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Abstract 

Characterisation of Alloantibody-Human Leukocyte Antigen Interactions to Improve 

Immunological Risk Assessment in Solid Organ Transplantation 

Antibody mediated rejection remains a major challenge in solid organ transplantation, where 

the development of immunoassays for characterisation a recipient’s donor HLA-specific 

antibodies has revolutionised the field of solid organ transplantation. These immunoassays are 

essential for patient evaluation, immune monitoring, and antibody-related immunological risk 

assessment, however uncertainties concerning data interpretation often prevents determination 

of an antibody’s clinical significance. The initial aim of this research was to expand the 

knowledge on the properties of HLA-specific antibodies that govern their pathogenic potential. 

Luminex single antigen beads (SABs), SAB-C1q, flow cytometry (FC) and complement 

dependent cytotoxicity (CDC) assays were used to determine the reactivity and complement 

fixing capacities of human monoclonal antibodies, whilst biolayer interferometry (BLI) was 

used for real-time quantification of alloantibody-HLA kinetics. Outputs from each 

immunoassay were found to be dependent on antibody concentration, [Ab], where the degree 

of CDC was proportional to the antibody’s affinity, KD. The strongest affinity for each antibody 

was measured with the sensitising antigen. Solid-phase assays offered a higher sensitivity of 

antibody detection, however stronger interactions could not be distinguished from one another. 

In attempt to further assess the relationship between antibody-HLA interaction affinity and 

effector function, the ability to establish an in vitro model of alloantibody-mediated endothelial 

cell activation and tissue injury was explored. Lastly, using the principles of microfluidic 

diffusional sizing and Bayesian inference, microfluidic antibody affinity profiling (MAAP) 

was developed to enable in-solution, simultaneous determination of the KD and [Ab] of 

antibodies directly in patient serum samples. Quantification of purified monoclonal antibodies 

spiked into both PBS and blank serum provided a proof-of-principle before moving into HLA 

antibody-incompatible transplant sera. Here, MAAP was able to quantify the affinity and 

concentration of antibodies in real-life patient sera, whilst also providing examples of how this 

information may be used as a tool in clinic to improve transplant-related decision-making 

processes. Overall, this work provides evidence for the importance of antibody abundance and 

affinity in clinically relevant humoral alloresponses and, through development of MAAP, 

outlines a path towards in depth profiling of antibody responses in patient sera. 
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Chapter One 

General Introduction 

 

1.1. Histocompatibility in Transplantation 
 

1.1.1. A Brief History of Organ Transplantation 

Organ transplantation is defined as the transfer of organ tissue from one person to another to 

replace the recipient’s current organ function and is currently the best treatment for end-stage 

organ failure [1]. Despite the practice of tissue transplantation dating back to 600 B.C., as 

documented in the Sushruta Samhita, where autogenous skin flaps were used to replace noses 

as part of disciplinary procedures [2], the first successful whole organ transplant was not 

performed until 1902 by the Austrian surgeon E. Ullmann [3]. This procedure involved the 

autotransplantation of a canine kidney using vascular suturing techniques developed by M. 

Jaboulay, J. Dörfler and A. Carrel [4,5]. This feat was later followed by the first renal 

xenotransplantation attempts in which caprine and porcine kidneys were transplanted into 

human patients suffering from chronic kidney failure by Jaboulay (1906) [6], and later using 

simian kidneys by E. Unger (1910) [7], all of which failed. The first human-to-human 

allotransplantation was attempted by Soviet surgeon Y.Y. Voronoy in 1933, in which failure 

was attributed to major blood group mismatch between donor and recipient [8]. 

Following several failed transplants throughout the 1930s and 1940s, it wasn’t until 1954 when 

J. Murray performed the first successful human-to-human renal transplant between identical 

twins [9]. Although this feat was celebrated by surgeons worldwide, this success did not 

advance the scientific knowledge in the field as skin graft transplants were being frequently 

performed across identical twins in surgical practice [10, 11]. The first breakthrough came in 
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1958, when Murray then went on to complete the first successful non-identical twin transplant 

by irradiating the recipient’s whole body to deplete their bone marrow [12]. This procedure 

fulfilled a larger scientific accomplishment of overcoming the genetic barrier between non-

identical humans and paved the way for modern age transplantation. 

1.1.2. Transplant Science Through the Years 

The transplantation of organs across different animals and species was performed readily 

throughout the early 20th century with no fruitful outcomes. Despite this, the emerging 

immunological understanding during this period enabled popularity to grow around the 

transplant field, providing hope that the prospect of a successful transplant could be achieved. 

In 1912, the researcher G. Schöne made the first directly transplant-related medical 

observation, in that skin allografts would always fail, and subsequent grafts from the same 

donor result in an accelerated rate of failure [13]. This finding would later be documented by 

many others including P. Medawar and T. Gibson, who in 1943 coined the term ‘second-set 

response’ [14]. Medawar went on to receive the 1960 Nobel Prize in physiology and medicine 

for his findings [15]. Other discoveries by J. Murphy between 1912-1921 showed that depleting 

lymphocytes through various methods could extend the life of a homograft [16], conclusively 

establishing the role of lymphocytes in graft rejection and opening the doors for therapies that 

may aid in successful transplantation. 

C.C. Little and E. Tyzzer’s studies on genetics and Mendelian inheritance guided their interest 

to the transplant field, where they found that rejection was dependent on the strain of the graft-

versus-host (disease; GVHD) [17]. They suggested that tissue rejection is related to the 

codominant expression of products encoded by several loci, where rejection occurs when the 

recipient does not express the same products of these loci as the donor tissue. Further 

experiments carried out by P. Gorer (1936) led to the discovery of these products in inbred 

mice [18-20], where collaborative research with G. Snell identified a locus of these encoded 

products. This locus was given the term the histocompatibility locus 2 (H-2) [21], which is now 

known as the major histocompatibility complex (MHC) across the animal kingdom. MHC 

molecules were first discovered in humans around the same time as the first successful 

transplant in 1958, when J. Dausset observed leuko-agglutination to be caused by antibodies 

against human MHC, what was then known as MAC (now HLA-A2) [22]. This was closely 

followed by similar observations by J. Van Rood and R. Payne, who went on to further analyse 

the reaction patterns of sera from multiparous women against a panel of donor leucocytes [23, 
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24]. Van Rood found that this system was diallelic, which he called alleles 4a and 4b [25], 

while Payne together with her associates were able to detect two alternative individual 

leucocyte antigens (LAs) which they named LA1 and LA2 [26]. Due to the complexity of the 

subjects involved with these studies, various international histocompatibility workshops were 

set up throughout the 1960s to develop and carry out various serological typing methods to 

detect different leukocyte antigens [27]. This effort led to the development of the antibody 

microcytotoxicity assay by P. Terasaki (1964), which later emerged as the gold standard for 

serological typing and crossmatching [28]. F. Kissmeyer-Nielsen was able to establish two 

separate genetic loci within the same coding region of a single chromosome that encode 

different antigens, called LA and Four after their previous designations (now HLA-A and 

HLA-B) [29]. Further studies to detect new antigens carried out by this group also uncovered 

a novel antigen, AJ, which was proven to be independent of the LA and 4 loci and was 

designated to a third human leukocyte antigen (HLA) locus, the AJ locus (now HLA-C) [30]. 

These three loci are now known as the constituents of the HLA class I antigens. 

As well as the success of Terasaki’s microcytotoxicity assay, another method that assessed the 

immunogenicity of lymphocytes was also developed by F. Bach and D.B. Amos, known as the 

mixed lymphocyte culture (MLC) [31, 32]. By observing the morphology and division patterns 

of leukocytes from two separate individuals upon mixing, they were able to show that the 

outcome of this reaction was controlled by the HLA-encoding region of the chromosome, but 

not linked to the serological typing of the HLA antigens [33]. This brought about Bach’s theory 

that there are two determinants encoded by the HLA complex, those that are serologically 

defined (SD) and those that are lymphocytically defined (LD) [34].  Through primed LD typing 

[35], these determinants were found to be encoded at a separate locus on the HLA chromosomal 

region, called HLA-D, and were later found to be a collection of three separate but closely 

linked loci (HLA-DR, -DP and -DQ) now called the class II antigens [36]. 

Within the scientific field, the progression of knowledge is often dependent on the development 

of newer and improved techniques/assays. In terms of transplantation, it is widely believed that 

the discovery of the HLA system and the introduction of the International Histocompatibility 

Workshops in 1964 are two of the most pivotal turning points which aided the rapid 

improvement of solid organ transplantation success throughout this time.  
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1.2. Human Leukocyte Antigen 
 

The human leukocyte antigen complex is an evolutionarily conserved set of genes that encode 

a collection of highly polymorphic glycoproteins which play major roles in the mammalian 

adaptive immune system. Located on the short arm of chromosome 6, a 7.6 megabase-pair-

long DNA sequence encodes 252 different genes that can be transcribed into numerous 

antigens and immunological proteins, around 28% of which have an immune system function 

[37]. The antigens encoded by these genes can be split into 2 main classes: class I and class II 

(Figure 1.1), each consisting of classical and non-classical sub-classes [27]. Classical HLA 

molecules have a main role of presenting antigenic peptides at the cell surface of antigen 

presenting cells (APCs) [38], whilst non-classical antigens function to carry out various 

regulatory functions [39, 40]. When expressed, intracellular classical HLA molecules can bind 

complimentary polypeptide antigen fragments within their peptide binding groove, where they 

can then translocate to the cell surface to present these to be recognised by clonally derived T-

cells [41]. The purpose of this peptide presentation is to enable the human body to distinguish 

‘self’ from ‘non-self’ so that an immune response can be initiated upon the introduction of 

foreign antigens into the body [42]. 

1.2.1. HLA Class I 

Class I HLAs can be found on almost all nucleated somatic cells and consist of the classical 

HLA-A, -B and -C, and the non-classical HLA-E, -F and -G molecules [43]. The structure of 

these class I molecules was solved by P. Bjorkman et al (1987) [44], where they showed these 

molecules to be composed of 2 subunits; a ~45kDa transmembrane α-chain containing 3 

extracellular domains (α1, α2 and α3) with the C-terminus on the cytosolic side of the 

membrane, and a ~12kDa β-chain known as β-2 microglobulin (B2M) which makes up the 

fourth, non-covalently linked domain (Figure 1.1.A).  Between the two α-helix and eight anti-

parallel β-strand platform of the membrane-distal α1 and α2 domains, lies the peptide binding 

groove which is predominantly involved with the binding of 8-10 residue-long intracellular 

peptides. 

Upon transcription of type I membrane protein genes, such as the HLA Class I heavy chain, 

ribosomes in the cytosol synthesise the first amino acid residues of the thermally unstable HLA 
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heavy chain peptide. The first 25 residues of this gene, encode hydrophobic signal sequence at 

the N-terminus of the heavy chain peptide, is recognised by the signal recognition particle 

(SRP) and binds the ribosome to pause translation [45]. This peptide is then targeted to the 

secretory pathway where the ribosome/SRP complex then translocates from the cytosol to the 

endoplasmic reticulum (ER) compartment. SRP can be recognised by a GTP-binding SRP 

receptor (SRPR) on the ER surface, causing the ribosome to dock at the ER membrane. Here, 

the ribosome continues translation of the RNA sequence where the synthesised amino acids 

are immediately passed across the ER membrane N-terminal first, through the Sec61 translocon 

channel and into the ER lumen [46]. As the peptide passes through the ER membrane, SRP and 

SRPR can hydrolyse their bound GTPs, releasing them from the ribosome [47]. Signal 

peptidase located on the ER membranes cleaves the signal peptide, freeing up the N-terminus 

of the HLA protein [48]. The peptide continues to pass through the Sec61 channel until a 

hydrophobic stop-transfer sequence (STA) is reached, where it forms an alpha helix and inserts 

the protein into the ER membrane [49]. Once in the ER lumen, calnexin (CNX), calreticulin 

(CRT) and other chaperone proteins aid in folding of the HLA polypeptide, where the 

glutathione-rich oxidative environment enables the thioredoxin protein disulphide isomerase 

(PDI) to catalyse disulphide bond formation between cysteine residues of the heavy chain [50]. 

The first disulphide bond rapidly forms between the membrane proximal Cys203 and Cys259 

residues, stabilising the HLA α3 immunoglobulin fold domain with the disulphide bond buried 

at its core [51]. The HLA light chain, B2M, previously synthesised and translocated through 

the same secretory pathway also contains a disulphide bond between Cys25 and Cys80. This 

B2M associates with the heavy chain whilst assembly of the peptide loading complex occurs 

in tandem, thus stabilising a relatively unstable disulphide bond between heavy chain residues 

Cys101 and Cys164 to form the HLA α2 domain. This equates three disulphide bonds in total 

throughout the whole HLA structure. 

Antigenic peptides that have been processed through the class I pathway via endoplasmic 

reticulum aminopeptidase associated with antigen processing (ERAAP) are translocated to the 

ER lumen through the recruitment of the transporter associated with antigen processing (TAP) 

1 and 2 protein complex [52, 53]. These complexes transport degradation products from the 

proteasome to the ER lumen where they can combine with the HLA heterodimer, tapasin, the 

ATP-binding cassette (ABC) transporter, CRT, PDI and the thiol oxidoreductase ERp57 to 

form the peptide loading complex (PLC). The PLC is a key component in regulating the 

oxidation state of HLA molecules [54, 55]. Here, PDI and ERp57 are responsible for 
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stabilisation of peptide-free HLA complexes, whilst the alternating redox state of the α2 

disulphide bond at the fringe of the peptide binding groove modulates the conformation of the 

HLA’s peptide binding site [56]. The ability for antigenic peptide to be loaded onto the exposed 

peptide binding groove of HLA is determined by the complementarity of the two sequences, 

where the association of peptide with the HLA dimer can stabilise the entire complex, from 

which it is then released. Following a process of peptide editing modulated by the intracellular 

MHC class I chaperone TAPBPR [57, 58], this now free HLA molecule is then able to 

translocate in an anterograde fashion via the Golgi, to the cell surface, where the loaded peptide 

can then be presented exclusively to CD8+ T-cells to initiate a response [42]. 

