

the six classical HLA gene loci.  The second mechanism of generating diversity of the 

MHC is by genetic polymorphism that arises from changes in the nucleotide structure of 

HLA gene loci and hence the amino acid structure can be altered.  This has resulted in the 

evolution of thousands of HLA allelic variants making the HLA genes the most 

polymorphic genetic system to be discovered.  Currently (IMGT/HLA Release 3.4.0 April 

2011) there are over 6400 HLA alleles, and those encoded by the classical HLA loci are 

detailed in Table 1.1.1 (Robinson et al., 2001). 

 

 

Table 1.1.1: The allelic repertoire of classical HLA genes
1
 

HLA class I loci Alleles HLA class II loci Alleles 

HLA-A 1601 HLA-DRB 1027 

HLA-B 2125 HLA-DQB1 153 

HLA-C 1102 HLA-DPB1 149 

1
IMGT/HLA release 3.4.0, April 2011 
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Extensive polymorphism of HLA alleles ensures that most individuals will inherit a 

different allele from each parent and therefore become heterozygous for all their HLA 

genes.  This is known as the heterozygote advantage as there is a greater chance that 

infection can be overcome with two versions of an HLA molecule, able to present slightly 

different peptides (Hughes and Nei, 1988).  Genetic variation of HLA alleles has evolved 

through positive selection resulting in differences that are concentrated in the regions 

involving peptide binding and interaction with the TCR (a-1 and a-2 regions of the class I 

loci and the b-1 region of class II gene products).  The combination of alleles that can be 

inherited on each chromosome 6 is called a haplotype and heterozygous individuals have 

two haplotypes. 

 

1.2 Solid Organ Transplantation 

 

Human organ transplantation is one of the most remarkable developments in medical 

science in recent times, providing a routine life-enhancing procedure and facilitating 

emergency life-saving intervention.  The first successful living-related donor kidney 

transplant between identical twins took place in 1954, performed by Dr. Joseph E. Murray 

at Peter Bent Brigham Hospital in Boston, USA.  The transplant was from Ronald Herrick 

into his identical twin Richard who lived for a further eight years.  Murray became a winner 

of the 1990 Nobel Prize along with E.D. Thomas ñfor their discoveries concerning organ 

and cell transplantation in the treatment of human diseaseò (Murray, 1994).  An increasing 

understanding of the immunological mechanisms of graft rejection and the development of 

drugs to inhibit them has brought about a revolution in organ transplantation. 

 

An organ transplant or ógraftô has several classifications.  An autograft is from one site on 

an individual to another, for example a skin graft.  An isograft (also called syngeneic graft) 

is between genetically syngeneic individuals, i.e., identical twins.  An allograft is between 

members of the same species but who are genetically different, for example siblings and 

finally, a xenograft is between different species.  The main two categories used are 

autograft and allograft and these treat or cure many conditions as listed in Table 1.2.1.  It 

was recognised over a 100 years ago that autografts and isografts would succeed whereas 

allografts failed (Karamehic et al., 2008).  Modern transplantation dates back to World War 

II when many burned airforce pilots were treated by attempting skin grafts, which was a 

complete failure (Medawar, 1948).  Peter Medawer described the inflammatory reaction 

that was observed as rejection.  ñSkin grafts between genetically unrelated individuals will 
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undergo necrosis and fall off in seven to ten daysò (Medawar, 1956).  A repeat transplant 

using the same pair rejected more rapidly and experiments in mice and rabbits led to the 

conclusion that the óacceleratedô rejection of a second graft can be adoptively transferred by 

lymphocytes and that graft rejection exhibits both memory and specificity (Medawar, 

1956).  Other observations forming evidence of rejection being an immunological 

phenomenon are infiltration of lymphocytes and monocytes as seen in biopsies of rejected 

allografts. 

 

 

Table 1.2.1:  Types of solid organ transplantation and conditions they are used to treat 

Transplanted Organ Reason 

Kidney End-stage renal failure 

Lung, heart/lung Pulmonary hypertension, cystic fibrosis 

Liver Cirrhosis, cancer, biliary atresia 

Heart Cardiomyopathy, congenital heart disease 

Cornea Dystrophy, keratitis 

Pancreas or islets Diabetes 

Small bowel Cancer 

Skin Burns 

 

1.2.1 The immune response in organ transplantation 

 

There are three stages involved in the immune response to alloantigens.  The first stage is 

the recognition of alloantigens presented to naïve host T-cells either directly or indirectly.  

The second stage is proliferation and activation of primed alloreactive T-cells and the third 

stage is allograft destruction by effector cells.  Figure 1.2.1 depicts and describes the three 

stages of the alloreactive response via the direct and indirect pathways.   

 

Direct allorecognition occurs when donor APCs, mainly DCs migrate to the lymph nodes 

and spleen where they stimulate CD4+ and CD8+ T-cells directly via donor MHC 

molecules on the surface of the DC (Rogers and Lechler, 2001).  Indirect allorecognition is 

where host DCs engulf donor antigens (class I or class II and also minor histocompatibility 

antigens) that have been shed from the graft and after processing present them as peptides 

to CD4+ T-cells in the context of self-MHC (of the recipient) thus stimulating host CD4+ 

T-cells leading not only to cell-mediated immunity but also antibody production by B-cells 

(Baker et al., 2001; Gokmen et al., 2008). 
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Figure 1.2.1: Diagrammatic representation of cellular events leading to an alloimmune response.  
Antigen is recognised directly or indirectly by T-cells interacting with donor or recipient DCs, activating 

effector cells.  Activated cytotoxic CD8 cells recognising foreign MHC class I migrate to the allograft 

where the release of perforin and granzyme granules kills cells.  Effector CD4 cells recognising foreign 

MHC class II kill graft cells by the interaction of Fas/FasL.  Activated macrophages release cytotoxic 

granules, and antibodies to graft antigens cause activation of complement. Modified from Le Moine et 

al., 2002 (Permission granted by Wolters Kluwer Health). 

 

 

The interaction of the TCR with antigen has high specificity but low affinity requiring a 

second signal, or co-stimulation, before T-cell activation can occur.  Stimulation of the TCR 

without the second signal results in the T-cell becoming anergised (Matzinger, 1999).  Co-

stimulatory molecules are expressed on activated donor and recipient APCs.  B7 and CD40 

ligands interact with CD28 and CD40L respectively on the T-cell membrane resulting in the 

induction of several intracellular signals.  Interaction of CD28 with B7 results in production 

and secretion of IL-2 by the CD4+ T-cell recognising intact donor class II molecules via the 

direct pathway and donor-derived MHC peptides via the indirect pathway (Gokmen et al., 

2008).  Either way, IL-2 activates host CD8+ T-cells that recognise class I peptides of the 

donor presented by donor DCs via direct allorecognition.  The CD8+ cells become activated 

and secrete IFN-g that acts on CD4+ T-cells involved in direct and indirect allorecognition, 

leading to a Th1 response.  Alloreactive B-cells interact with Th1 CD4+ cells, arising from 

the indirect pathway, and produce alloantibodies (Le Moine et al., 2002; Pettigrew et al., 

1998).  The end result is the production of effector cells.  CD4+ and CD8+ T-cells 

recognise donor antigens and proliferate in response to IL-2.  The production of IFN-g by 
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the activated T-cells activates macrophages and antigen recognition by B-cells together 

with help from activated CD4+ T-cells leads to the proliferation of plasma cells secreting 

alloantibodies.  IFN-g also up-regulates the expression of donor MHC on the allograft 

creating more targets for tissue destruction (Le Moine et al., 2002). 