1.2.2. HLA Class II 

Class II molecules consist of the classical HLA-DR, -DP and -DQ, and the non-classical -DM 

and -DO antigens [43]. In contrast to class I, class II molecules are expressed exclusively on 

immunocompetent cells under normal physiological conditions, however their expression can 

be induced in most cell types [59]. Like the classical class I antigens, classical class II 

molecules are associated with peptide presentation. HLA-DM on the other hand is thought to 

act as a chaperone involved with efficient peptide loading of the classical antigens, whilst 

HLA-DO is known to assist this process in B-cells [60]. The structure of class II antigens is 

like that of class I in that they consist of a homodimer making up 4 extracellular domains, 

however unlike class I antigens, class II molecules are constructed from two transmembrane 

peptides: a ~34kDa α-chain making up 2 domains (α1 and α2), and a ~27kDa β-chain making 

up the final 2 domains (β1 and β2) (Figure 1.1.B) [61]. Compared to nonameric peptide 

preference of class I antigens, the peptide binding groove in class II molecules spans the 

membrane-distal α1 and β1 domains where it predominantly binds 13-25-residue-long, 

phagocytically/endocytically-internalised, endosomal/lysosomal-processed exogenous 

peptides [62]. Once internalised and resident within class-II containing compartments such as 

late endosomes, antigenic peptides can bind within the peptide groove, enabling the release of 

the stabiliser protein class II-associated invariant chain peptide (CLIP) [63]. This HLA is then 

able to translocate to the cell surface and present the bound peptide to CD4+ helper T-cells 

[64]. 
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1.2.3. HLA Polymorphism 

Despite the similarities amidst HLA molecules, amino acid substitutions within the primary 

peptide sequences gives rise to numerous allelic variants of each gene. The location of these 

substitutions will not only determine the ability of an antibody to recognise two HLA molecules 

that share a similar epitope but may also influence the ability of these HLAs to present specific 

antigenic peptides should these substitutions occur within the HLA’s peptide binding groove 

[65]. Each person can express all three isotypes of classical HLA antigens, with the potential 

of expressing two allelic variants of each isotype, one passed down from each parent in a 

heterozygous or homozygous manner. This means that each human has the potential to express 

six different HLA molecules per class, making a total of twelve individual antigens that make 

up our unique (for the most part) tissue type. This, along with the documenting of over 22,000 

different class I and over 8,000 different class II alleles to date (IPD-IMGT/HLA database; 

accessed 01/09/2021, https://www.ebi.ac.uk/ipd/imgt/hla/stats.html), details the complexity of 

the HLA system and the effectiveness it grants to initiate a specific and efficient immune 

response, whilst simultaneously making this a major barrier to overcome in the context of solid 

organ transplantation. 
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1.3. Antibodies and Immunoglobulins 
 

Almost 100 years after E. Jenner’s first demonstration of smallpox vaccination, the first ever 

reference to the presence of molecules within our blood which help us fight infection 

(antibodies) came in 1890, when E. von Behring and S. Kitasato demonstrated that the serum 

of an animal immune to diphtheria could be transferred to an animal suffering from the 

infection to cure the disease [66, 67]. This was soon found to be directly translational in 

humans, for which Behring was later awarded the Nobel Prize in Physiology and Medicine 

(1901) [15]. Almost a decade after Behring’s initial findings, J. Bordet (1899) discovered that 

there is a component of sera that is responsible for specific immunity against microorganisms 

[68]. P. Ehrlich went on to name this serum component ‘complement’ and one year later 

proposed a model known as the ‘side-chain’ concept, in which a branched receptor (antibody) 

on a cell could bind multiple sites of a pathogen and permit complement activation [69]. This, 

along with the ‘lock and key’ theory for enzymes proposed by E. Fischer (1894) [70] led to 

further speculation into how these antibodies work. J. Marrack’s work on the chemistry of 

antigen-antibody (Ag-Ab) interactions (1934) detailed the physio-chemical aspects of these 

protein-protein interactions (PPI) [71], inspiring R. Goldberg’s theory of antibody-antigen 

complementarity and specificity (1952) [72, 73]. 

The first document detailing the basis of antibody generation was by A. Fagraeus (1948), where 

she described plasma B-cells to be the exclusive source of antibodies [74]. This was followed 

by the clonal selection theory by F. Burnet and D. Talmage (1957), where they described that 

an antibody’s specificity to an antigen is pre-determined and occurs before the antigen is 

present [75].  With the first composition of an immunoglobulin molecule being published by 

R. Porter and G. Edelman (1959) [76, 77], later followed by the first published crystallographic 

structures of antibodies [78, 79], as well as the invention of monoclonal antibodies by G. 

Köhler and C. Milstein (1975) [80], these monumental discoveries laid the foundations for 

understanding the biology of antibodies. This revolutionised the field of science, marking the 

beginning of a new era in antibody research. 
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1.3.1. Immunoglobulin Structure 

Immunoglobulin (Ig) monomers exist as heterodimeric molecules consisting of four 

polypeptide chains: two identical ~50 kDa heavy chains and two identical ~25 kDa light chains 

linked by multiple disulphide bonds that can be separated by cleavage with papain and/or 

pepsin [81, 82]. Each polypeptide chain forms tandem ~12-13 kDa domains of two tightly 

packed anti-parallel beta-pleated sheets connected and stabilised by a conserved disulphide 

bond, aptly named immunoglobulin folds [83]. Heavy chains are comprised of one variable 

and up to four constant domains (VH, CH1, CH2, CH3 and CH4) depending on the 

immunoglobulin class [84]. The combined CH2-CH4 domains from both heavy chains make up 

the crystallisable fragment (Fc) region at the base of the molecule. Light chains consist of two 

domains each, one variable and one constant (VL and CL), that together with the VH and CH1 

domains of the heavy chain make up individual fragment antigen binding (Fab) regions, of 

which there are two. These three main tetrahedral-shaped structural regions within 

immunoglobulins are connected through a flexible hinge region (HR) that gives the molecule 

a distorted ‘Y’ shape (Figure 1.2.A) [85]. 

Whilst the constant regions of the Fc fragment determine the class of the immunoglobulin and 

is concerned with the effector function through its interaction with other constituents of the 

immune system (see section 1.3.3), the Fab regions of Ig molecules contain polymorphic 

residues within the two variable domains (Fv) of the structure which determine the Ig’s 

specificity [79]. Each variable domain is encoded by V(D)J gene segments and contains an Ig 

fold of nine beta strands (A, B, C’, C’’, C’’’, D, E, F and G), consisting of framework regions 

(FRs) and three hypervariable loops between strands B-C, C’-C’’ and F-G, better known as 

complementarity determining regions (CDRs) 1, 2 and 3 respectively (Figure 1.2.C) [84, 86, 

87]. Whilst CDR-3 is the most variable of these CDRs and is thought to be central for antigen 

recognition, somatic hypermutation within all three of these small loops enables antibodies to 

recognise different antigenic targets [88, 89]. The ability of an Ig to bind its antigen is 

dependent on the overall complementarity of the target sequence of the antigen (epitope) to the 

total six CDRs within each whole Fab region (paratope). 

As well as varying in their specificity, Igs are also able to be post-translationally modified at 

the constant domains of the Fc region (CH2 in IgG) [90]. Covalently linked to asparagine 

residues of the Ig (Asn297 of human IgG1) is a common core of two tandem N-acetyl-

glucosamine (GlcNAc) residues from which three mannose residues branch (Figure 1.2.B). 
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The addition of various other oligosaccharide chains such as fucose, galactose, sialic acid, or 

bisecting GlcNAc to this common core brings about large heterogeneity between antibodies. 

These modifications have been found to be important for maintaining the structural integrity 

of the immunoglobulin molecule, whilst regulating the downstream immunological response 

upon interaction establishment with a cellularly-expressed Fc receptor [91]. 
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1.3.2. Classes, Subclasses, and Isotypes of Immunoglobulin Molecules 

Whilst residues within the paratopes of Ig Fab regions classify the antibody’s idiotype, each Ig 

can also be categorised based on the heavy and light chains that the molecule is composed of. 

In general, mammalian antibodies can be one of five classes: IgA, IgD, IgE, IgG or IgM (Figure 

1.3.A), each of which differ in their size and composition corresponding to the heavy chains 

polypeptides they contain: alpha (α), delta (δ), epsilon (ε), gamma (γ) or mu (μ), respectively 

[92]. Whilst α and γ heavy chains consist of ~450 amino acid residues that make up three 

constant domains, ε and μ heavy chains consist of ~550 amino acid residues which fold into 

four constant domains, the extra domain replacing the hinge region seen in IgA and IgG. δ is 

like α and γ in that it contains three constant domains, however its composition of 512 amino 

acids and its extended hinge region makes it unique to the other four classes. 

In normal human sera IgG is the most abundant class of antibody, making up ~75% of the 

entire Ig pool, where it exists in monomeric form secreted from plasma cells [93]. Within this 

category of immunoglobulins however, there is a further sub-classification of the molecules 

into IgG1, IgG2, IgG3 and IgG4, that make up ~60-70%, ~20-30%, ~5-8% and ~1-3% of the 

total IgG pool respectively [94]. These subclasses were assigned based on amino acid 

differences in their heavy chains, but also vary structurally. Ig hinge regions contain a common 

carboxy-terminal disulphide bond within the CxxC motif, at C220 in IgG1 and C131 in 

IgG2/3/4, but each IgG subclass differs in the number of residues within their hinge region and 

amount of total disulphide bonds that connects the two heavy chains (Figure 1.3.B) [84, 94-

98]. The hinge region of IgG3 is the longest of all subclasses, connected by eleven disulphide 

bonds and made up of up to 62 amino acids encoded by up to four exons, in comparison to only 

one encoding exon at the other three subclass loci. A single G235 deletion within IgG2’s lower 

hinge region means this subclass has the shortest hinge region, consisting of 12 amino acids 

connected by four disulphide bonds and stabilised by a poly-proline helix. IgG2 has also been 

shown to have various hinge isomers, where the inter-disulphide bonds between heavy chains 

and intra-disulphide bonds between heavy and light chains can reorganise to form either A/A, 

A/B or B/B conformations [99, 100]. IgG1 and IgG4 both have two inter-chain disulphide 

bonds composed of fifteen and twelve residues respectively, however IgG4 does not contain 

the glycine deletion seen in IgG2 which enables more flexibility in its hinge region. Like IgG2, 

IgG4 has also been shown to have various isomers due to its ability to form half-molecules 

upon inter- to intra- chain bond rearrangement of the two disulphide bridges that link the heavy 
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chains together [101]. The ability to rearrange both disulphide bonds that keep this molecule 

whole means that these IgG4 molecules can not only exist as half molecules consisting of one 

heavy and one light chain, but also enables them to recombine with other half molecules to 

form bispecific immunoglobulins, a process known as Fab arm exchange [102]. 

IgA is the next most abundant class in human serum making up ~15% of the entire Ig pool 

[93]. Whilst also being secreted by plasma cells, these Igs can be further classified into IgA1 

and IgA2 [103]. In serum, IgA exists in monomeric form, however it is the most prevalent class 

in various other bodily fluid secretions where it can be present as a dimer, connected at the Fc 

regions by a secretory component (SC) and a disulphide-bonded joining (J) peptide chain [104]. 

IgM makes up 10% of the total immunoglobulin pool in sera, once again connected by a series 

of disulphide bonds and a joining peptide across neighbouring Fc regions [105]. Additionally, 

an extra hydrophobic domain at the C-terminus of IgM heavy chain peptides enables membrane 

anchorage of IgM monomers where it can act as a B-cell receptor (BCR) [98]. While IgD and 

IgE together make up a combined < 1% of the immunoglobulin pool, they also only exist as 

one subclass in monomeric form [93]. IgD is very similar in structure to IgG, however its 

extended hinge region contains only one disulphide bond which makes it very susceptible to 

proteolytic cleavage. IgD can also be commonly found as a BCR expressed on the surface of 

B-cells [98]. IgE on the other hand is very similar in structure to monomeric IgM, in that the 

fourth constant domain of each heavy chain replaces the hinge region seen in other Ig classes. 

Whilst IgE is the scarcest of all immunoglobulin molecules in sera, it can be found primarily 

fixed to FcεRI receptors on the surface of eosinophils, basophils, and mast cells [106]. 

As well as the alternative heavy chain peptides encoded on chromosome fourteen, Igs can also 

vary in their light chains [107]. In humans there are two possible variants, kappa (κ) and lambda 

(λ), which are genetically located at chromosome two and twenty-two respectively and only 

differ by a few amino acids in their constant domains [108, 109]. While individual B-cells are 

limited to expressing only one of these chains for all the antibodies it produces, of which κ is 

found to be the most abundant [110], the functional differences in these chains are not 

completely understood but have been linked to several conditions such as kidney disease and 

myeloma [111, 112]. Lastly, the documentation of numerous single amino acid substitutions 

within γ1, γ2, γ3, γ4 and α2 heavy chains across different ethnic groups means that there is 

also allotypic variation within IgG and IgA subclasses [113]. While the amino acid variations 

of γ2 and γ4 heavy chains can also be found in other Ig subclasses (isoallotypes) [114], the 
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unique amino acid variations of γ1, γ3 and α2 heavy chains between individuals means that if 

a person were to encounter antibodies of a different allotype, it is possible for an anti-allotypic 

response to be induced [115, 116]. 
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1.3.3. Roles, Interaction Partners, and Effector Functions of Antibodies 

An immunoglobulin’s primary function is to act as a specific antigen detector, bridging the 

recognition mechanisms of adaptive immunity to the effector responses of the innate system, 

where their diverse functions and roles in many different immune response processes have 

been documented. Cell-surface/membrane-bound immunoglobulins (mIg), such as B-cell/T-

cell receptors etc., may commonly act as antigen-specific cell activators capable of initiating 

various intracellular signalling pathways upon antigen recognition. Secreted immunoglobulins 

(sIg), known as antibodies, are a major component of the humoral immune system which aids 

in foreign antigen detection and immune confrontation within bodily fluids. 