 

Alloreactive T-cells migrate out of the lymph node to the site of the graft, guided by a 

chemo-attractant gradient of chemokines released from the graft mainly due to ischaemia 

and reperfusion injury (inflammation) but also by infiltrating alloreactive cells.  The T-cells 

are now cytotoxic and can to kill their targets by two main mechanisms, perforin/granzyme 

and Fas/Fas-ligand (FasL).  CD8+ cytotoxic T-cells synthesise and release perforin and 

granzyme granules (Berke, 1995), leading to apoptosis.  Fas/FasL interaction is the most 

important mechanism for cytotoxic CD4+ T-cells and results in the death inducing signal 

complex leading to target cell apoptosis.  Activated macrophages release toxic molecules, 

for example nitric oxide and tumour necrosis factor-alpha (TNF-a) which also kills target 

cells.  Alloreactive B-cells engulf the Ig and HLA complex and present the peptides via 

their class II molecule to CD4+ Th1 cells originating from the indirect pathway.  The co-

stimulatory signal is provided by interaction of CD40L expressed on the Th1 cell and CD40 

expressed on the B-cell.  Th1 cells give help to the B-cell in the form of IL-2 to mature into 

plasma cells and produce antibodies, which opsonise the target cell (Chinen and Buckley, 

2010).  The subsequent binding of IgM and IgG1 activates the complement cascade, giving 

rise to the membrane attack complex and target cell apoptosis.  Additionally, NK-cells may 

bind IgG1 with their Fcg (CD16) receptor on antibody-coated cells.  The cross-linking of 

NK-cells and Fcg causes perforin/granzyme-mediated NK cytotoxicity, known as antibody-

dependent cellular cytotoxicity (ADCC).  Cytokines and factors, released by all effector 

cells, attract other inflammatory cells to the site, leading to more immune-mediated damage 

(Le Moine et al., 2002).   

 

1.2.2 Classification of Allograft Rejection 

 

Rejection may occur at any time following a transplant and the patient must be monitored to 

detect problems and given treatment accordingly.  The classification of rejection into early, 

short-term and long-term reflects the differing immunological mechanisms involved. 
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Hyperacute rejection 

Hyperacute rejection (HAR) occurs rapidly, following re-vascularisation of an allograft, 

caused by preformed antibodies to the graft present in the serum of the patient.  Anti-HLA 

antibodies that occur in response to prior blood transfusions, multiple pregnancies, previous 

transplants or antibodies against the ABO blood group system all have the potential to cause 

HAR (McAlack et al., 1987; Rego et al., 1987).  HAR damages the endothelial cell lining 

of the blood vessels.  Leakage of cells and fluid causes aggregation of platelets that block 

the microvasculature, leading to ischaemia (restriction in blood supply) and loss of function 

(Olszewski and Lukasiewicz, 1973).  HAR can be avoided by performing ABO blood group 

matching, HLA antibody screening and crossmatching (described later).  

 

Accelerated Rejection 

Accelerated rejection can occur within days or weeks of an organ transplant.  If a graft is 

given to someone who has been pre-sensitised to antigens expressed on the organ, a 

secondary reactivation of memory B and T-cells can occur, leading to an accelerated or 

antibody-mediated rejection response.  This can occur even if the crossmatch is negative, 

although crossmatching significantly decreases the risk (Anderson and Newton, 1975). 

 

Acute rejection 

Acute cellular rejection (ACR) occurs within a few weeks or months following a 

transplant and early diagnosis is important to allow treatment.  Most 

immunosuppressive therapy is aimed at preventing T-cell responses to allografts.  The 

incidence of ACR is around 5-10% in the first year of transplantation for patients 

without pre-formed HLA antibodies (Colvin, 2007).  Characteristic histological features 

of ACR are accumulation of mononuclear cells in the interstitium with inflammation of 

the tubules and sometimes arteries.  Mononuclear cells, mainly CD4+ and CD8+ T-

cells, are found in the interstitial space around tubules and cause graft damage (Colvin, 

2007).  Infiltration of T-cells and macrophages into the tubular epithelium is called 

tubulitis and is a characteristic lesion for ACR diagnosis.  

 

Acute antibody-mediated rejection (aAMR) is now widely accepted as a separate rejection 

mechanism (Colvin, 2007) and antibodies directed against donor antigens cause 

approximately 25% of AR episodes.  Risk factors are pre-formed HLA antibodies, the 

degree of HLA mismatching and decreased immunosuppression (non-compliance).  In 

addition, aAMR is resistant to all immunosuppression regimes and is therefore difficult to 
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treat (Lorenz et al., 2004).  Acute AMR usually occurs together with ACR, but can occur 

independently, effecting targets other than HLA on endothelial cells such as ABO blood 

group antigens.  The symptoms for aAMR are similar to ACR and a biopsy is required to 

confirm diagnosis.  The histological pattern for diagnosis shows necrosis of graft vessel 

walls with acute inflammation with accumulation of neutrophils and monocytes in 

peritubular and glomerular capillaries as shown in Figure 1.2.2 (Racusen et al., 2003).   

 

 

  
Figure 1.2.2: Histological features of antibody-mediated rejection.  A. Glomerulitis showing 

infiltrating monocytes and swollen endothelial cells in capillaries.  B. Immunoperoxidase staining of 

monocytes and macrophages (top arrow) and peritubular capillaries (lower arrow) magnification 400x.  

Racusen et al., 2003 (Permission for reproduction granted by John Wiley and Sons). 

 

 

Classic signs and symptoms of AR include swelling and tenderness of the allograft.  In the 

case of renal transplantation, decrease in renal function can be diagnosed by a decrease in 

urine volume and estimated glomerular filtration rate (eGFR) or increasing blood urea, 

nitrogen and creatinine levels (Torpey et al., 2010, p. 237).  

 

Chronic Allograft Dysfunction  

Chronic rejection of renal allografts can involve either or both cellular and antibody-

mediated mechanisms, occurs over months to years and can be recognised by fibrosis 

and vascular abnormalities with loss of graft function occurring over a prolonged 

period.  The pathogenesis of chronic rejection is less well understood than AR and has 

become a major cause of allograft loss.  Many processes, both immunological and non-

immunological, are thought to be involved.  The predominant cause of chronic 

rejection, leading to organ failure, is arterial occlusion as a result of proliferation of 

intimal smooth muscle cells (Vathsala, 2005).  This process is called transplant 

arteriopathy and is often seen in failed cardiac and renal allografts.  Initially called 

chronic rejection, this condition has been renamed chronic allograft dysfunction (CAD) 
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(Racusen et al., 1999) and can occur within six months to a year after transplantation 

with progressive dysfunction occurring over many years.   

 

Other histological features of CAD are transplant glomerulopathy, peritubular 

capillaropathy, transplant arteriopathy, interstial fibrosis and tubular atrophy.  These 

lesions, and their severity in renal biopsies, form the basis of diagnosis of CAD as detailed 

by the 2003 Banff Classification of Renal Allograft Pathology (Racusen et al., 1999, 2003).  

Transplant glomerulopathy is characterised by duplication of the glomerular basement 

membrane and most cases are associated with the presence of donor-specific HLA class II 

antibodies with approximately 30-50% demonstrating C4d deposition in the peritubular 

capillaries (Colvin, 2007; Lorenz et al., 2004).  Histological proof of antibody-mediated 

rejection has become possible by the introduction of the C4d stain by Feucht (Feucht, 

2003).  C4d is an inactive component of the classical complement pathway and remains in 

the tissue for several days after AMR.  C4d deposition is visualised using 

immunofluorescence as intense ring pattern staining in the majority of peritubular 

capillaries as shown in Figure 1.2.3.  An alternative method using immunoperoxidase can 

be used although this is less sensitive.  Transplant glomerulopathy revealed by histological 

changes and C4d deposition by circulating donor-specific antibodies is diagnostic of CAD. 

 

 

Figure 1.2.3:  Immunofluorescence method of C4d deposition detection.  Immunofluorescence shows 

peritubular capillary staining of C4d as bright ring patterns, indicating AMR.   Racusen et al., 2003 

(Permission for reproduction granted by John Wiley and Sons). 

 

Duplication or lamination of the basement membrane, as seen in glomeruli of patients with 

transplant glomerulopathy, may also be seen in peritubular capillaries.  When damaged 

endothelium repairs itself, it forms a new basement membrane layer and multilamination 

occurs by repeated injury caused to the graft by alloantibody.  This can occur sub-clinically 

and only become apparent following CAD or chronic rejection (Lerut et al., 2007).   
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Interstitial fibrosis and tubular atrophy is not specific for rejection but is an important 

histological feature of CAD.  Formerly, this lesion was known as chronic allograft 

nephropathy (CAN) but this definition is now removed from the Banff system (Solez et al., 

2007).  Evidence of these changes indicates donor-specific AMR or T-cell-mediated 

rejection. 

 

1.2.3 Prevention and treatment of immunological allograft rejection 

 

Screening and Crossmatching 

ABO blood group testing is performed uniformly for all transplants to prevent HAR.  

However it is possible to perform transplants from ABO incompatible donors when an 

otherwise suitable live donor is found.  In this situation there would be time to plan and 

prepare the recipient who would require immunodepletion of anti-ABO antibodies by a 

process known as plasmapheresis (Thielke et al., 2007).  

 

Patients awaiting organ transplantation are screened for the presence of preformed 

antibodies reactive with allogeneic HLA molecules.  These antibodies may have arisen 

from previous pregnancies, transfusions or transplants and are a risk factor for hyperacute 

or acute vascular rejection, both mediated by antibodies.  There are a number of different 

tests used to screen organ transplant recipients for the presence of HLA specific antibodies.  

Complement-Dependant Cytotoxicity (CDC) utilises panels of volunteer sera with known 

HLA antibodies and can define specificity and distinguish complement binding IgG and 

IgM, but may not be sensitive enough to define all specificities that can potentially be 

recognised by the recipient.  ELISA (Enzyme-linked immunosorbent assay) can also be 

used to detect HLA antibody and specificity directed against immobilised, affinity purified 

HLA molecules.  Finally, flow cytometry (FC) and Luminex bead technology, are methods 

similar to ELISA but more sensitive and can detect specific antibodies against donor 

antigens.  According to British Transplantation Society guidelines, patients should be 

screened every three months and following any sensitisation event, for example blood 

transfusion (www.bts.org.uk/transplantation/standards-and-guidelines/). 

 

If a potential donor is identified, the crossmatch test will determine whether or not the 

patient has antibodies that will react specifically with cells of the donor organ.  

Crossmatching is performed pre-transplant in a similar manner to the detection of HLA 

antibody specificity with the CDC test, except the patientôs serum is only tested for 

reactivity with the particular donorôs lymphocytes.  The introduction of CDC-
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crossmatching dramatically reduced the incidence of HAR (Patel and Terasaki, 1969) 

however, up to 20% of patients still experienced early antibody-mediated AR.  This 

suggested that the CDC-crossmatch did not detect all DSA leading to the introduction of 

more sensitive techniques, including prolonging incubation times (Amico et al., 2008).  The 

flow-cytometry crossmatch (FC-XM) became available in the 1980ôs and involves 

incubating donor lymphocytes with recipient serum and the presence of antibody reactive 

with these cells is detected by FC.  A positive CDC-crossmatch reflects high titre DSA that 

may cause HAR and is contraindication to transplant.  However, a positive T-cell FC-XM 

with a negative CDC-crossmatch may only indicate increased risk of acute antibody-

mediated rejection.  As only B-cells express HLA class II, a B-cell positive, T-cell negative 

FC-XM indicates donor specific HLA-DR, DQ or DP antibodies may be present.  If B-cell 

and T-cell FC-XM are both positive then the recipient has HLA class I and possibly class II 

alloantibodies (Tait et al., 2009). 

 

Alloantigens not expressed by B-cells or T-cells such as molecules displayed on renal 

endothelial surfaces, may also be targets of antibodies produced by the graft recipient.  As a 

consequence, T-cell and B-cell FC-XM cannot detect these non-HLA antibodies and current 

BTS guidelines do not require their identification.  However, methods are being developed 

to enable detection of antibodies reactive with donor endothelial cell antigens in organ 

transplant recipients as discussed further at the end of this chapter. 

 

HLA Matchin g 

The perfectly matched donor and recipient would be syngeneic, for example monozygotic 

twins, however this is rare and major and minor histocompatibility differences between the 

donor and recipient usually exist.  For kidney transplants from deceased donors it is only 

necessary to match for broad HLA antigens and can be achieved in a few hours by 

serological methods or PCR-SSP, prior to harvesting the organ from the donor.  In practice, 

matching is only performed for HLA-A, -B and ïDR based on criteria for allocation of 

donor organs where a score is given for the number of mismatched HLA antigens.  For 

example a completely matched donor and recipient would have the score 0-0-0 and a 

recipient and donor with a score of 2-2-2 would have all HLA-A, B and DR antigens 

mismatched.  Often the most suitable recipient is not a complete HLA match and 

compromises are made to allow usage of all available organs. 

 

Matching for HLA antigens has a beneficial effect on graft survival (GS) by reducing or 

eliminating one or more arms of the immune response to alloantigens.  Direct and indirect 
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activation of T-cells responsible for ACR is dependent on differences in the structure of 

class I and class II molecules expressed on the allograft and by the recipient.  As HLA 

matching is only performed for HLA-A, B and DR, differences at other loci such as HLA-

C, HLA-DQ and HLA-DP may occur.  Additionally, minor histocompatibility (H) 

mismatches will exist between related and unrelated individuals and may cause ACR, 

although more slowly and less intense.  For example, cellular responses to proteins encoded 

on the male Y chromosome, known as H-Y antigens can occur in females with a graft from 

a male. 

 

Patients who require more than one graft are complicated by the additional risk of 

sensitisation to HLA and other antigens expressed by their first graft and may require closer 

matching of a subsequent graft.  HLA matching data from the United Organ Sharing 

scheme (UNOS) show that 25% of re-grafted renal transplant patients had no HLA 

mismatches (Cecka, 1998).  However, this means the patient will have to wait longer for a 

suitable kidney with good HLA matching and some patients with rare HLA types may 

never find a suitably matched donor.  For these patients it may be possible to match only for 

HLA-DR and compensate with heavier immunosuppression (Opelz, 1996) although this 

does increase the risk of further sensitisation if the graft fails.   