In their simplest form, antibodies can act as protein-blocking molecules inhibiting the 

formation of various protein-protein interactions, preventing responses after ligand-receptor 

complex formation. Whilst bound to an antigen, antibodies also act as molecular 

connector/docking sites for various effector proteins, for which the Ab’s Fc region has a 

complementary epitope. One of these proteins is the complement protein C1q, which when 

docked to a cell’s surface activates the classical complement cascade, leading to target cell 

lysis (see section 1.4.3). Whilst both IgM and IgG molecules can efficiently bind C1q, the 

hexameric structure of the complement protein implies that multiple C1q-Ig interactions must 

occur for stabilisation of the complex to initiate the cascade [117]. Since IgM is pentameric 

and exists as one isotype, the capacity of the Ag-Ab interaction to initiate a response is 

dependent on the stability of the Ag-Ab complex. In terms of IgG however, the presence of 

multiple isoforms of this class gives rise to a varying ability of each IgG subclasses to fix C1q 

and initiate the complement cascade, with IgG3 having the strongest complement-fixing 

capacity, followed by IgG1, IgG2 then IgG4 [94]. 

Thought to be the most crucial group of antibody-recognising immune regulatory proteins is 

the membrane-bound Fc receptor (FcR) family, which forms the connection between antigen, 

antibody, and effector immune cell. Cells express different types of FcRs determining which 

antibody class they can recognise; FcαR, FcδR, FcεR, FcγR and FcμR recognise IgA, IgD, 

IgE, IgG and IgM respectively [118, 119]. Within the IgG-specific FcγR class of receptors 

encoded on the long arm of chromosome 1, there are three subtypes; FcγRI, FcγRII and 

FcγRIII, where FcγRI can bind IgG Fc with higher affinity than the others [120]. FcγRII and 

FcγRIII receptors can be further categorised into three and two groups respectively: FcγRIIa, 

FcγRIIb and FcγRIIc, and FcγRIIIa and FcγRIIIb [121]. After docking with IgG following 
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recognition of an antigen, FcγRs that bear the YxxL/Ix(6-8)YxxL/I immunoreceptor tyrosine-

based activation motif (ITAM) within their cytoplasmic tail domain become phosphorylated at 

both tyrosine residues by the Src family tyrosine kinases [122]. This activates downstream 

intracellular signalling events leading to a response such as phagocytosis or ADCC (see 

sections 1.4.2 and 4.1). In the case that the receptor contains the immunoreceptor tyrosine-

based inhibitory motif (ITIM) S/I/V/LxxYxxI/V/L, such as in the FcγRIIb receptor, 

phosphorylation of only one tyrosine is not sufficient to activate the cell. This does however 

regulate Src homology region 2 domain-containing phosphatase (SHP) and Src homology 2 

domain-containing inositol polyphosphate 5 phosphatase (SHIP), which work to counteract the 

magnitude of these activating signals through dephosphorylation of the motif’s tyrosines [119, 

122-124]. Considering the FcγR binding site within the N-terminus of the IgG’s CH2 domain 

partially overlaps with the C1q docking site, it comes as no surprise that the ability of each IgG 

class to initiate a cellular immune response is like that of the IgG subclass’ ability to initiate 

the complement cascade, however this does slightly vary across different FcγR sub-types 

[119]. 

IgAs are predominantly found in mucosal secretions such as in the gastrointestinal, respiratory, 

and urogenital tracts where they play a major role in preventing the build-up of potentially 

harmful pathogens in these vulnerable areas [84]. Once bound to an antigen, IgA can dock with 

FcαRI and facilitate internalisation and recycling of the receptor molecule [125]. In the case 

that the FcαRI receptor is associated with two FcγRI receptor signalling chains that bear the 

ITAM motif, phagocytosis may be induced to clear the recognised pathogen [126]. While the 

true roles of IgD-FcδR and IgM-FcμR complex formation remain relatively unexplored, the 

CH3 domain of IgE has been shown to be crucial for the binding of the FcεR, where its role in 

allergy-specific responses through release of pro-inflammatory signals such as histamine, 

proteoglycans and various cytokines has been uncovered [127, 128]. One final member of the 

FcR family that has been shown to be up- and down-regulated by TNF-α and IFN-γ, 

respectively, is the FCGRT gene-encoded neonatal FcR (FcRn) [129-131]. This receptor is 

unique in that it is expressed on endothelial, epithelial, and myeloid cells and shares structural 

similarities to that of MHC class I molecules, such as its B2M light chain. In early life, this 

receptor is essential for the transport of IgG molecules from mother to child, firstly across the 

placenta in the antenatal stage, and then postpartum by providing these IgGs with protection 

from degradation in the gut of breast-fed children [132]. Upon maturity, these receptors 

become downregulated in gastrointestinal tissues, however they remain expressed on epithelial 
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cells into maturity to aid in antigen sampling and IgG transport across epithelial barriers [133, 

134]. 

As well as the above-mentioned interacting partners, many other proteins have also been found 

to bind Ig Fc regions, including: the cytosolic tripartite motif-containing protein 21 (TRIM21) 

which aids in antibody-dependent intracellular neutralization of IgG-opsonised virus and 

bacteria by the ubiquitin-dependant proteasome [135-136], dendritic cell-specific ICAM-3 

grabbing non-integrin (DC-SIGN) which is a c-type lectin that recognises the mannose-rich 

glycosylation of the Ig Fc region to activate phagocytosis [137], and also many bacterial 

surface proteins such as Protein A and Protein G, where their interaction with various 

immunoglobulin molecules aims to aid in immune evasion within the host [138]. 
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1.4. The ‘Slow Response’ of Acquired Immunity 
 

Despite HLA playing a profoundly important role in the regulation of the human humoral 

immune system, the polymorphic intricacy of HLA offers a major problem to overcome in the 

context of solid organ transplantation. Mismatching of HLA between donor and recipient may 

result in the recognition of ‘non-self’ antigens by immune cells, a process known as 

allorecognition or the afferent arm of adaptive immunity [139]. Once this allorecognition 

occurs, the immune response becomes initiated which then enables the efferent arm of adaptive 

immunity to carry out its functions through either cell- or antibody-mediated mechanisms, 

potentially leading to tissue rejection and/or graft loss. 

1.4.1. Allorecognition 

Allorecognition is the detection of a foreign molecule by immune cells and occurs in T-cells 

through direct, indirect, or semi-direct mechanisms (Figure 1.4) [140, 141]. During the short-

term direct allorecognition process [142], intact HLA molecules on donor antigen presenting 

cells (APCs) are recognised by T-cell receptors (TCRs) on resident CD4+ and CD8+ T-cells 

which initiate the response (Figure 1.4.A) [143]. The indirect pathway occurs in a similar 

fashion to standard antigen peptide presentation, whereby internalised donor alloantigenic 

peptide fragments are recognised by CD4+ T-cells after it has been processed and presented 

on the class II HLAs of recipient APCs (Figure 1.4.B) [144, 145]. Although indirect 

allorecognition primarily concerns HLA class II peptide presentation, this phenomenon may 

also involve CD8+ T-cell recognition of class I molecules that present internalised soluble 

peptides that have processed through the class I pathway, a process known as cross-

presentation [146, 147]. Finally, the semi-direct process is believed to occur upon acquisition 

of intact donor HLA molecules into the membrane of recipient APCs, mediated through cell-

to-cell contact with donor APCs (Figure 1.4.C) [148]. These MHC recipient cells then can 

trigger both direct and indirect pathways depending on whether it is the native or foreign HLA 

molecule that the T-cell recognises. Although the semi-direct pathway is implicated in the 

allorecognition process and has been supported by the demonstration of alloantigen transfer 

between cultured dendritic cells [149], the in vivo roles of this model for inducing allograft 

rejection are yet to be determined. As well as T-cells being able to detect foreign molecules, 
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B-cells are also capable of this feat in an antigen presentation-independent manner through 

their BCRs. This is further discussed in section 1.4.3. One final way in which allorecognition 

may occur within the human body is through pattern recognition receptors (PRRs) on the 

surface of various immune cells [150].  These receptors recognise conserved pathogen- or 

disease- associated molecular patterns (PAMPs or DAMPs) which when activated leads to 

upregulation of their HLA genes [151]. These cells then mature into APCs capable of 

presenting the foreign peptide necessary to activate T-cells and initiate the immune response. 

Although the recognition of PAMPs/DAMPs is implicated in the allorecognition process, 

PAMPs are predominantly associated with immunity against microbial infection and does not 

apply in the context of organ transplantation. 
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1.4.2. Cell-Mediated response 

Upon allorecognition by the T-cell receptor, T-cells become activated and can differentiate to 

specify the immune response that will be produced [152]. Recognition of HLA class I 

molecules by CD8+ T-cells results in the production of various inflammatory cytokines such 

as interferon-gamma (IFNγ), interleukin 12 (IL-12) and tumour necrosis factor (TNF) [153]. 

This cellular activation triggers differentiation of these T-cells into cytotoxic T-lymphocytes 

(CTLs) capable of degranulation, releasing various proteases and cytolytic proteins that can 

bind and lyse the recognised cell. The increasing presence of inflammatory cytokines may also 

induce upregulation of adhesion molecules at the surface of the recognised target to facilitate 

recruitment of other resident immune cells to the site [154]. In the instance that naïve CD4+ T-

cells can activate in response to recognition of peptides bound to class II molecules, these cells 

can differentiate into various T helper sub-types depending on the cytokine composition of the 

microenvironment and the internal signalling events that follow. Among these sub-types are 

T-helper 1 cells (Th1), T-helper 2 cells (Th2), T-helper 9 cells (Th9), T-helper 17 cells (Th17), 

induced T-regulatory cells (iTreg), regulatory type 1 cells (Tr1) and follicular helper T-cells 

(Tfh), all with their own unique characteristic cytokine profile [155]. Once activated these T 

helper cells can release inflammatory cytokines, such as interleukins, resulting in the activation 

and mobilisation of other immune cells, such as B-cells, macrophages, natural killer (NK) cells 

and CTLs, which can then carry out their respective effector functions. Activated B-cells 

differentiate into either antibody-producing plasma cells or memory B-cells (see section 1.4.3), 

whereas other cells such as NK cells can migrate to and infiltrate at the site of allorecognition 

to carry out their functions whilst simultaneously releasing more cytokines to aid in the process 

[156]. All together, these processes enable an effective response to allorecognition, resulting 

in target cell lysis and tissue injury. 

1.4.3. Antibody-Mediated Response 

Antibody mediated rejection (AMR) also relies on the allorecognition of HLA by a 

lymphocyte, only this time it is recognition of a structural epitope of a protein through the BCR 

on B-cells within secondary lymphoid organs (SLOs) [157, 158]. Once an epitope is 

recognised, some of these antigen-specific B-cells differentiate into short-lived plasmablasts 

which produce allo-specific/donor-specific antibodies (DSAs) in the form of IgM. Other 

activated B-cells migrate into the follicles of SLOs with the aid of T-helper cells, where they 

form germinal centres (GCs) [159]. Within these GCs, dendritic and T-follicular helper cells 
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promote the activated B-cells to undergo clonal expansion and activate somatic hypermutation 

(SHM) and somatic hyperconversion (SHC) of the genetic immunoglobulin variable region. 

SHM is driven through one of two mechanisms; one which targets mutation-prone regions 

containing the RGYW motif, and the other which incorporates error-prone DNA synthesis that 

causes nucleotide mismatches that can be translated into amino acid substitutions [88, 89]. The 

result of this process is diverse clonal populations of B-cells with a range of affinities against 

the priming antigen [160]. Throughout this process these B-cells go through selection, whereby 

dendritic cells assess them for their specificity to the antigen, promoting survival of only those 

cells which have high affinity/avidity, a process known as affinity maturation [161, 162]. Cells 

that survive this selection then enter a process known as immunoglobulin class switch 

recombination (CSR). Cytokine signals trigger the clonally selected B-cells to alter the heavy 

chain constant portion of their produced immunoglobulin molecules through variable 

activation of an intervening exon preceding the CH1 domain, irreversibly altering the Igs class, 

e.g., from IgM to IgG [162, 163]. The outcome of this is the production of one of two types of 

high affinity, antigen-binding, T-cell activation-independent cells: memory B-cells and long-

lived plasma cells [164]. 

Once in circulation, affinity-matured antibodies can bind their specific target where they can 

either mediate allograft injury through complement-dependent or -independent mechanisms. 

The complement-independent mechanism utilises the ability of FcR-expressing cells, such as 

NK cells and macrophages, to recognise the Fc portion of antigen-bound antibodies and 

activate their cytotoxic functions to mediate antibody-dependent cell-mediated cytotoxicity 

(ADCC) [165]. Although complement proteins may aid in the recruitment of immune cells to 

a site of inflammation [166], the ability of an antibody to carry out its complement-dependent 

cytotoxic function is not reliant on the recognition of a target-bound antibody’s Fc region by 

an FcR on an immune cell, but the capacity of the Fc to fix complement component C1q and 

initiate the complement cascade via the classical pathway (Figure 1.5) [167]. Through this 

pathway, the stabilised C1q-Fc complex can activate the ‘early event’ of the cascade in which 

C2 and C4 components are both enzymatically cleaved into two fragments, a, and b, whereby 

C2a and C4b combine to form C2aC4b, also known as C3 convertase. This activated protease 

is then able to cleave C3 into inflammatory mediator anaphylatoxin C3a and the main 

complement effector molecule, C3b. C3b can bind C3 convertase to form C5 convertase whilst 

also being deposited on the target cell surface, acting as an opsonin, and targeting the cell for 

destruction by phagocytes. C5 convertase can now cleave C5 into two fragments: a second 
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inflammatory mediator anaphylatoxin C5a and the ‘late’ event initiator C5b. The late event 

progression of this cascade involves the association of C5b with complement components C6, 

C7, and C8, where this complex can disrupt the plasma membrane of the target protein. Once 

inserted into the membrane, C8 associates with multiple C9 molecules to form a pore in the 

membrane known as the membrane attack complex (MAC), leading to the release of the cell’s 

contents and subsequent cell lysis [168]. Other studies have also described the ability of 

immune cells to produce their own complement proteins such as to initiate this pathway [169]. 