 

Immunosuppression 

The strategies used in clinical practice to avoid or delay rejection are known as 

immunosuppression.  Immunosuppression is the major approach for the prevention and 

management of organ rejection and can be tailored to the patientôs needs.  Different 

combinations of immunosuppressive drugs can be used at three main stages before and after 

transplantation.  The first stage is induction therapy, given before the transplant as 

prophylaxis against early AR.  The combination of drugs taken routinely by patients 

following an organ transplant is the second stage, known as maintenance 

immunosuppression and can be adjusted by dose.  In the event of AR episodes, increased 

dose or different drugs can be used (third stage). 

 

Drugs that inhibit or kill T-cells are the most widely used, the most important of which is 

cyclosporine.  Cyclosporin A (CsA) is a fungal macrolide produced by soil organisms 

(Borel and Kis, 1991) and inhibits the transcription of genes by T-cells that encode 

cytokines, most notably IL-2.  CsA binds with high affinity to a ubiquitous cellular protein 

called cyclophilin; the complex of CsA and cyclophilin binds to and inhibits the enzymatic 

activity of the protein phosphatase, calcineurin.   Calcineurin function is required to activate 
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the transcription factor NF-AT (nuclear factor of activated T-cells) thus blocking the 

transcription of IL-2 and other cytokines, which abrogates IL-2 dependent growth and 

differentiation of T-cells (Walsh et al., 1992).  FK506, now known as tacrolimus, is another 

fungal macrolide with immunosuppressive properties similar to CsA (Tanaka et al., 1987).  

Tacrolimus, and its binding protein FKBP, has the ability to bind calcineurin and inhibit its 

action, blocking the transcription of IL-2 by activated T-cells.  Tacrolimus is less toxic than 

CsA and is most frequently used in liver transplant recipients and in cases where CsA has 

not properly controlled kidney rejection (Fung et al., 1991; Shapiro et al., 1991). 

 

Another type of immunosuppressive drug is the antibiotic rapamycin (also called sirolimus), 

which has a different mode of action but its principal effect is to inhibit T-cell proliferation.  

Rapamycin binds FKBP in a similar manner to tacrolimus but the rapamycin and FKBP 

complex does not inhibit calcineurin but binds to another molecule called MTOR 

(mammalian target of rapamycin).  The mechanism inhibiting T-cell proliferation is not 

fully understood but may regulate a protein kinase that participates in cell cycle control.  

Combination of cyclosporin A and rapamycin blocks IL-2 synthesis and IL-2 driven 

proliferation, and are powerful inhibitors of T-cell responses (Vathsala, 2005). 

 

Metabolic toxins inhibit the maturation of lymphocytes from immature precursors and also 

kill proliferating mature T-cells that have been stimulated by alloantigens.  The first such 

drug to be developed for the prevention and treatment of rejection was azathioprine.  This 

drug is still used but is toxic to precursors of lymphocytes in the bone marrow and 

enterocytes in the gut.  The newest and most widely used drug in this group is 

mycophenolate mofetil (MMF).  MMF is metabolised to mycophenolic acid, which blocks a 

lymphocyte-specific isoform of inosine monophosphate dehydrogenase, an enzyme 

required for de novo synthesis of guanine nucleotides.  There are few toxic effects because 

MMF selectively inhibits the lymphocyte-specific isoform of this enzyme (Mele and 

Halloran, 2000).  MMF is now routinely used in combination with cyclosporin A to prevent 

AR (Chadban et al., 2008). 

 

Polyclonal T-cell depleting antibodies known as anti-thymocyte globulin (ATG) target CD3 

CD4, CD8, HLA class I, HLA class II, cytokine receptors and adhesion molecules.  The 

ubiquitous targeting of ATG has numerous effects on immunosuppression but can also lead 

to T-cell activation (Mohty, 2007).  ATG is used for induction therapy in 35% of kidney 

and 60% pancreas transplants in the USA but is used less often in the UK (Torpey et al., 

2010, p. 150).  Antibodies that react with TCRs and deplete or inhibit T-cells are used for 
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induction therapy and to treat AR episodes.  A mouse monoclonal antibody called OKT3 is 

the most widely used and is specific for human CD3.  OKT3 acts either as a lytic antibody 

by activating the complement system to eliminate T-cells, or opsonises T-cells for 

phagocytosis.  Another antibody in clinical use targets CD25, the a-subunit of the IL-2 

receptor.  There are two types of this drug called basiliximab (chimeric monoclonal 

antibody) and daclizumab (humanised monoclonal antibody) and is used for induction 

therapy, preventing T-cell activation by blocking IL-2 binding to activated T-cells, or 

depleting CD25-expressing activated T-cells by mechanisms similar to OKT3 (Waid et al., 

1991).  Alemtuzumab or Campath 1HÑ is a monoclonal antibody specific for CD52 

expressed on T-cells, B-cells, NK-cells, monocytes and macrophages.  CD52+ cells are 

rapidly cleared from the circulation either by complement-mediated lysis or removal of 

opsonised cells in the lymphoid organs (Torpey et al., 2010, p. 154). 

 

Anti-inflammatory drugs are also routinely used for the prevention and treatment of graft 

rejection, the most powerful of which are corticosteroids.  These natural hormones and their 

analogues block the synthesis and secretion of cytokines, including TNF-a and IL-1, by 

macrophages as well as lymphocytes and DCs.  This reduces graft endothelial cell 

activation and recruitment of inflammatory cells.  Corticosteroids may also block other 

effector mechanisms of macrophages, such as the generation of prostaglandins, reactive 

oxygen intermediates and nitric oxide.  Table 1.2.2 summarises the immunosuppressive 

drugs used and their mode of action.   

 

The challenge facing the clinical transplantation team is to balance the individual needs of 

each patient with drug efficacy and toxicity to provide adequate protection from AR and 

prevent early graft loss.  For many years ótriple therapyô using CsA, azathioprine and 

corticosteroids was the gold standard immunosuppressive protocol for all solid organ 

transplantation.  The introduction of newer drugs such as tacrolimus and MMF and 

widespread use of induction therapy drugs such as OKT3 have further decreased AR 

however, nephrotoxic effects of calcineurin inhibitors such as CsA, increased 

cardiovascular risk and development of malignancy associated with immunosuppression 

have also become important considerations.  An effective immunosuppression protocol 

should provide prophylaxis against AR and maintenance immunosuppression sufficient to 

prevent immunological graft damage and also limit toxic effects of drugs by using lower 

doses or alternative products. 
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Table 1.2.2: Methods of immunosuppression in clinical use 

Drug Use and Mode of Action 

Cyclosporin A and Tacrolimus 

Induction and maintenance therapy.  Blocks  

transcription of genes by T-cells that encode 

cytokines, most notably IL-2. 

 

Azathioprine 

Induction and maintenance therapy.  Blocks 

proliferation of lymphocyte precursors by preventing 

DNA synthesis. 

 

Mycophenolate mofetil (MMF) 

Induction, maintenance and AR therapy. Blocks 

lymphocyte proliferation by inhibiting guanine 

nucleotide synthesis in lymphocytes. 

 

Rapamycin (Sirolimus) 

Maintenance therapy.  Binds MTOR preventing T-cell 

proliferation. 

 

Anti-thymocyte globulin (ATG) 

Induction therapy.  Polyclonal antibody that targets 

and depletes cells via numerous surface receptors 

including CD3, CD4, CD8 and HLA molecules.  

 

OKT3 

Induction and AR therapy.  Monoclonal antibody. 

Depletes T-cells by binding to CD3 and promoting 

phagocytosis or complement-mediated lysis. 

 

Basilizimab/Daclizumab 

Induction therapy.  Monoclonal antibody. Targets 

CD25 on activated T-cells and binding prevents IL-2 

driven expansion of alloreactive T-cells. 

 

Alemtuzumab (Campath 1HÑ) 

Induction therapy.  Monoclonal antibody targeting 

CD52 expressed on T-, B- and NK-cells, monocytes 

and macrophages resulting in depletion by 

phagocytosis or complement-mediated lysis. 

 

Corticosteroids 
Induction, maintenance and AR therapy.  Reduces 

inflammation by inhibiting cytokine secretion. 

 

 

 

1.2.4 Other factors associated with rejection and morbidity 

 

Mechanisms that cause rejection can be due to either immunological or non-immunological 

clinical factors, they may also be early or late events after transplantation.  Despite 

advances in immunosuppressive therapy, 10-30% of kidney allografts are affected by AR 

episodes, although organ loss in the first few months has become rare due to improved 

procedures (Pascual et al., 2002).  The challenge remaining is overcoming chronic allograft 

failure.  
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In renal transplantation, the type of donor kidney used is one of the most important factors 

determining long-term allograft survival.  Organs from living donors lead to improved short 

and long-term outcomes by avoiding the cold-ischaemic injury that occurs during the time 

between organ retrieval and reperfusion (Bryan et al., 2001).  There is also an avoidance of 

long waiting lists and progressive disease in the patient.  Donor age is known to have a 

considerable influence on GS and nullifies the effect of HLA-matching with donors over 60 

years (Arnol et al., 2008; Koka and Cecka, 1990).  

 

Later in the post-transplant course, there may be problems with inadequate graft function 

and malignancy.  A particular problem is post-transplant lymphoproliferative disorder 

which is a lymphoma resulting from the reactivation of Epstein Barr virus (EBV) (Colleoni 

et al., 2000).  This is more of a problem when an EBV positive donor organ is given to an 

EBV negative recipient (Le Moine et al., 2002).  Primary problems in all transplants post-

operatively include wound infection, early rejection, bleeding and graft thrombosis 

(Vathsala, 2005).  Conditions such as co-morbid diabetes mellitus, hypertension, 

hyperlipidaemia or the toxic effects of immunosuppressive drugs are also factors, along 

with those described above, associated with chronic allograft failure in solid organ 

transplantation (Pascual et al., 2002).  As the liver has the ability to regenerate itself, 

chronic allograft failure is not such a problem.   

 

Sub-optimal immunosuppression can lead to long-term chronic allograft failure as a result 

of inadequate dosage by the clinician or non-compliance of the patient with the 

immunosuppressive drug regime (Vathsala, 2005).  In addition to chronic allograft failure, 

some of these factors (as well as smoking and obesity) are also responsible for the 

exacerbation of pre-existing conditions such as cardiovascular disease, which is the major 

cause of patient death with a functioning allograft.  Other causes of death with a functioning 

allograft are infections (Le Moine et al., 2002) and malignancy (Agraharkar et al., 2004).  

Figure 1.2.4 summarises many of the factors involved in CAD. 
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Figure 1.2.4: Immunological and non-immunological factors contributing to late allograft loss due 

to CAD.  Modified from Le Moine et al., 2002 (Permission granted by Wolters Kluwer Health). 

 

 

1.2.5 Antibodies and their role in transplantation 

 

The extent to which antibodies are implicated with graft destruction and rejection has been 

the centre of an on-going debate for many decades.  During Medawerôs experiments, he 

attempted to prove a link between rejection of allografts with the production of antibodies 

(Medawar, 1948) and in 1950, Peter Gorer took this work further and established an 

association of tumour graft destruction with the production of alloantigen-specific 

antibodies (Gorer, 1950).  However, it was not proven at this time that antibodies caused 

any injury to the graft and some investigators questioned whether graft destruction was 

actually an immunological mechanism.  A few years later, it was found that cells, not 

antibodies, were responsible for graft destruction and rejection (Mitchison, 1958) and since 

then most attempts at limiting the immune response to transplanted organs have focussed on 

suppression of cellular immunity.  Modern immunosuppression targeting T-cell function 

shows improved short-term GS of 88-95% in the first year of renal and cardiac 

transplantation (Colvin and Smith, 2005). 

Chronic Allograft 

Dysfunction  
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The first study of antibodies in renal patients following graft loss was published in 1968 

(Morris et al., 1968) and revealed 38% of recipients with failed grafts had HLA antibodies.  

In 1970, a strong association of circulating donor HLA-specific antibodies and chronic 

allograft arteriopathy was found (Jeannet et al., 1970).  Later experimental mouse cardiac 

allografts showed that passive transfer of alloantibodies induced the development of chronic 

allograft arteriopathy but B-cell deficient mice did not develop these lesions (P. S. Russell 

et al., 1997).  

 

The percentage of patients with detectable HLA antibodies before graft rejection has 

increased over time with improved techniques for their detection.  Using FC, 95% of 

patients who rejected a kidney were found to have HLA antibodies (Harmer et al., 1995).  

In 2002, Lee and Terasaki published a study of 139 renal transplant recipients who were 

followed up for eight years and regularly tested for HLA antibodies using ELISA.  

Although this is a rather small study, the authors found all 29 patients who developed 

chronic rejection produced HLA antibodies before graft failure (P. C. Lee et al., 2002).   

 

The association of HLA antibodies with rejection is evident but does not prove that 

antibodies are causing rejection and so the argument has continued to the present day.  The 

difficulty was visualising the HLA antibodies histologically using the complement product 

C3 as a marker, which was not easy to detect in renal tissues.  A breakthrough was made in 

the 1990s with the advent of C4d deposition in grafts as a marker of complement fixation 

(Feucht et al., 1993) and was followed by the discovery that C4d deposition is usually 

associated with donor-specific antibodies (A. B. Collins et al., 1999).  This improvement in 

diagnosis of antibody-mediated rejection together with advances in methods to detect 

antibodies with greater sensitivity and specificity, has led to resurgence in the study of 

antibody-mediated allograft rejection. 

 

There have been many studies investigating whether a relationship exists between the 

production of HLA antibodies and graft failure.  The problem is that the results are 

extremely variable ranging from 1.6 to 60% (Akalin and Pascual, 2006) of patients with 

detectable HLA antibodies post-transplant, probably relating to differences in methods used 

to detect antibodies.  This is complicated further by some centres measuring DSA and 

others only detecting panel reactive antibodies (PRA).  To complicate matters even further, 

there is considerable variation in the patient populations that are studied, for example some 

centres use randomly selected patients while others may select only patients with acute or 

chronic rejection.  The time of sample collection and testing also varies.   
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The assays used to detect antibodies are discussed more fully later, but fall into two main 

groups.  The CDC is a cellular assay that detects HLA antibodies present in the patientôs 

serum by reactivity with a panel of cells collected from cell donors with common and rare 

HLA types (PRA).  Antibodies against HLA class I or II can be detected by using either T 

or B-cells, respectively and results are reported as %PRA, for example if the patientôs 

serum reacts with 20 of 40 different cells, the PRA would be 50%.  Other tests are known as 

solid-phase assays and use purified or recombinant HLA antigens fixed to a solid surface.  