Alloantibody in patient sera can have an immediate effect on graft function, however in many 

cases alloantibody mediated graft injury has an indolent course for a significant time prior to 

clinical manifestation [170]. The timeframe at which allograft injury occurs post-implantation 

may sub-categorise humoral rejection into three classifications; hyperacute rejection (HAR) 

which usually occurs within minutes of the implant, acute antibody-mediated rejection 

(AAMR) which can occur after weeks to months, and chronic antibody-mediated rejection 

(CAMR) which causes the loss of graft function in the long term [171-173]. While HAR occurs 

due to the high titre of pre-existing DSAs within the recipient prior to transplant, this has been 

overcome through implementation of several antibody characterisation assays in clinic (see 

section 1.5.2). AAMR occurs due to an increase in alloantibody titre post-transplant, which can 

be put down to either a memory B-cell response via allorecognition in a pre-sensitised recipient 

or the formation of new antibody de novo [174]. Whilst options for reducing the risk of HAR 

and AAMR exist [17], it is CAMR which presents a major cause of late-stage graft loss [175, 

176]. 
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1.5. Immunological Risk Assessment in Transplantation 
 

When selecting a suitable donor-recipient tissue match for organ transplantation, it is well-

known that minimising HLA incompatibilities between recipient and donor has a positive 

effect on transplantation outcome [177]. Histocompatibility is most often assessed at the 

antigenic rather than the allelic level, and in the context of renal transplantation it is the HLA-

A, -B and -DR loci that are analysed for discrepancies [178-181]. Despite this relatively low 

level of HLA resolution, matching six HLA molecules is often unrealistic given the shortage 

of donor organs and the competing demand for equity of access to transplantation [182]. Where 

serological methods of tissue typing have assisted in determining potential useful donor-

recipient matching, the development of polymerase chain reaction (PCR)-based DNA 

sequencing has fuelled the rapid discovery of many more HLA alleles and individual isotypic 

variants, underpinning the complexity of defining a well-matched organ [183, 184]. 

In addition to identifying the donor’s and recipient’s expressed HLAs, the recipient’s pre-

existing antibody repertoire also needs to be analysed to determine whether any prior HLA 

sensitisation event has occurred that could also lead to graft rejection. Whether or not the 

donor/recipient pairing is perceived to be a good match or not, the presence of recipient 

alloantibodies with specificity against the donor HLA prior to transplantation may increase the 

immunological risk [185]. Re-exposure to an antigen which can be recognised by the 

recipient’s immune compartments may lead to a potential immunological memory response 

through memory B-cells/T-cells, causing graft rejection [186]. 

1.5.1. HLA matching 

In attempt to determine donor antigen mismatches that may be better tolerated by a particular 

recipient, various studies have been carried out to explore the similarities and differences in 

the properties of individual HLAs. Some of the first attempts to determine the effect of HLA 

mismatching intended to identify specific HLA mismatches that may be tolerated by the 

recipient based on retrospective analysis of transplant outcomes [187-189]. Other studies on 

HLA mismatching looked at the presence of shared epitopes found on multiple HLA 

molecules, known as cross reactive groups (CREGs) (Appendix 2) [190, 191]. This angle was 

able to shed light on the disparity of individual HLA mismatches and why some donor-recipient 
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matches may be preferable due to shared epitopes, however, this method did not account for 

an individual antigen’s uniqueness and the potential for an antibody to be raised against any 

epitope of an individual HLA molecule. In more recent years, alternative approaches to HLA 

matching have been introduced whereby the amino acid sequence of a donor antigen would be 

directly compared to that of the recipient’s antigens using a computer algorithm called HLA 

Matchmaker, which excludes those residues that are not surface accessible [192]. Although 

HLA Matchmaker has been documented to be a very valuable tool in predicting the extent of 

alloantibodies that arise in response to mismatched HLA [193, 194], this method does not 

account for the epitopes formed by non-neighbouring amino acids due to the protein’s tertiary 

structure. Another method developed for analysing the immunogenicity of HLA mismatches 

is the three—dimensional electrostatic mismatch score (EMS-3D). EMS-3D is used to 

quantitatively assess the differences in the physical properties of HLA molecules at the tertiary 

structure level [195]. Here, the contribution of polar and charged residues within the HLA 

molecule is mapped using continuum electrostatics to give an overall electrostatic potential at 

any point on the HLAs exterior. The surface electrostatic potential of a particular HLA can 

then be superimposed on to that of another HLA to identify and/or quantify the differences 

between the two molecules, which is measured as an overall mismatch score [196]. 

1.5.2. Alloantibody Detection and Evaluation 

To determine the alloantibody-related immunological risk associated with a potential donor 

organ, the recipient is screened for the presence and specificity of alloantibodies in their sera. 

While alloantibody binding to its priming antigen is expected to lead to immune reactivity and 

initiation of effector functions, the structural conservation of HLA means that an alloantibody 

primed against a conserved epitope on one HLA may also cross-react against third-party HLA 

that expresses the same epitope [197]. This cross-reactivity may affect the ability of 

alloantibodies to carry out their effector function, often meaning that the identity of the priming 

antigen cannot be determined. Various methods have been developed for the purpose of 

identifying alloantibody specificities and understanding their pathogenic potential, including 

flow cytometry (FC), complement-dependent cytotoxicity (CDC), and Luminex single antigen 

bead (SAB) assays (Figure 1.6) [198-209]. These techniques enable a profile of a potential 

transplant recipient’s serum to be evaluated where it can be used to assess the reactivity of their 

antibodies against the potential donor pool. Accurate assessment of the immunological risk 

assigned to serum reactivity against specific donor HLA is of paramount importance as it 
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determines the recipient’s access to the donor pool, the necessity for additional interventions 

to facilitate transplantation (e.g., antibody removal from serum via plasmapheresis), and 

influences the choice of immunosuppression treatment. Detection of DSA post-transplantation 

can also be used as a prognostic biomarker, lending itself to the diagnostic criteria for AMR 

whilst also helping determine the intensity of clinical monitoring and future 

immunosuppression treatment [210-212]. 

1.5.2.1. Flow Cytometry Assays 

Flow cytometry assays examine the ability of a recipient’s alloantibody to bind HLA expressed 

on donor lymphocytes. The output is measured as a mean fluorescence intensity (MFI) which 

is determined by the amount of fluorophore-tagged secondary reporter antibody that detects 

the cell-bound alloantibody. This assay can either be carried out as a screen using panels of 

donor lymphocytes expressing the most frequently found HLA a given population, or as a 

crossmatch (XM) to determine the reactivity of recipient serum to a specific donor [200, 204, 

206]. FC allows for detection of clinically relevant antibodies present in patient sera; however, 

it should also be noted that the presence of autoantibodies may give rise to false-positive 

results, and this should be accounted for accordingly [207, 213]. 

1.5.2.2. Luminex Single Antigen Bead Assays 

In recent years, alloantibody detection and specificity resolution has been increasingly relying 

on solid-phase assays, such as that implemented in Luminex technology. Luminex uses the 

principles of FC to observe the binding of alloantibodies to recombinant HLA-coated 

microbeads [214]. Upon detection of a bead using a flow cytometer, two distinct fluorescent 

signals are recorded which reveal two separate parameters; the identity of the bead (nature of 

HLA) and the amount of bound alloantibody to that specific bead, measured as an MFI. When 

compared to cell-based assays, this technique enables higher-throughput, higher sensitivity, 

antigen-specific determinations of alloantibodies present in patient sera. Although this 

technology has revolutionised antibody detection in clinical practice, significant caveats 

remain. Luminex output is semi-quantitative as the amount of HLA on the surface of the beads 

is unknown [215]. Moreover, the titre of antibody in sera at a specific time point has a major 

effect on MFI output which in turn is used to determine the immunological risk associated with 

a specific alloantibody-HLA interaction [216]. As mentioned in section 1.3.2, it has also been 

documented that IgG molecules of each subclass have differing capabilities to fix complement 
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and activate the classical pathway [94]. These characteristics are not accounted for in Luminex 

SAB assays as the secondary detection antibody does not distinguish between molecules of 

each IgG subclass, something that may be useful in determining their pathogenic potential. By 

adapting the protocol to incorporate C1q, this assay can also be used to observe the 

complement-fixing capabilities of antigen-bound antibodies [201]. Although Luminex SAB 

assays may be supported by Luminex C1q-binding assays which are expected to provide 

further information on the complement fixing abilities of DSAs, Luminex C1q is not heavily 

employed in clinical practice and comes with its own limitations [217]. As a result, the clinical 

significance of Luminex detected alloantibodies and the interpretation of MFI values from 

these assays are the subject of debate within the transplant field [218], where thresholds that 

define a positive interaction are often quite arbitrary. 

1.5.2.3. Complement-Dependent Cytotoxicity Assays 

CDC assays have been rapidly developed based on the principles of Terasaki’s 

microcytotoxicity assay and are currently seen as the gold standard for immunological risk 

assessment in transplantation [28]. CDC assays, like FC assays, use donor T-cells expressing 

HLA class I and donor B-cells expressing both HLA class I and II to assess antibody binding 

where they can be used as a crossmatch. The main advantage to CDC assays over FC assays is 

that not only does CDC uncover the ability of antibodies to bind cell-surface-expressed HLA, 

but also assesses their capacity to fix complement and cause cytotoxic death through cell lysis 

[206]. Upon antibody introduction to the cells, the sample is then incubated with complement 

protein to observe the cytotoxic lysis of cells which is measured as an overall percentage cell 

death. The major limitation of both FC and CDC assays pertains to the fact that cellular targets 

express a combination of multiple HLA class I and II antigens and, therefore, resolution of 

serum alloantibody reactivity against specific HLA is difficult. Although CDC assays enable 

insight into the pathogenic potential of alloantibodies to be gained, it is also known to be of 

low sensitivity and is limited to the detection of complement-fixing alloantibodies. This 

remains an issue when analysing a potential recipients’ serum as although it may contain 

clinically relevant antibodies, if the levels of antibody are below the sensitivity limits of the 

CDC assay, then they will not be detected [219]. 
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1.5.2.4. Clinical Interpretation of Alloantibody Assessment 

Although the introduction of methods for antibody-related clinical immunological risk 

assessment have contributed to the advancements in successful transplantation outcome, the 

complexity of data interpretation has led to non-uniformity among clinical laboratories, 

introducing significant variation in clinical practice and decision-making processes between 

transplant centres. This is especially the case for those patients with antibodies that interact 

with HLA at the lower end of the spectrum for positive immunoassay detection. Alloantibodies 

that bind cross-reactive HLA are commonly detected with high-sensitivity assays such as 

Luminex, however the true clinical significance of these cross-reactive interactions are more 

difficult to ascertain which accounts for much of the current uncertainty with Luminex output 

interpretation [220]. For this reason, outputs of each assay can be ranked based on the assay 

sensitivity and the relevance of a positive result to confer a higher immunological risk [219]. 

Patient sera that yield a positive result in CDC assays raise an automatic veto to transplantation, 

whilst DSA detected via Luminex solid phase assays alone are more difficult to interpret and 

may or may not increase the immunological risk associated with a particular transplant. When 

positive results for Luminex assays are combined with positive FC results, this is said to offer 

an intermediate level immunological of risk, which can then be bumped up to a high 

immunological risk category with a positive CDC result. 
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1.6. Thesis Aims, Objectives, and Hypotheses 
 

Upon allorecognition, development of a mature humoral response entails germinal centre 

formation, somatic hypermutation, and affinity maturation, culminating in the secretion of 

high-affinity antibodies [157-164]. DSA development and antibody recognition of donor HLA 

are major factors influencing graft survival in the context of solid organ transplantation, and 

although modern immunosuppression regimens and pre-transplant interventions have helped 

reduce the incidence of short-term graft loss, CAMR remains a major challenge with a 

significant impact on long-term graft survival [176]. Despite pre-existing DSA being well 

associated with worse graft outcomes in most solid organ transplants, it is well documented 

that not all alloantibodies lead to graft injury and in some cases the presence of DSA may be 

tolerated [221, 222]. This is particularly the case for alloantibodies detected solely by high 

sensitivity solid-phase assays, such as Luminex, where interpretation of the data remains 

contentious. Overall, there is an unmet need to accurately assess the HLA-related 

immunological risk associated with a particular transplant as this information influences a 

person’s access to transplant donors for those patients already sensitised against HLA pre-

transplant, whilst also permitting individualised immune monitoring and management of 

immunosuppression post-transplant. The principle aims of this work are to provide insights 

into the clinical significance of alloantibodies, the factors that determine their pathogenicity, 

and the molecular signalling pathways that govern these characteristics. Such understanding 

may enable improved immunological risk assessment in transplantation and offer opportunities 

to develop new methods for assessment of HLA-specific antibodies beyond what is currently 

possible using currently available immunoassays. An overview of this thesis is described 

below. 

• Investigation into the potential of alloantibody-HLA kinetic analysis to inform the 

interpretation of currently used assays for detection and characterisation of 

human HLA-specific antibodies (Chapter 3). 

Solid phase assays such as Luminex SAB are widely used to assess the alloantibody 

profile of sensitised patients and to perform immunological risk analysis, however 

interpretation of assay output is not always straight forward with wide variation in 

practice among clinical laboratories. This uncertainty can have important clinical 
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implications including determining an individual patient’s access to transplantation and 

on post-transplant immunological monitoring. It is established that an antibody 

increases its specificity through a process known as affinity maturation and evidence 

from other fields support the critical contribution of antibody-antigen interaction 

affinity to the antibody effector function [223, 224], however, this has not yet been fully 

explored in the transplant setting. The objectives of this work are to examine the 

relationship between alloantibody-HLA interaction affinity and antibody effector 

functions as assessed by complement-dependent cytotoxicity assays, and to provide 

insights into the effect of alloantibody affinity on interpretation of the output of 

currently used immunoassays for alloantibody detection and characterisation. 