The ELISA was the first solid-phase assay to detect HLA antibodies with greater sensitivity 

than CDC but sensitivity was considerably increased with the introduction of FC beads, 

coated with HLA antigens.  Beads used for antibody detection may be coated with many 

different HLA antigens for use in a screening assay, or an individual antigen can be used 

with a specific-coloured bead to identify the exact specificities of the antibodies in a 

patientôs serum (Luminexã).  These sensitive techniques have the advantage of detecting 

specificities undetected by CDC and as such are not a risk for HAR but may have 

implications for aAMR in the early transplant period.  Sensitive antibody detection is also 

useful to detect the rise of de novo HLA antibodies after transplantation.  These tests are 

however restricted to detecting anti-HLA antibodies in routine practice but other non-HLA 

antibodies may also be clinically relevant.  

 

1.2.6 HLA antibodies and graft rejection 

 

HLA antibodies present before transplantation 

Most studies aimed at identifying HLA antibodies as a risk factor for acute and chronic 

rejection focus on de novo antibody production post-transplant, but it has been found that 

pre-formed HLA antibodies can also affect GS.  In an analysis conducted for the 

Collaborative Transplant Study (CTS) (Susal and Opelz, 2002), 4136 recipients of kidneys 

from deceased donors from 28 centres were tested pre-transplant by ELISA for HLA class I 

and II antibodies and GS at two years was analysed.  The study revealed pre-sensitisation to 

either HLA class I or II was not a risk factor for graft loss whereas having both types of 

antibody associated with graft rejection (P<0.001).  This was confirmed by the CTS in 

another series of 5315 patients where, as before, patients who simultaneously produced both 

classes of HLA antibody had an increased risk of graft failure (P<0.001), however 

association of donor-specific HLA antibodies was not investigated (Susal et al., 2009).  In 

another, albeit smaller study (Q. Zhang et al., 2005b) 20 of 49 patients (41%) were 

sensitised to HLA antigens pre-transplant, seven had class I antibodies, four had class II and 
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nine had both types as determined by ELISA.  The presence of class I and/or class II HLA 

antibodies was significantly associated with aAMR (P=0.005), but not ACR.  The donor-

specificity of pre-existing HLA antibodies was not investigated, although presumably the 

presence of HLA antibodies specific for donor antigens would have been a contraindication 

to transplant.  It is possible that patients with pre-existing HLA antibodies who developed 

AR had non-donor-specific antibodies that cross-reacted with donor antigens.  

Alternatively, these patients may have been more likely to develop HLA antibodies and 

rejection was associated with de novo production of donor-specific HLA antibodies. 

 

Post-transplant de novo HLA antibody production  

Studies have also investigated whether the type of HLA antibody, class I or class II, 

developed de novo associates with acute or chronic rejection.  In an early study (Martin et 

al., 1987) it was demonstrated using CDC-PRA that most de novo antibodies were anti-

HLA class I (50%) and 36% had both classes I and II.  Shortly after, a study by Halloran 

(Halloran et al., 1992) investigated HLA class I antibodies by CDC in 64 patients within 

three months of transplant.  They found that all the patients with de novo class I antibodies 

developed AR compared to 41% of those with no antibodies.  Moreover, those with class I 

antibodies had more severe rejection that occurred earlier with a greater incidence of graft 

loss.   

 

In Zhangôs study (Q. Zhang et al., 2005b) de novo HLA antibodies were detected by ELISA 

and the results show 12 of 49 patients developed class I antibodies (24%), eight (16%) 

developed class II antibodies and 10 (20%) developed both classes of HLA antibody and de 

novo HLA antibodies significantly associated with aAMR and ACR.  Often cited is a paper 

published by Worthington (Worthington et al., 2003) where 60% of patients with HLA 

antibodies developed them before rejection, and again the majority had class I antibodies.  

An association was also found between the post-transplant production of HLA antibodies 

detected by ELISA and AR and graft loss in another study (Fernandez-Fresnedo et al., 

2003).  These authors found 62.5% of patients with HLA antibodies (predominantly class I) 

developed aAMR and all but one of the patients with HLA class I antibodies lost their grafts 

due to AR.  In a study of chronic rejection (P. C. Lee et al., 2002) 139 patients were 

followed-up for eight years and tested for HLA antibodies using ELISA.  Among 29 

patients with chronic rejection, 14 developed de novo antibodies, all had class I antibodies 

and 86% had class II antibodies.  Details were not provided of HLA class I and class II 

mismatching by Lee et al, but in the study by Worthington and colleagues and that of 

Fernandez-Fresnedo et al, class I mismatching was more frequent.  This may indicate that 



Chapter 1 

 51 

the higher frequency of class I antibodies detected post-transplant reflects increased HLA 

class I mismatching and not that class I antibodies are more likely to be produced.  

Alternatively, as discussed further below, HLA class I antibodies may be produced earlier 

than class II antibodies, accounting for higher frequencies. 

 

Pelletier and colleagues (Pelletier et al., 2002) used FlowPRA beads to detect HLA 

antibodies, revealing a different pattern to that emerging from the literature.  In this study 

pre-transplant sera was also tested and 18% of 277 recipients developed de novo HLA 

antibodies.  However, contrary to previous studies, most of these patients produced HLA 

class II antibodies only (68%) and multivariate analysis revealed that production of class II 

antibodies and not class I was significantly associated with chronic rejection independent of 

AR.  Unfortunately it was not possible to deduce from this paper whether there was less 

HLA class I mismatching.  Another study (Campos et al., 2006) also found association of 

HLA class II antibodies (ELISA) with chronic graft loss, although pre-transplant sera were 

not tested.  In this study of 512 first kidney recipients, sera were tested 4.4 years median 

time post-transplant.  Twenty (4%) had class I HLA antibodies, 55 (11%) had class II and 

16 (3%) had both, however details of mismatching was not provided.  Univariate analysis 

showed that female gender, pregnancies and blood transfusions were associated with class I 

antibodies and deterioration in graft function was associated with class II antibodies.  Using 

multivariate analysis, HLA class II antibodies were an independent risk factor for CAD. 

 

A very large study of 4943 kidney graft recipients from 45 centres was carried out as part of 

the 14th International Histocompatibility and Immunogenetics Workshop and Conference 

(IHIWC) (Ozawa et al., 2007).  In total, 27.2% developed HLA antibodies after more than 

six months post-transplant detected by ELISA, Flow beads or Luminex beads, and the 

method of detection did not significantly influence the results.  A separate analysis of HLA 

class I and II antibodies showed association with chronic rejection was highest when both 

antibody types were present (9.7%), 7.1% with class II only and 6.1% with class I only.   

 

Donor-specific HLA antibody production 

In a study of 263 renal allograft recipients (Supon et al., 2001) the authors used a screening 

ELISA and a more specific ELISA to detect DSA (HLA-A, B, C, DR and DQ) and 

observed significant association between the presence of DSA against class II HLA 

antigens and acute and chronic rejection.  Additionally, all five patients with both class I 

and class II HLA-DSA lost their grafts.  Worthington (Worthington et al., 2003) used the 

same methods to detect HLA-DSA and graft recipients were categorised as failure (previous 
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graft loss) or functioning.  All were negative for HLA antibodies before transplantation and 

sera was taken at regular intervals for follow-up.  Among the 112 patients in the failure 

group, 51% produced DSA compared to 1.6% of 123 patients with functioning grafts 

(P<0.0001).  In 60% of the HLA antibody positive recipients, antibody specificities were 

defined before graft failure with seventeen having class I-DSA, fourteen class II-DSA and 

three with both HLA class I and II-DSA.  These authors also noted a difference in time 

taken to develop either class I-DSA or class II-DSA post-transplant, as class I-DSA were 

produced at a mean time of 627 days compared to 1542 days for class II-DSA.  

 

One of the first studies to use beads coated with recombinant HLA single antigens (SAg) 

was published by Zhang and co-workers (Q. Zhang et al., 2005b).  In addition to ELISA 

screening and DSA identification for HLA class I and II antibodies, the authors also used 

the Labscreen SAg HLA Class I Luminex assay (One Lambda).  Forty-nine patients were 

prospectively monitored for the development of HLA-DSA and eight (16%) developed 

aAMR, eleven (22.4%) were diagnosed with ACR and all patients were negative by CDC 

and FC-XM.  Sensitisation prior to transplant was revealed in 20 of the 49 patients (41%) 

among whom seven (35%) had class I, four (20%) had class II and nine (45%) had both 

antibody types.  There was a significant correlation of pre-transplant class I and/or class II 

HLA antibodies with aAMR (P=0.005) but no association was found with ACR.  Serial 

analysis of post-transplant sera from the 49 patients showed 22.4% developed DSA whilst 

39% of patients had non-donor-specific antibodies (NDSA).  Among those who developed 

DSA, five had class I-DSA, three had class II-DSA and three had both class I and class II-

DSA.  There was a highly significant correlation with HLA-DSA and both aAMR and ACR 

(P<0.001) although seven of the eleven patients with ACR had concomitant aAMR, two 

patients with HLA-DSA had ACR only.  Patients who had only NDSA did not associate 

with aAMR or ACR.   

 

The concept that HLA-DSA are dangerous and NDSA are harmless was taken further by 

Hourmant (Hourmant et al., 2005) who investigated 1229 renal graft recipients by 

prospective annual screening for HLA-DSA during a period of five years using Luminex 

and ELISA screening followed by ELISA HLA SAg testing.  The screening results showed 

16.8% had HLA antibodies post-transplant and 5.5% of patients developed HLA-DSA.  

NDSA were detected in 11.3% and appeared between 1 and 5 years whereas DSA were 

detected between 5 and 10 years.  In multivariate analysis, HLA-DR mismatching, prior 

sensitisation and AR significantly associated with the development of both DSA and NDSA 

with patients producing HLA antibodies having lower GS and inferior function. 
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A recent study (P. C. Lee et al., 2009) described SAg Luminex testing for class I and class 

II HLA antibodies in two groups of renal graft recipients, with a follow-up of twelve years.  

One group of 25 recipients had graft failure due to chronic rejection and a total of 230 sera 

were tested while the other group had functioning grafts and 305 sera were tested.  Sixty 

percent of the failure group developed HLA antibodies within one year compared to none 

with functioning grafts and ten-year GS was 27% versus 80%.  It was also found that HLA 

class I antibodies were produced sooner at a median of 6.6 months and associate with rapid 

graft loss, compared to class II antibodies which appeared by a median of 12.5 months and 

associated with chronic graft loss.  Interestingly, a study of patientôs early biopsies or 

biopsies for clinical indication of rejection found that early biopsies did not associate with 

HLA antibodies but de novo HLA class II-DSA associated with late biopsies and 

subsequent graft failure (Hidalgo et al., 2009). 

 

Lachmann (Lachmann et al., 2009) included 1014 deceased donor kidney recipients for 

analysis of chronic graft loss and HLA antibodies.  Thirty percent were found to have HLA 

antibodies post-transplant and a third of these patients had HLA-DSA associating with 

significantly lower GS of 49% versus 83% in the HLA antibody negative group.  This study 

showed that HLA-NDSA also associated with reduced GS of 70% versus 83%.   

 

Gaston (Gaston et al., 2010) also investigated late graft failure and association with HLA-

DSA and included C4d deposition analysis.  A total of 173 renal graft recipients with new 

onset late kidney graft dysfunction were divided into four groups: C4d+ with and without 

HLA-DSA and C4d- with and without HLA-DSA.  Among the 173 patients, 68 (39%) 

demonstrated significant C4d staining whereas 105 (61%) had negative C4d staining.  

Among those who were positive for HLA-DSA (41%) using SAg Luminex (One Lambda), 

40 stained positive for C4d and 31 were negative.  Altogether, 99 of the 173 patients (57%) 

with graft dysfunction had C4d, DSA or both 
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The relevance of HLA antibodies detected post-transplant 

The main finding by all the studies discussed above is that HLA antibodies are more 

frequent in graft recipients who experience aAMR (or defined as AR) and/or chronic 

dysfunction, and both conditions associate with reduced GS.  In the majority of studies 

investigating de novo production of HLA antibodies, HLA class I antibodies are implicated 

with AR.  In Halloranôs study (Halloran et al., 1992) he stated that HLA class I antibodies 

are injurious to the graft but class II antibodies are of little or no consequence since class II 

antigen expression is limited.  However, the study by Worthington (Worthington et al., 

2001) found that class I antibodies generally led to rapid graft failure whereas class II 

antibodies were more associated with chronic graft deterioration.  This was evidenced by 

the differential time taken by each class of antibody to lead to graft failure and agrees with 

Pelletier (Pelletier et al., 2002) and Hidalgoôs findings (Hidalgo et al., 2009).  It is probable 

Halloran did not detect significant association with class II antibodies because of the time-

point for antibody testing.  The relatively short follow-up period of six-months may not 

have allowed sufficient time for class II sensitisation and hence did not appear significant. 

 

With improvements in the detection of HLA antibodies due to the introduction of solid-

phase assays such as ELISA and fluorescent bead technology, the identification of 

antibodies specific for donor HLA antigens has become possible and is carried out routinely 

in many laboratories.  What is less clear is how DSA are defined and the relevance of 

antibody detected in the periphery.  While many studies find significant associations with 

the presence of HLA-DSA and graft dysfunction compared to those without DSA, some 

studies also show that NDSA can also affect graft outcomes.  As HLA antibodies recognise 

specific epitopes on HLA antigens, antibody cross-reactivity has been a problem since the 

beginning of histocompatibility testing by serology.  This has led to the establishment of 

cross-reactive groups or CREGs based on epitopes that are shared between different HLA 

antigens and, if mismatched, could lead to an alloresponse.  Therefore, HLA antibodies 

classed as NDSA may in fact be able to react with epitopes expressed on the graft by 

recognising a particular epitope and therefore able to cause rejection.  Alternatively, a 

theory often used to explain non-detection of peripheral HLA antibodies prior to rejection 

that can then be detected after nephrectomy, is that alloantibodies are fixed to the graft 

where they are causing damage.  In this case patients undergoing rejection may not have 

detectable HLA-DSA because they are concentrated in the graft whereas NDSA are not and 

may be detected in the periphery.   
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What is not provided by all of the earlier studies and most studies from the mid-1990ôs, is 

actual proof that the antibodies are the cause of the rejection and not the result.  This can be 

determined with the use of Feuchtôs C4d assay (Feucht et al., 1993) but requires the 

availability of biopsy samples and highly skilled preparation and analysis by clinical 

pathologists.  The presence of both circulating DSA and evidence of C4d deposition is a 

requirement of the Banff criteria for classification of chronic dysfunction (Racusen et al., 

2003).  Several studies have, however, used C4d deposition analysis in conjunction with 

DSA detection, including the one described above (Gaston et al., 2010).  However, the 

results of many other studies show conflicting and inconclusive results.  This could be due 

to differences in interpretation of results, the different methods used ï immunofluorescence 

or immunohistochemistry, or other technical difficulties.  Now that C4d deposition testing 

is used routinely in diagnosis, a clearer correlation with antibody-mediated rejection may be 

possible in the near future. 