Hypothesis: The affinity of alloantibody-HLA binding is a major determinant of the 

antibody effector function; alloantibody affinity determination enables 

better interpretation of the output of clinically used immunoassays for 

alloantibody detection. 

• Examining the relationship between alloantibody-HLA interaction affinity and 

the activation of intracellular signalling pathways that lead to endothelial cell 

activation (Chapter 4). 

Antibody recognition of cell-surface HLA has previously been observed to initiate a 

cascade of protein kinase signals, resulting in proliferation, migration, gene 

upregulation and protein translocation in various cell types [233-275]. To delve further 

into the effects that these alloantibodies have on the cells they interact with, various in 

vitro assays were employed to assess the magnitude of antibody adhesion, protein 

signalling transduction, and cell adhesion molecule presentation upon the establishment 

of varying affinity alloantibody-HLA complexes on the surface of primary human 

aortic endothelial cells. 

Hypothesis: The magnitude of a cellular response upon antibody ligation to cell 

surface HLA is dependent on the affinity that the antibody has for its 

antigen, where stronger interactions will induce a larger cellular 

response. 
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• Development of a novel method for HLA-specific antibody affinity and 

concentration quantification in patient sera to improve immunological risk 

assessment. (Chapter 5) 

Detecting and assessing the pathogenic potential of HLA-specific antibodies in 

transplant patients is an important process in evaluating the immunological risk 

associated with a particular transplant. Current methods for immunological risk 

assessment measure the reactivity of antibodies against immobilised HLA via a reporter 

and/or their ability to exert their cytotoxic function with addition of complement. 

Nevertheless, the semi-quantitative, amalgamated outputs of these assays often make it 

difficult to accurately determine their clinical significance [219]. Moreover, current 

methods to assess protein-protein interaction kinetics often necessitate the 

immobilisation of one interacting molecule. This is particularly problematic when 

complex media such as human serum is being evaluated. To enable full quantification 

of alloantibody-HLA interactions using non-purified samples, a novel in-solution 

method was established using the principles of microfluidic diffusional sizing (MDS) 

and Bayesian inference analysis. The ability of this approach to simultaneously measure 

the concentration of antibodies within a serum sample and the alloantibody interaction 

affinity against HLA targets was determined. 

Hypothesis: Developing a method that can quantitatively detect the formation of 

alloantibody-HLA complexes in solution will enable the fundamental 

parameters of antibody binding to be determined in non-purified 

samples. 
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Chapter Two 

Materials and Methods 
 

2.1. HLA Proteins, Antibodies and Ethical Approvals 
 

2.1.1. Recombinant HLA Proteins 

Purified, soluble, recombinant HLA proteins were provided from two separate sources. 

Proteins received from Pure Protein LLC (Oklahoma City, OK, USA) were used in affinity 

assessments for Chapter 4, whilst the National Institute of Health Tetramer Core Facility 

(Emory University, Atlanta, GA, USA) provided antigens for studies carried out in Chapter 5 

(Table 2.1). HLA molecules were received in both biotinylated and unbiotinylated form. The 

concentrations of each protein were determined prior to use via either BCA protein assay 

(ThermoFisher Scientific, Cat. #23227) or Nanodrop OneC (ThermoFisher Scientific, 

Waltham, MA, USA). Protein concentrations quantified by Nanodrop were calculated by 

employing the Beer-Lambert Law (Equation 1) using the absorbance measured at 280nm 

(Abs280) and the molecular extinction coefficients (ε) for each protein as calculated from the 

protein sequences. 
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2.1.2. HLA Antibodies 

Human monoclonal HLA-specific antibodies (mAbs) were provided by Prof. Frans Claas and 

Dr. Sebastiaan Heidt at Leiden University Medical Centre (Table 2.2). Anti-HLA class I mAbs 

originated from alloantibody-positive, multiparous, post-natal women where the sensitising 

event is known. These mAbs were stably expressed in human heterohybridoma cells produced 

via Epstein-Barr virus transformation of immortalised lymphoblastoid cell lines (EBV-LCL) 

prior to fusion and sub-cloning. Anti-HLA-DR7 mAbs also originated from post-natal women 

where B-cells enriched from PBMC samples were positively selected for HLA reactivity via 

FACS using HLA-DR tetramers. RNA isolated from expanded individual HLA-DR-reactive 

B-cell clones were then sequenced to determine the Ab chain sequences. VH and VL domain 

sequences were cloned into separate pcDNA3.3 expression vectors alongside the constant 

domains of IgG1 (IGHG1*03), κ (IGKC), or λ (IGLC2*01). These constructs were then co-

transfected into Expi293F cells, from which the Abs were purified from their supernatants. 

W6/32 was produced in hybridoma HB-95 cell lines and purified from the supernatants. 
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2.1.3. Ethical Approvals 

Human serum samples were routinely taken from transplant patients within Addenbrooke’s 

hospital that were undergoing immunological risk assessment at Addenbrooke’s Hospital 

Histocompatibility and Immunogenetics Laboratory. Ethical approval for the use of clinical 

patient sera for research was granted by the National Research Ethics Committee in the United 

Kingdom (REC Ref: 15/NE/0081). 100 μl aliquots were taken from 8 individual samples for 

these studies. 

Primary human aortic tissue was collected from deceased human organ donors after circulatory 

death (DCD) or brainstem death (DBD) by the Cambridge Biorepository for Translational 

Medicine team. Informed consent from the donor’s family was obtained prior to sample 

collection. Ethical approval for the use of human tissues in scientific research was granted by 

the National Research Ethics Committee in the United Kingdom (REC Ref: 15/EE/0152). A 

total of twelve aortic rings from individual donors were acquired for these studies. 

Renal arteries were dissected from porcine kidneys procured from adult female Landrace pigs 

under Schedule 1 of the Animals (Scientific Procedures) act. All surgical procedures were 

carried out at a designated establishment in the United Kingdom. 
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2.2. Materials and Methods for Chapter 3 
 

2.2.1. Biolayer Interferometry 
 

2.2.1.1. Reagents and Consumables 

Anti-human IgG Fc capture (AHC) (FortéBio, Cat. #18-5060), anti-murine IgG Fc capture 

(AMC) (FortéBio, Cat. #18-5088), streptavidin (SA) kinetic biosensors (FortéBio, Cat. #18-

5019), Biocytin (Sigma, Cat. #B4261), Casein (Acros Organics, Cat. #276071000). All assays 

were carried out in black 96-well plates (Greiner, Cat. #655209). 

2.2.1.2. General Protocol 

Kinetic analysis of each mAb-HLA interaction was carried out on the OctetRED96 platform 

(FortéBio, Fremont, CA, USA) using the Octet55 Data Acquisition 9 software. BLI sensors 

were calibrated by soaking in standard BLI buffer (1 X PBS, 0.1% BSA, 0.02% Tween-20) 

from 30 minutes to overnight. Samples and sensors were loaded into the instrument and left 

for >10 minutes for the samples to reach the 30 °C set temperature. Sensors were initially 

incubated for 100 seconds in standard BLI buffer to establish a baseline for each sensor. Ligand 

was loaded onto the sensor by dipping into a well containing a previously determined optimal 

concentration of ligand in standard BLI buffer, allowing a threshold of 0.6 nm for all sensors 

in to be reached. A second baseline was established using standard BLI buffer over 100 

seconds. In the association step, parallel sensors were dipped into wells containing one 

concentration of a 2-fold dilution series of purified soluble HLA, diluted in standard BLI 

buffer. Sensors were returned to the well in which the second baseline was established to allow 

dissociation of the complex to be measured. The optimal conditions were found to be using a 

loading density cut-off of 0.6 nm, a plate shake speed of 1000 rpm, temperature of 30 °C, with 

no need for sensor blocking steps (see section 3.2.2). Data analysis was carried out in 

FortéBio’s Data Analysis 9 software. 
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2.2.1.3. Antibody-HLA-Screening Assay 

mAbs were loaded onto calibrated AHC sensors prior to baseline establishment. Association 

of analyte was allowed to occur for 300 seconds in wells containing 50 μg/ml HLA before 

dissociation in BLI buffer-containing wells for a further 300 seconds. Affinities were 

calculated by fitting of the initial 100 seconds of association and dissociation phases using a 

1:1 stoichiometry model, where KD was measured as a function of koff/kon. 

2.2.1.4. Interaction Affinity Determination 

mAb-loaded AHC sensors were dipped into wells containing HLA until interaction equilibrium 

had been reached. Dissociation was allowed to proceed for 1000 seconds or until a significant, 

quantifiable amount of dissociation had been observed. Two parallel reference sensors; one 

sensor loaded with isotype control IgG and dipped into a well containing the HLA molecule in 

question during the association step (non-specific binding), and the other sensor loaded with 

the antibody in question and dipped into a well containing no HLA (curve drift), were 

subtracted from each test sensor prior to KD determination. Data was fitted using global fitting 

and a 1:1 stoichiometry binding model from which the association rate (kon), dissociation rate 

(koff) and response at equilibrium (Req) were determined. KD was measured as a function of 

koff/kon. During assay optimisation experiments, KD was determined using steady state analysis 

as a function of 50% RMAX. 

 

2.2.2. Human PBMCs for HLA Targets 

Human peripheral blood monocytic cells (PBMCs) were isolated from buffy coats obtained 

from healthy, HLA-typed individuals after informed consent (Sanquin Blood Supply, 

Amsterdam, the Netherlands). PBMCs were isolated by Ficoll-Hypaque density gradient 

centrifugation and cryopreserved in liquid nitrogen (N2) until further use.  Upon thawing, CDC 

and FC assays were performed simultaneously using the same PBMC sample as the HLA target 

(Table 2.3).  
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2.2.3. Control Reagents in Cell-Based Assays 

Positive control serum was a pool of patient serum with HLA antibodies against Bw4 or Bw6 

epitopes and were used as positive controls in every CDC and FC test. Negative control serum 

was pooled serum from 8 non-immunised males. Medium control was Iscove’s modified 

Dulbecco’s medium (IMDM) containing 10% FCS. This was used as an alternative negative 

control as it was the buffer used for dilution of monoclonal antibodies in FC and CDC assays. 

HLA-specific controls were human monoclonal HLA antibodies specific to the HLA in 

question, in the form of supernatants taken from hybridomas. Specific positive controls were 

used at a concentration of 10 μg/ml in every CDC test to confirm the expression of target HLA 

on the PBMCs. 

2.2.4. Luminex Assays 

All antibodies were tested for specificity against HLA class I molecules using LABScreen 

single antigen beads (SABs) (OneLambda, Cat. #LS1A04) following the suggested protocol 

(One Lambda, Canoga Park, CA, USA). In brief, mAbs were incubated with LABScreen SABs 

for 30 minutes on a rocker, washed with wash buffer (OneLambda, Cat. #LSPWABUF) and 

subsequently incubated with PE-conjugated anti-human IgG detection antibody (OneLambda, 

Cat. #LS-AB2) for a further 30 minutes. Samples were washed three more times before data 

collection. The ability of antibodies to fix complement protein C1q was measured using 

C1qScreen (OneLambda, Cat. #03C1Q). In brief, mAb, C1q and SABs were combined into 

one tube and gently rocked for 20 minutes before the addition of the provided PE-conjugated 

anti-C1q antibody. Samples were incubated for a further 20 minutes before being washed and 

analysed. Data collection was carried out on the Luminex 200 machine using xPOENENT 

software. Data analysis was carried out using OneLambda Fusion 4.1 software, referenced 

against the negative control beads and samples. 

2.2.5. Flow Cytometry Assays 

5 x 105 HLA-typed PBMCs as isolated in section 2.2.2 were incubated with 25 μl mAb or 

control for 30 minutes at RT. After washing three times with cold PBS, samples were stained 

with PE-conjugated mouse anti-human CD3 (clone:SK7; BD Biosciences, the Netherlands) 

and FITC-conjugated rabbit anti-human IgG F(ab’)2 (Dako, Leiden, the Netherlands) in the 

dark, at 4 °C, for 30 minutes. Following two more washes, cells were fixed with 1% 

paraformaldehyde and acquired on an Accuri C6 flow cytometer (BD Biosciences). Only PE-
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positive cells (T-cells) were analysed for each sample (Appendix 8). Interactions were 

considered positive if the ratio of FITC MFI between that of the test sample and negative 

control was greater than 1.6. PBMC FC assays were designed and planned by me and carried 

out by Gonca Karahan at Leiden University Medical Center. 

2.2.6. Complement-Dependent Cytotoxicity Assays 

1 μl of mAb or control antibody were added to triplicate wells in a pre-oiled 60-well Terasaki 

microtiter tray (Greiner, the Netherlands). 1 μl HLA-typed PBMCs were added to each well at 

a concentration of 3000 cells/μl and incubated at RT for 1 hour. 5 μl rabbit complement (Inno-

train, Kronberg, Germany) was added to each well and incubated for a further 1 hour at RT. 

To visualise cytotoxicity, 5 μl propidium iodide (Sigma) was added to each well and incubated 

in the dark for 15 minutes. Microtiter trays were scanned by an automated inverted microscope 

(Leica DMI 4000B) and images were taken using microscope imaging software Leica QWin 

Patimed 2 V2.9.1 (Leica Microsystems, Switzerland). The reactivity in each tray was scored 

according to the percentage of dead cells: 0-10 % scoring 1, 10-20 % scoring 2, 20-40 % 

scoring 4, 40-80 % scoring 6 and 80-100 % scoring 8. CDC assays were designed and planned 

by me and carried out by Gonca Karahan at Leiden University Medical Center. 
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2.3. Materials and Methods for Chapter 4 
 

2.3.1. Reagents and Consumables 

Accutase enzyme cell detachment medium (eBioscience, Cat. #00-4555-56), Autoradiography 

film, UltraCruz (Santa Cruz, Cat. #sc-201696), Bromophenol blue sodium salt (Fluka, Cat. 

#18740), Casein (Acros Organics, Cat. #276071000), Cell dissociation buffer, enzyme-free 

(Gibco, Cat. #13151-014), Collagenase Type II (Gibco, Cat. #17101-015), Dimethyl 

sulphoxide (DMSO; Sigma, Cat. #D8418), 1,4-Dithiothreitol (DTT; Sigma, Cat. 

#10197777001), Endothelial cell growth supplement (ECGS; Fisher, Cat. #CB-40006B), 

Epidermal growth factor, Human (hEGF; Miltenyi Biotech, Cat. #130-093-825), Foetal calf 

serum (FCS; Hyclone, Cat. #SH30070-03), Gelatin (Sigma, Cat. #G1890), Heparin sodium salt 

(Sigma, Cat. #H3149), Histamine (Sigma, Cat. #H7125), Medium 199 (Corning, Cat. #10-060-

CVR), Milk, Marvel Dried (Premier Foods Group Ltd, London, UK), Nitrocellulose membrane 

0.45 μm (Bio-Rad, Cat. #1620115), Nonidet P-40 substitute (NP-40; Fluka, Cat. #74385), NP-

40 lysis buffer (Alfa Aesar, Cat. #J62805), Paraformaldehyde (PFA; Alfa Aesar, Cat. 

#043368), Penicillin-streptomycin (Sigma, Cat. #P0781), Phorbol 12-myristate 13-acetate 

(PMA; Cambridge Bioscience, Cat. #10008014), phenylmethylsulphonyl fluoride (PMSF; 

Alpha Diagnostic, Cat. #PMSF16-S), Ponceau S solution (Sigma, Cat. #P7170), Protease and 

phosphatase inhibitor mini tablets, Pierce (Thermo Scientific, Cat #88669), Proteome profiler 

human phosphokinase array kit (R&D systems, Cat. #ARY003B), Sodium dodecyl sulphate 

(SDS; Sigma, Cat. #L4509), Sodium pyruvate (Gibco, Cat. #11360-070), Thrombin (Sigma, 

Cat. #T7326), TMB Substrate reagent pack (R&D, Cat. #DY999), TMB Western lightning 

ECL pro (PerkinElmer, Cat. #NEL121001EA), Triton X-100 (Sigma, Cat. #T8787), Trizma 

base (Sigma, Cat. #T6066), Trypsin-EDTA solution, 0.25% (Sigma, Cat. #T4049), Tumour 

necrosis factor α (TNFα; Peprotech, Cat. #300-01A). 

2.3.2. Antibodies and Controls 

Akt, pan (Cell Signalling, Cat. #4691), Akt, Phospho-473 (Cell Signalling, Cat. #4060), Α-

tubulin (Cell Signalling, Cat. #2144), CD31/PECAM-I-Biotin (eBioscience, Cat. #MA1-

82378), ERK1/2, pan (Cell Signalling, Cat. #4695), ERK1/2, Phospho-202/204 (Cell 

Signalling, Cat. #4370), ICAM-1/CD54 (Cell Signalling, Cat. #4914), IgG1, κ isotype control, 
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human (Abcam, Cat. #ab206198), IgG1, λ isotype control, human (Abcam, Cat. #ab206203), 

IgG2a isotype control, mouse (Abcam, Cat. #ab18414), anti-human IgG-biotin (Bio-Rad, Cat. 

#STAR126B), anti-mouse IgG-FITC (Bio-Rad, Cat. #STAR70), anti-mouse IgG-HRP (Cell 

Signalling, Cat. #7076), anti-sheep IgG-HRP (R&D, Cat. #HAF016), P-Selectin/CD62P 

(Abcam, Cat. #ab6632), P-Selectin/CD62P (R&D, Cat. #AF137), Streptavidin-APC* 

(Thermo, Cat. #SA1005), VCAM-I (Cell Signalling, Cat. #13662), Vinculin (Cell Signalling, 

Cat.  #4650). 

2.3.3. Primary Endothelial Cell Isolation 

Porcine renal artery tissues were provided by Dr. Sarah Hosgood at University of Cambridge 

Department of Surgery, where they had been dissected from an ex vivo perfused kidney. Human 

aortic tissue was received from the Cambridge Biorepository for Translational Medicine after 

procurement from DBD or DCD donors and stored at 4 °C in PBS or University of Wisconsin 

solution before processing. All tissues were acquired under full ethical approval as per section 

2.1.3. Vascular tissue was placed into a petri dish containing pre-warmed PBS under a 

Microflow biological safety cabinet and was cut laterally to open the vessel into a flat sheet. 

Adventitia was removed from the outer layer of the vessel and the remaining tissue was rinsed 

to remove debris and erythrocytes. Tissue was placed endothelial side down into a new dish 

containing pre-warmed cell dissociation buffer (0.2 % (w/v) collagenase in 1:1 PBS/M199) 

and left to digest at 37 °C for 15 minutes. The digestion reaction was removed from the 

incubator and the endothelial side of the tissue was sprayed with 20 ml enriched endothelial 

cell growth media (EECGM; M199, 20 % HI FCS, 1 % sodium pyruvate, 36 μg/ml ECGS, 

2400 U heparin, 0.1 μg/ml EGF) using a syringe connected to a 27-gauge needle. Media and 

dissociated cells were transferred into a 50 ml falcon tube and centrifuged at 300 x g for 7 

minutes. Supernatants were discarded and the cell pellet was re-suspended in 15 ml EECGM 

before being equally transferred into each well of a 6-well gelatinised plate. After 24 hours, 

cells were rinsed with M199 medium to remove debris before addition of 2 ml EECGM per 

well. HAoEC patches were observed daily, where images were taken using an Olympus IX81 

microscope. 1 ml of EECGM media was replaced every other day while the cells grew to 

confluence. 
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2.3.4. Cell Culture 

Primary human aortic endothelial cells (Table 2.4) isolated in-house or purchased in vials at 

passage 2 (Promocell GmbH, Cat. #C-12271) were cultured in EECGM or endothelial cell 

growth medium MV (Promocell GmbH, Cat. #C-22020), respectively. Human umbilical vein 

endothelial cells (HUVEC; Promocell GmbH, Cat. #C-12200) and smooth muscle cells (SMC; 

Promocell GmbH, Cat. #C-12533) were cultured in endothelial cell growth medium (Promocell 

GmbH, Cat. #C-22010) or smooth muscle cell growth medium 2 (Promocell GmbH, Cat. #C-

22062) respectively. Frozen cells were thawed for 2 minutes in a 37 °C water bath, washed 

with PBS, and pelleted via centrifugation at 300 x g for 5 minutes. Cells were re-suspended in 

growth media and seeded into T75 flasks which had been pre-coated with 0.2 % gelatin for 

>30 minutes. Cells were incubated at 37 °C, 5 % CO2 in Sanyo O2/CO2 incubators where they 

were monitored daily with replenishment of media every 2-3 days. Once cells had reached 85 

% confluence, media was removed from flasks and cells were washed with 10 ml 1 X PBS. 3 

ml 0.25 % Trypsin-EDTA was added to the flask and incubated until cells were observed to 

dissociate under a Leitz Labovert FS microscope. After dissociation from the flask, 10 ml 

FCS/PBS (1:10) was added to flasks to inhibit trypsin activity. Cells were transferred into a 15 

ml falcon tube and pelleted by centrifugation at 300 x g for 5 minutes. Supernatant was 

discarded and pellets were washed with 1 X PBS before being re-pelleted via centrifugation. 

Pelleted cells could then either be re-suspended in growth media and continually cultured or 

frozen for storage. To freeze cells, cell pellets were resuspended in freeze media (50 % FCS, 

40 % M199, 10 % DMSO) to a concentration of 1 X 106 cells/ml. Cells were transferred into 

cryovials and placed into a Cryo 1°C Freezing Container (Nalgene, Cat. #5100-0001) and 

stored at -80 °C for 24 hours before transferral into a liquid N2 Dewar for long-term storage. 

Unless stated, cells used for experiments were grown to 80 % confluence at passage 3-6 and 

were never left to exceed passage 6 to limit cell differentiation and sub-culturing effects. If 

starvation was needed, growth media was removed from plates, washed with 1 x PBS, and then 

replaced with starvation media (in-house-isolated HAoEC = M199+0.2% HI FCS, commercial 

cells = growth/basal media with adjusted FCS concentration to 0.2% and no addition of 

provided growth supplements) 6 hours to overnight prior to treatment. 
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2.3.5. Flow Cytometry 

For analysis of cell surface molecules via flow cytometry, cells were removed from culture 

flasks through trypsinisation, incubation with accutase or with enzyme-free cell dissociation 

buffer. Pelleted cells were washed with FACS buffer (1 X PBS, 0.1 % BSA, 0.01 % Tween-

20) and transferred into microfuge tubes. Cells were blocked with FcR blocking reagent 

(Miltenyi Biotech, Cat. #130-059901) at a 1:50 dilution in FACS buffer, for 20 minutes, on ice 

prior to centrifugation and washing. Primary and secondary antibody incubations were carried 

out for 30 minutes on ice, proceeded by three washes with FACS buffer following each 

incubation step. Cell samples were analysed on a BD FACSCanto II instrument using BD 

FACSDiva software. Analysis of data was carried out using FlowJo V10 software. 

2.3.6. Cell Lysate Preparation, SDS-PAGE and Western Blot 

Adherent treated cells were lysed on ice by direct addition of NP-40 lysis buffer (25 mM Tris 

pH 8.0, 150 mM NaCl, 1 % NP-40/Triton-X, 1 X PMSF, 1 inhibitor cocktail tablet per 10 ml) 

and scraping. Lysates were transferred into microfuge tubes and incubated on ice for >20 

minutes before centrifugation at 13,000 rpm, at 4 °C, for 10 minutes to pellet cell debris. 

Supernatants were transferred into new tubes and lysate protein concentrations were analysed 

via BCA protein assay kit and the provided albumin standard. Samples were either used 



 
 

45 
 
instantly or frozen at -20 °C for later use. To carry out SDS-PAGE, consistent amounts of cell 

lysate (generally 10-20 μg) was mixed with 4X gel loading buffer (200 mM Tris pH 6.8, 400 

mM DTT, 8 % SDS, 0.4 % Bromophenol Blue, 40 % Glycerol), incubated for 3 minutes at 100 

°C on a heat block and loaded into each well of a 4-20 % Mini-Protean TGX stain-free pre-

cast SDS gel (Bio-Rad Laboratories, Hercules, CA, USA). Gels were run at 120 V until the 

dye reached the end of the gel. For total protein staining, gels were rinsed with ddH2O and 

incubated with SimplyBlue SafeStain (Invitrogen, Cat. #LC6060) for 2 hours followed by de-

staining in ddH2O for 24 hours. Images of gels were taken using a Syngene Ingenius 3 camera 

using GeneSys software. For observing individual protein expression/phosphorylation, western 

blot analysis was used. To do this, separated protein within SDS-gels was transferred on to 

nitrocellulose membrane via western transfer using the mini Trans-Blot cell (Bio-Rad 

Laboratories, Hercules, CA, USA). Samples were transferred at a voltage of 90 V for 90 

minutes using 1 X transfer buffer (10 % methanol, 190 M glycine, 25 mM Tris, pH 8.3). 

Transfer success was observed via staining of membrane-bound protein with ponceau S 

solution. Ponceau stain was removed by washing with 1 X TBS-T (TBS; 50 mM Tris, 150 mM 

NaCl, pH to 7.5. TBS-T; TBS + 0.1 % Tween-20) and membranes were blocked with 5 % BSA 

in TBS-T for 1 hour before addition of primary antibody and incubation overnight, on a rocker, 

at 4 °C. The next day, membranes were washed 4 times with TBS-T for 5 minutes before the 

addition of HRP-conjugated secondary antibody in 5 % milk in TBS-T. After gentle rocking at 

RT for 1-2 hours wash steps were then repeated before membranes were incubated with 5 ml 

ECL substrate per membrane for 3 minutes. The presence of luminescent bands (target protein) 

was visualised via exposure to autoradiography film and/or using the ChemiDoc MP imaging 

system (Bio-Rad Laboratories, Hercules, CA, USA). Densitometry analysis of bands was 

carried out using ImageJ software. 

2.3.7. Cell-Based ELISA Assay 

To analyse the level of cell surface markers in response to treatment, cell-based enzyme-linked 

immunosorbent assays (ELISA) were utilised. 6 x 103 HAoECs were seeded into gelatin-coated 

96-well tissue culture-treated plates and left to reach 100 % confluence before treatment. 

Directly after treatment, wells were washed once with 200 μl PBS and cells were fixed by 

incubation with 4 % paraformaldehyde at RT for 5 minutes before a further 2 washes. For 

permeabilisation of cells (total cellular protein), wells were incubated with 100 μl PBS + 0.1 

% Triton-X 100 for a further 5 minutes. All wells were blocked with 5 % BSA in PBS for 1-2 
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hours at RT. 100 μl of the primary antibody in 5 % BSA/PBS (+0.1 % Triton-X 100 for total 

protein) was added to each well before being gently rocked at 4 °C overnight. Wells were 

washed 3 times with PBS before incubation with HRP-conjugated secondary antibody in PBS 

on a rocker at RT for 1-2 hours. Wells were washed a further 3 times before output detection 

via addition of 100 μl TMB substrate per well. To measure the levels of target protein for each 

well in response to treatment, the occurrence of precipitate was measured over time or at an 

endpoint using a FLUOstar OPTIMA microplate reader. For the kinetic assay, absorbance at 

OD620 (blue) was used, whereas the end-point measurement quantified the absorbance at OD450 

(yellow) upon addition of 100 μl stop solution (160 mM H2SO4). 
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2.4. Materials and Methods for Chapter 5 
 

2.4.1. Patient Serum Sample Acquisition 

Aliquots of human serum samples were taken from a cohort of patients within Addenbrooke’s 

hospital that were undergoing immunological risk assessment in preparation for a future 

transplant and/or immune monitoring for the occurrence of DSA post-transplant. Samples were 

selected based on their HLA reactivity and MFI output when analysed via Luminex SAB which 

was routinely carried out within the Addenbrooke’s Hospital Histocompatibility and 

Immunogenetics Laboratory. All samples taken for research were under full ethical approval 

as per section 2.1.3. 