 

Overall, it is evident HLA antibodies are involved, at least in part, in the pathogenesis of 

rejection and that the initial targets of graft destruction leading to early graft loss are HLA 

class I antigens.  These antibodies may be pre-formed, de novo, donor-specific or non-

donor-specific as all have been implicated in aAMR.  HLA class II antibodies also associate 

with AR but tend to appear later than class I, perhaps due to less ubiquitous expression of 

HLA class II antigens, and are often associated with chronic or late graft failure following 

many years.  Finally, most studies show co-production of HLA class I and II antibodies are 

predictive of a poorer prognosis.  

 

Treatment of antibody-mediated rejection 

Rejection of grafts by alloantibodies cannot be treated in the same way as cellular rejection 

and treatment is usually much less effective.  One approach is to remove antibodies from 

the circulation to eliminate further antibody-mediated injury in a process known as plasma 

exchange (PEX).  PEX requires daily treatment together with solid-phase detection of DSA 

until levels begin to fall and must be accompanied by intravenous immunoglobulin (IVIG) 

administration.  PEX also removes complement components, which further decreases 

humoral rejection.  An alternative approach is HLA-DSA neutralisation using high dose 

IVIG (Jordan et al., 2003) and intense immunosuppression using MMF in place of 

azathioprine or CsA has been shown to reduce antibody levels (Dudley et al., 2005).  

Immunoadsorption with protein A was evaluated in a randomised trial and it was found that 

aAMR was reversed in all five cases whereas four of five patients without 

immunoabsorption lost their grafts (Bohmig et al., 2007).  Furthermore, it has also been 
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demonstrated that MICA antibodies (discussed below) can be removed by 

immunoadsorption with protein A (Yao et al., 2011).  Once antibodies are successfully 

removed, treatment with Rituximab (anti-CD20 monoclonal antibody) can be effective by 

eliminating B-cells and limiting re-synthesis, although this treatment is expensive and 

plasma cells (CD20-) are unaffected, therefore DSA production is not blocked (Torpey et 

al., 2010, p. 254).  However, none of these treatments have been shown to be completely 

effective and success depends on the titre of antibody before treatment. 

 

Antibody responses directed against non-HLA antigens 

In a report published by Terasaki (Terasaki, 2003) he stated that 38% of graft failures were 

due to non-HLA, 18% to HLA and 43% to non-immunological factors.  This implies that 

targets other than HLA antigens may also be involved in antibody-mediated graft injury.  

The clinical importance of non-HLA antigens is emphasised by reports of HAR of HLA-

identical sibling transplants (Amico et al., 2008) and suggests that non-HLA antibody 

targets are important in the pathogenesis of organ rejection.  Many of these putative 

antigens are tissue-specific such as vimentin, which is expressed on renal tubular and 

stromal cells.  Autoimmune responses to vimentin associate with acute and chronic 

rejection of kidney and heart allografts (Jurcevic et al., 2001) and antibody-mediated 

responses to vimentin have been shown to associate with the generation of vimentin-

specific autoreactive CD8 T-cells (Barber et al., 2004).  Other non-HLA autoantibodies 

include antinuclear, antinucleoprotein, anti-DNA and anti-cytoplasmic antibodies among 

others (Nakano et al., 2007).  Another non-HLA target of antibodies may be the angiotensin 

type 1 receptor (AT1R), which is a receptor for angiotensin II in the glomerulus, regulating 

arterial blood pressure and salt balance and is also expressed in other areas of the kidney.  

Studies have shown that removal of AT1R antibodies by PEX improved renal function and 

GS (Dragun et al., 2005).  

 

Another target of alloantibodies that has emerged over the past ten years is the non-classical 

MICA and MICB antigens.  The genes that encode these molecules are not only co-

dominantly expressed, as with HLA, but are also highly polymorphic and have emerged as 

important targets for rejection in kidney, heart and lung transplantation.  Furthermore, 

recipients with MICA antibodies can be identified and associate with rejection or reduced 

GS, as revealed by the results of many studies and discussed fully in the next section. 
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1.3 MICA antibody prevalence and its significance in solid organ 

transplantation 

 

In 1994 two groups of researchers independently described a new family of genes encoded 

within the MHC and related to HLA class I genes called MHC class I-related chain A and B 

(MICA and MICB) (Bahram et al., 1994) or Perth Beta block transcript 11 (PERB11) 

(Leelayuwat et al., 1994).  The World Health Organisation (WHO) nomenclature 

committee for factors of the HLA system decided on the more descriptive name adopted by 

Bahram and colleagues as official designation.  The genes encode molecules that are 

strikingly similar to HLA class I, however MICA and MICB do not associate with b2M or 

bind or present peptides to T-cells.   MICA and MICB are ligands for the NK-cell 

activatory receptor NKG2D and expression is up-regulated due to stress such as infection 

and malignancy (Bauer et al., 1999).  Furthermore, MICA and MICB gene products are 

highly polymorphic with 76 MICA and 31 MICB alleles (Release 3.4.0, April 2011) 

currently listed on the IMGT/HLA database (Robinson et al., 2001). 

 

1.3.1 Genetic organisation and structure of MIC gene products 

 

The MICA and MICB genes are situated within the MHC region of the genome on 

chromosome 6p21.3 centromeric to HLA-B in the class I region (as shown in Figure 1.3.1). 

  

 

Figure 1.3.1: Genomic organisation of the MHC region.  The human MHC region encompasses 3.6 

Mb on chromosome 6, contains over 200 gene loci including all HLA genes and many immune regulatory 

genes.  MICA and MICB are situated centromeric to HLA-B in the class I region. (Klein and Sato, 2000). 
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The MIC family consists of two expressed genes, MICA and MICB, and five pseudogenes, 

MICC-MICG.  MICA is in very close proximity to HLA-B with a distance of only 46.4 Kb 

(Shiina et al., 1999) between the two genes resulting in a very strong linkage disequilibrium 

effect between MICA and HLA-B alleles.  The MICA gene has 30% homology to HLA 

class I genes, spans 11.7 Kb and comprises six exons separated by five introns with intron 

1, between exons 1 and 2, being the largest (Bahram, 2000).  The MICA coding sequence of 

1383 nucleotide base pairs is transcribed as a 383 amino acid polypeptide of 43 kDaltons 

including the leader peptide (Bahram et al., 1994) consisting of three extracellular domains 

a1-a3 encoded by exons 2-4 (Figure 1.3.2), a transmembrane region encoded by exon 5 

and a cytoplasmic tail region encoded by exon 6.  The MICA crystal structure was 

discovered by collaboration between Strong and Spies and revealed structural differences 

between MICA and HLA class I molecules (P. Li et al., 1999).  As can be seen in Figure 

1.3.2, the structure of MICA is very similar to HLA class I but the a-2 helix is disordered 

and flexible and the resulting groove is not suited for peptide binding.  

 

 

 

 

Figure 1.3.2:  Ribbon model derived from X-ray crystallographic analysis of the extracellular 

domains of the MICA molecule.  The three alpha regions are indicated with a-3 nearest the cell 

membrane. 

 

 

In further contrast to HLA class I molecules, the platform formed by the a1 and a2 regions 

of the MICA molecule does not face outwards from the cell as with HLA class I, but is 

flipped over by an angle of 113.5̄ and points downwards towards the cell membrane, 

exposing its underside to the extracellular space.  However, when MICA engages NKG2D, 