2.4.2. Alexa Fluor™ 647 Labelling of HLA Monomers 

100 μg of HLA monomer was aliquoted into a microcentrifuge tube. Buffer exchange was 

required in cases where proteins are stored in amine-containing solutions e.g., Tris. Here, 

samples were added to a 3 kDa Amicon® Ultra 0.5 ml centrifugal filter device (Merck, 

#UFC500324), where PBS was added in sequential concentration steps until the end 

concentration of original storage buffer was below 1 %. The pH of the HLA-containing 

solution was adjusted to 8.3 by addition of 1 M NaHCO3 to a final concentration of 200 mM 

(1 in 5 dilution). Alexa Fluor 647 (AF647) N-hydroxysuccinimide ester (ThermoFisher 

Scientific, #A37573) was then added to a molar ratio of 1:3 (HLA to fluorophore) before being 

incubated at room temperature for 1 hour. The incubated labelling reaction was subject to size 

exclusion chromatography (SEC) using an ÄKTA pure system (Cytiva, Marlborough, MA, 

U.S.A) attached to either a Superdex 75 Increase 3.2/300, Superdex 75 Increase 10/300, or 

Superdex 200 Increase 10/300 column (Cytiva, Marlborough, MA, U.S.A). Here, PBS at pH 

7.4 was used as the buffer at a flow rate of 0.1 ml/min (3.2/300 column) or 0.5 ml/min (10/300 

column), where fractions were collected every 100 μl or 500 μl, respectively. Fractions were 

analysed via SDS-PAGE and microfluidic diffusional sizing (MDS) to select the desired 

fractions, which were then pooled. Pooled fractions were concentrated to a volume between 

80-120 μl using a 3 kDa Amicon® Ultra 0.5ml centrifugal filter device before being further 

purified using a 7 k MWCO Zeba™ Spin desalting column (ThermoFisher Scientific, Cat. 

#89882) to remove any further free label that may have not been purified away via SEC. The 
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now labelled, purified, and concentrated HLA sample was quantified by Nanodrop using the 

extinction coefficient calculated from the full protein sequence (Equation 1). Proteins were 

either used straight away or aliquoted, flash frozen in liquid nitrogen, and then stored at −80 

°C in PBS pH 7.4 + 10% Glycerol. 

2.4.3. Microfluidic Diffusional Sizing 

Samples containing the desired concentrations of labelled protein and unlabelled interaction 

partner(s) were prepared in microcentrifuge tubes and were made up to a total of 18 μl using a 

standard buffer of PBS, pH 7.4 supplemented with 0.2 % Tween-20. Samples were incubated 

on ice, in the dark, for a minimum of 60 minutes to enable interaction equilibrium to be reached. 

For MDS analysis, the Fluidity One-W (Digby model; Fluidic Analytics, Cambridge, U.K.) 

was used, where 5 μl of sample was added to the pedestal of a microfluidic chip (Fluidic 

Analytics, #1003-90003). This chip was then inserted into the instrument where samples were 

run at the required flow rate (1-8 nm or 50 μl/hr for HLA class I, 2-20 nm or 20 μl/hr for HLA 

class II) to yield the average hydrodynamic radius (RH) of the labelled protein/complex. 

2.4.4. MDS Background Fluorescence Correction 

To account for the background autofluorescence of serum and/or other autofluorescent 

samples, tubes were prepared containing 100 %, 50 % and 25 % serum, containing 0.2 % 

Tween-20 and diluted in PBS-T where necessary. These samples were analysed by MDS in 

triplicate, whereby a standard curve was created by plotting the fluorescence intensities 

measured in each diffused/undiffused channel for each serum concentration. Upon acquisition 

of sample data, background fluorescence in both diffused and undiffused chambers was 

corrected for by deducting the standard curve-extrapolated autofluorescence values for that 

specific concentration of sample from the raw fluorescence values output by MDS, prior to 

data analysis. The python script used for background fluorescence correction was created by 

Sean Devenish at Fluidic Analytics Ltd. 

2.4.5. Interaction Stoichiometry Determination via MDS 

To determine the stoichiometry of an interaction, samples containing 100 nM AF647-labelled 

HLA (conc. needs to be significantly above KD) were incubated with a dilution series of mAb, 

between 0-250 nM, and analysed by MDS in triplicate. Plotting a graph of hydrodynamic radius 

against antibody concentration yields a saturation curve, where the ratio of antibody to antigen 
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at the concentration which results in the curve becoming saturated (or ‘kinked’) directly 

determines the stoichiometry of the interaction (Equation 2). 

 

2.4.6. Interaction Affinity Determination – Equilibrium Binding Curve 

To determine the affinity of an Ab-HLA interaction via generation of a full binding curve, 

individual samples containing the desired concentration of AF647-labelled HLA (conc. needs 

to be below KD) were incubated with one concentration of a two-fold dilution series of antibody 

before being analysed by MDS in triplicate. In cases where serum was used, the background 

autofluorescence of serum was measured in the absence of labelled protein and used to correct 

the raw MDS data as stated in 2.4.4. Data which spanned the entire binding curve (from 

minimum to maximum hydrodynamic radius) was plotted on a graph of hydrodynamic radius 

against antibody concentration. Binding curves were fitted using Prism 9 software (GraphPad 

Software, San Diego, CA, U.S.A) using equation 4 (see Appendix 3 for derivation), assuming 

this interaction follow the principles of a binary reaction model as depicted in equation 3. From 

this the equilibrium dissociation constant (KD) could be deduced. 
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2.4.7. Interaction Affinity Determination – MAAP 

Samples were prepared using varying ratios of AF647-labelled HLA (1-500 nM) and antibody-

containing sample (0-90 %) before being analysed by MDS in triplicate. In cases where serum 

was used, the background autofluorescence of serum was measured in the absence of labelled 

protein and used to correct the raw MDS data as described in section 2.4.4. The concentration 

of antibody binding sites, [Ab], and equilibrium dissociation constant, KD, were determined 

using Bayesian analysis using sequential MDS measurements until the 95% confidence 

intervals of the -log value for each parameter were constrained within 0.5 of each other (or as 

constrained as the values could be within the limitations of the experiment). The complete 

method and equations derived for determination of these parameters is protected under patent 

application number (PCT/GB2021/051244, filed on 21/05/21, Appendix 17). The python script 

developed for MAAP was created by Dr. Catherine Xu and Dr. Georg Meisl in the University 

of Cambridge Department of Chemistry.
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Chapter Three 

Assessment of Alloantibody-HLA 

Interactions: The Role of Antibody 

Affinity and Concentration 
 

3.1. Introduction 
 

Alloimmunity occurs following a priming event such as a blood transfusion, pregnancy and/or 

transplantation, where a person is exposed to non-self HLA. Should this exposure result in 

allorecognition of an epitope by the BCR [157, 158], an alloimmune response may be induced 

which results in the production of mature, developed antibodies through processes of clonal 

selection and affinity maturation, from which an antibody gains its specificity for the 

recognised antigen [88, 89, 160-163]. Once DSAs are secreted from the immune cells into the 

blood, they will remain circulating within the vascular system to carry out their specific 

functions whilst their titres naturally decline over time, a process known as resolution. To add 

further complexity, conservation of structural topographies between HLA molecules may 

enable an antibody that is primed against one antigen to recognise other antigens due to 

similarities in the physiochemical properties of epitopes at their surface. Thus, one sensitisation 

event has the capability to build immunity against multiple HLA molecules [197]. Should a 

sensitised individual receive a graft in which the donor-expressed HLA can be recognised by 

their resident antibodies, this could lead to antibody-mediated rejection and potentially loss of 

the graft. To prevent this situation from occurring, the antibodies present within a recipient’s 

sera need to be analysed prior to transplant to determine which donor HLA molecules should 
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be avoided [198-209], whilst regular immune monitoring aids in the detection of any DSAs 

that may necessitate intervention to prevent graft damage post-transplantation [210-212]. 

To charaterise DSAs present in a patient’s blood, various antibody assessment assays, such as 

Luminex single antigen beads (SAB), enzyme-linked immunosorbent assay (ELISA), flow 

cytometry (FC), and complement-dependent cytotoxicity (CDC) have been developed. 

Luminex, ELISA and FC assays aim to detect the presence and specificity of any anti-HLA 

Abs, where assay outputs are determined by the antibody’s ability to recognise and specifically 

bind to its antigenic targets governed by its Ig Fab regions. CDC assays measure the ability of 

these alloantibody-HLA interactions to induce cytotoxic death through complement 

engagement [28]. Outputs of CDC assays are not only reliant on the establishment of a stable 

interaction between HLA and the antibody’s Fab region but are additionally dependent on the 

ability of the Ig’s Fc region to fix complement, where immunoglobulin class/subclass identity 

and Fc glycosylation have been documented to influence an antibody’s complement-fixing 

capabilities [94]. Implementation of HLA-specific antibody analyses and immunological risk 

assessment have had a significant impact on transplant outcomes by limiting the risk of 

rejection due to detection of pre-existing immunity. Nevertheless, donor HLA recognition post-

transplant and development of AMR remains a major cause of graft loss [225]. Due to the 

limitations of currently available assays, such as sensitivity, interpretation of assay outputs is 

not always standardised and vary between laboratories. For example, it cannot currently be 

determined with confidence whether an antibody-HLA interaction that yields a positive output 

in Luminex SAB, but also measured to be negative in cell-based assays, is due to the presence 

of clinically irrelevant antibodies at a high titre (e.g., due to cross-reactivity or non-specific 

binding), or due to clinically significant antibodies at a titre below the threshold for CDC 

detection [226]. This means that should a patient receive an organ where the latter scenario is 

applicable, a secondary immunological-memory response against the donor-expressed 

antigen(s) may be induced after transplantation, potentially resulting in graft injury and 

rejection. In addition, most assays detect the presence of DSAs using a reporter antibody that 

does not discriminate between IgG subclasses, and therefore does not provide any information 

on effector functions that is governed by antibody subclass [227]. 

To understand the importance of individual AlloAb-HLA interactions and delve further into 

the biological function of antibodies and the properties that determine whether an interaction 

is clinically significant, selected AlloAb-HLA interactions were analysed to establish the role 



 
 

53 
 
of interaction affinity on their ability to carry out specific effector functions. Initially, 

experiments were designed to uncover the unique specificity of various purified human 

monoclonal anti-HLA antibodies (mAbs). Upon selection of individual interactions to be 

assessed, an optical analytical method called biolayer interferometry (BLI) was adapted to 

enable the quantification of the kinetics associated with each interaction. BLI works by 

detecting the changes in wavelength of reflected light from the optical sensor’s contact surface, 

which is directly proportional to the amount of organic material bound to it [228] (Figure 

3.1.A). Using this principle, the association and subsequent dissociation of free protein from 

its binding partner immobilised to the surface of the optical sensor can be measured over time 

(Figure 3.1.B, C). From this, the association rate, kon, dissociation rate, koff, and affinity 

constant, KD, of the interaction can be deduced. Analysing these same interactions using the 

immunoassays that are implemented in clinic for antibody-related immunological risk 

assessment (FC, Luminex and CDC assays) enables the binding and complement-fixing 

abilities of each interaction to be established. Using this approach, the main purpose of this 

study was to broaden our understanding around the fundamental parameters of antibodies that 

underpin immunoassay output, thus enabling us to identify which areas of study can be 

developed to help improve how we interpret the assays used for HLA-specific antibody 

assessment. 
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3.2. Results 
 

3.2.1. Screening of Alloantibody-HLA Interactions 

Human monoclonal immunoglobulins, previously documented to bind HLA class I molecules 

and induce cytotoxicity in vitro were characterised as part of an international histocompatibility 

workshop (data not shown). Individual Abs were selected based on their ability to induce 

cytotoxic death of donor lymphocytes, were of IgG1 isotype, and were previously shown to 

bind HLAs that could be obtained in purified, soluble, recombinant form. To identify 

interactions of interest that could be taken forward for further assessment, selected monoclonal 

antibodies were preliminarily screened using Luminex class I SABs to determine their 

reactivity, and then via biolayer interferometry to gain an estimate of the kinetics that underpin 

the observed binding event. 

3.2.1.1. Screening Antibody Reactivity against HLA Class I via Luminex Single Antigen 

Beads 

Monoclonal antibodies were assessed via Luminex assay at a concentration of 1 μg/ml using 

class I SABs to reveal their unique HLA binding profiles so that interactions of interest could 

be identified. All antibodies displayed high reactivity against their sensitising antigen (>20,000 

MFI), however their ability to recognise non-priming HLA molecules varied (Figure 3.2, 

Appendix 1). Where cross-reactivity was observed, the non-immunising antigens were often 

found to contain a potential common CREG with that of the priming antigen (Appendix 2). 

WIM8E5, OUW4F11 and WK1D12 were revealed to be the most cross-reactive antibodies, 

where the differing MFI values generated against HLAs within the class I SAB panel 

demonstrated the varying ability of each antibody to recognise non-priming antigens. 

SN607D8, SN230G6 and GV5D1 showed a narrower range of reactivity against class I SABs, 

generating positive MFI values against <10 SABs each. BVK1F9 was the only antibody found 

to have a unique specificity for its sensitising antigen, B*08:01 (MFI=24,653), without 

displaying cross-reactivity to any of the other antigens assessed within the SAB class I panel. 
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WIM8E5 generated positive MFIs (>1,500) against 33 of the 97 (34%) HLA molecules 

assessed (HLA-A=28, HLA-B=2, HLA-C=3). Along with its sensitising antigen, HLA-A11 

(MFI: A*11:01=22,900; A*11:02=24,550), WIM8E5 showed the substantial ability to bind 

other HLA molecules that share epitopes within 1C/A1C/1C2/1C3 and 10C/28C CREG 

assignments (Figure 3.3). WIM8E5 was discovered to have considerable reactivity against 

HLA-A2 (MFIs: A*02:01=12,609; A*02:03=12,390; A*02:06=13,307), despite there being no 

assigned CREG that is shared between HLA-A2 and its priming antigen HLA-A11. HLA-A2 

does however share epitopes with members of the HLA-A9 and HA-A28 broad serotypes 

within the 2C/A2/2C2 CREG assignments, which along with HLA-A11 are also assigned to 

the 1C/1C2 and 10C/28C CREGs, respectively. The lesser magnitude MFIs produced against 

beads expressing HLA alleles from the HLA-A9 and HLA-28 broad serotypes (HLA-A9: 

A*23:01=11,753; A*24:02=9,233, A*24:03=5,458, and HLA-A28; A*68:01=20,594, 

A*68:02=10,760, A*69:01=11,372) were comparable to that of HLA-A2 SABs in that many 

they could generate positive yet non-saturating MFIs. This suggests that WIM8E5 may 

recognise an unassigned epitope that is partially conserved across HLA-A11, HLA-A2, HLA-

A9 and HLA-28 molecules, offering a potential explanation as to why this antibody is able to 

recognise antigens that are otherwise distinctly dissimilar to that of its sensitising antigen. 

OUW4F11 displayed the widest range of reactivity against Class I SABs, generating positive 

MFIs against 39 (40%) of the SABs, to which all were either HLA-B or -C alleles (Figure 3.4: 

HLA-B=30, HLA-C=9). All but one interaction involving HLA-B molecules belong to the 

Bw6 classification, where the only positive interaction against a Bw4-expressing bead 

(B*27:08) was measured to have a very low positive MFI value of 2,478. OUW4F11’s 

interactions with beads containing the sensitising antigen, B*08:01, were able to generate 

saturating MFI levels (MFI=24,513), whilst cross-reactive interactions were observed to 

generate significantly decreased MFIs, all <20,000. WK1D12 antibodies were also found to a 

have a specificity for HLA-B antigens (Figure 3.5: HLA-A=1, HLA-B=12, HLA-C=1), where 

a broadly conserved epitope on its priming antigen, B*07:01, enables the antibody to recognise 

antigens from both Bw4 and Bw6 classifications. Unlike OUW4F11, WK1D12 was able to 

generate MFI values against cross-reactive HLAs like that of its sensitising antigen at this 

antibody concentration (B*07:02=20,666, B*27:08=20,654, B*40:01=21,488, 

B*40:02=20,389, B*81:01=21,336), suggesting a high conservation of the epitope between 

these molecules. When observing the narrower reactivity of GV5D1 (Figure 3.6.A), it was 

found to generate significant MFIs against its sensitising antigen (A*01:01=21,559), however 
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the MFIs generated against its three cross-reactive antigens within the 1C/A1C/1C2 CREG 

were significantly reduced (A*23:01=16,016, A*24:02=16,728, A*80:01=4,776). GV5D1’s 

interaction with B*15:12-expressing beads was also noteworthy (MFI=7,029), although HLA-

B*15:12 does not belong to this CREG and suggests a potential false positive measurement 

and/or an unassigned epitope that may be responsible for the initial priming event. SN230G6 

and SN607D8 also displayed cross-reactive properties, but unlike the antibodies discussed 

above, all positive MFI values generated were measured at saturating levels like that of the 

sensitising antigen. This suggests that these antibodies recognise a highly conserved epitope 

present on both the sensitising and cross-reactive antigens (Figure 3.6.B-C). One interesting 

observation was the differing reactivity patterns of SN230G6 and SN607D8 despite being 

isolated from the same post-natal individual following two distinct A*02:01 sensitising events. 
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3.2.1.2. Screening Interaction Affinity via Biolayer Interferometry 

Luminex-positive AlloAb-HLA interactions were selected to be further assessed via kinetic 

analysis using biolayer interferometry based on the availability of HLA reagents (Table 2.1). 

50 μg/ml HLA was incubated with antibody immobilised to a sensor surface where the 

association (kon) and dissociation (koff) rates were measured and used to gain an estimation of 

the interaction affinity (KD) (Figure 3.7, Table. 3.1). A total of 38 interactions were screened 

across the seven different antibodies combined. The KD was successfully acquired for 24 

interactions, with values ranging between 3.4 x 10-8 and 5.9 x 10-6 M (Figure 3.7, black 

sensorgrams). 14 interactions were unable to generate responses >0.06 nm and/or produced 

largely heterogenous sensorgrams and so could not be used to accurately determine the 

association, dissociation, and affinity constants (Figure 3.7, red sensorgrams). 

Interestingly, interactions observed to be unquantifiable due to low BLI responses were also 

unable to generate Luminex SAB MFIs >17,000, whilst most of the quantified interactions 

produced MFI values beyond this mark. In cases where lower response sensorgrams were able 

to produce quantifiable sensorgrams, these binding events were measured to have weaker 

affinities despite possessing the potential to generate larger MFI values on Luminex (e.g. 

A*01:01-GV5D1; r=0.0714, KD=1.6 μM, MFI = 21,559). Moving forward, several interactions 

representative of the varying outputs of Luminex and/or BLI screening methods for each 

individual antibody were selected for further, more in-depth analysis (Table 3.1, grey shading). 

Further optimisation of the BLI method also needs to be carried out to enable reliable 

quantification of interaction affinity as well as to be able to obtain quantifiable kinetic analysis 

of those interactions in which lower responses were observed. 
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3.2.2. Development of an Optimised Method for the Assessment of 

Alloantibody-HLA Binding Kinetics using Biolayer Interferometry 

To efficiently measure individual AlloAb-HLA interaction kinetics using BLI technology, an 

optimised assay needed to be established. It should be noted that the kinetic values obtained 

during optimisation experiments are not comparable to subsequent kinetic analysis 

experiments involving the same interactions. This is due to minimal controls being used in 

optimisation assays to maximise cost-efficiency. 

3.2.2.1. Optimisation of BLI Sensor Loading Density 

For an interaction to be measured, one of the interacting proteins needs to be immobilised to 

the sensor’s surface so that the occurrence of an interaction can be clearly detected upon 

exposure to its interacting partner free in solution. Too much immobilised protein can lead to 

crowding, steric hindrance, aggregation, mass transport issues, and/or increased non-specific 

binding due to the need for a higher analyte concentration, whereas too little immobilised 

ligand may result in an undetectably low signal. To establish a threshold at which the amount 

of ligand immobilised to each sensor would give reliable, high quality, analysable data, the 

affinity of HLA-A11 to anti-human IgG Fc (AHC) sensors loaded with varying amounts of 

WIM8E5 was measured. Here, sensors were either incubated with BLI buffer containing 1 

μg/ml, 0.75 μg/ml, 0.5 μg/ml, 0.375 μg/ml, 0.25 μg/ml, or 0.125 μg/ml antibody for a time of 

500 seconds, or a fixed concentration of 1.5 μg/ml WIM8E5 was used to differentially load the 

sensors by incorporating thresholds of 1.0 nm, 0.8 nm, 0.6 nm, 0.4 nm, and 0.2 nm (Figure 

3.8.A-B). Decreasing the amount of loaded ligand in both experiments caused a reduction in 

the signal response and a lower KD output to be determined (Figure 3.8.C-D). Analysis of the 

sensorgrams for visual cleanliness and optimal curve fitting resulted in the decision for all 

future kinetic characterisation experiments to be run at a loading density of 0.6nm, where a 

loading threshold would be used to enable better control of sensor loading. 
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3.2.2.2. Optimisation of Ligand Loading Concentration 

To control the amount of ligand that is loaded onto the sensor surface, an optimal concentration 

of protein needed during the loading step needed to be determined. To do this, parallel sensors 

were dipped into their corresponding wells containing a 2-fold dilution series of ligand, from 

3.00 μg/ml to 0.19 μg/ml, for 500 seconds. The highest protein concentration that gave a steady, 

proportional rate of loading was selected as optimal for each individual loaded protein (Figure 

3.9). The optimal concentrations of IgG and biotinylated-HLA selected to load AHC and SA 

sensors, respectively, was 0.375 μg/ml (darker sensorgrams). 
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3.2.2.3. Affinity vs Avidity – Selecting the Interaction Orientation on the Sensor 

Using the A*02:01-SN230G6 interaction as a model, two potential methods to analyse 

alloantibody-HLA interactions were proposed: immobilisation of HLA to the sensor and using 

mAb as the analyte, or immobilising mAb to the sensor surface and using HLA as the analyte 

(Figure 3.11). In the first instance, biotinylated HLA-A*02:01 was immobilised to streptavidin 

(SA)-coated sensors and SN230G6 was used as the free analyte. Although the A*02:01-

SN230G6 complex was able to rapidly form in the association phase, only minimal detachment 

of the mAb from the sensor was seen during dissociation, thought to be due to the avidity 

effects of the bivalent analyte. This prevented a value of koff from being measured, which is 

required for subsequent KD determination (Figure 3.11, blue). Despite attempts to assist 

dissociation of antibody from the sensor by the addition of non-biotinylated HLA-A*02:01 into 

wells in the dissociation step (Figure 3.10), the alloantibody persisted to remain in complex 

with the immobilised HLA at the sensor surface, preventing the significant dissociation that is 

required for complete quantification of interaction kinetics. By reversing the orientation of this 

interaction, immobilising SN230G6 to AHC sensors and using non-biotinylated HLA-A*02:01 

as the analyte, both association and dissociation of the mAb-HLA complex could be observed 

at the sensor surface which enabled the determination of the interaction kinetics (Figure 3.11, 

red). Moving forward, the orientation used to assess the affinity of alloantibody-HLA 

interactions was to immobilise mAb to AHC sensor surface and use HLA as the free analyte. 
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3.2.2.4. Effect of Temperature of Interaction Measurements 

To further optimise the BLI assay set-up and assess how the temperature at which kinetic 

measurements are taken may influence the quality of the data yielded, the A*11:01-WIM8E5 

interaction was selected as a model and the kinetics of this interaction were measured at 

temperatures between 25-40 °C (Figure 3.12). When measured at lower temperatures, the 

interaction was found to have a lower measured KD values, suggesting the nature of this 

interaction is an exothermic process. Negative drift was also observed in sensorgrams produced 

at higher temperatures, suggesting a greater instability of the AHC sensors and/or protein 

immobilised to it. Moreover, greater evaporation within the wells was also observed at higher 

temperatures, meaning the true concentration of protein within the wells may change during 

experiments that take longer to complete. Due to the evidence suggesting lower quality data 

was yielded at higher temperatures, along with the natural fluctuation of ambient air 

temperature within the laboratory between 20-26°C, a consistent temperature of 30 °C was 

selected to carry out all further experiments. 
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3.2.2.5. Investigating the Effect of Sensor Blocking 

Blocking steps aim to limit the amount of non-specific binding that can occur, preventing the 

formation of any unwanted complexes which may contribute to the measured binding response. 

To assess whether the addition of blocking steps was necessary for alloantibody-HLA 

interaction quantification, an experiment was carried out to test the ability of several blocking 

agents to improve the quality of the data acquired (Figure 3.14). Blocking AMC/AHC sensors 

with isotype control IgG molecules prior to ligand association prevented the establishment of 

a second baseline, causing interference with the sensorgram that contributed to the measured 

interaction kinetics (Figure 3.14.A). This was also observed when blocking AHC sensors with 

biocytin, casein, or a combination of both, albeit to a lesser extent (Figure 3.14.B-E). Despite 

being able normalise this baseline step this with the addition of a reference sensor, the 

incorporation of blocking steps to the assay did not yield any significant improvement in the 

quality of the data gathered (not shown). During these experiments, it was also ascertained that 

when incubated with biotinylated-HLA, these molecules were able to out-compete biocytin on 

at the sensor surface even after the presumed complete blockade of all SA binding sites (Figure 

3.14.F). In addition, biotinylated HLA was also found to bind AHC and AMC sensors in the 

absence of HLA-specific antibody (Figure 3.13), suggesting that these sensors may be modified 

from streptavidin sensors. This finding was not something that is disclosed in the 

manufacturer’s product description and so biotinylated proteins should be strictly avoided 

when using AMC/AHC sensors. The results of these experiments showed that there were no 

improvements in alloantibody-HLA interaction data quality when blocking steps were 

incorporated into the method, therefore no blocking steps were used in further experiments. 
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3.2.3. Quantifying the Kinetics of Alloantibody-HLA Interactions 

Now an optimised method for quantification of HLA-alloantibody interaction kinetics had been 

established, the next step was to assess the interactions selected during the screening process 

for more accurate, in-depth kinetic analysis. Monoclonal antibodies immobilised onto parallel 

AHC sensors were exposed to their interacting HLA molecules in a 2-fold dilution series, 

where the rates of complex formation and ligand dissociation were measured to yield 

quantifiable sensorgrams. Sensorgram data was fitted using global fitting and a 1:1 

stoichiometry model to reveal a wide range of measured interaction affinities, ranging from 3.0 

nM with B*58:01-SN230G6 to 5.0 μM with A*02:01-WIM8E5 (Figure 3.15, Table. 3.2, 

Appendix 4). Whilst most interactions yielded significant responses in which kinetic analysis 

was reliable, weaker interactions consistently generated lower responses in which interaction 

kinetics were more difficult to ascertain and the calculated values should be examined with 

caution (e.g., A*24:02-WIM8E5, A*02:01-WIM8E5, A*01:01-GV5D1, A*23:01-GV5D1, 

A*24:02-GV5D1 and B*08:01-BVK1F9). 

Each antibody demonstrated a varying ability to bind its reactive antigens, represented by 

differences in the measured KD (Figure 3.15.A).  In most cases, the priming antigen of each 

antibody could also be identified as the HLA that bound with the strongest affinity (Table 3.2, 

grey shading). WIM8E5 was observed to have the largest range of affinities against its reactive 

antigens, each with significantly distinct KDs spanning from 18 nM with its sensitising antigen 

HLA-A*11:01, to over a 250-fold weaker value of 5 μM against HLA-A*02:01. WK1D12 and 

OUW4F11 interactions were noticeably less variable than WIM8E5, with measured KD values 

covering approximately 4- and 10-fold ranges respectively. Whilst WK1D12 was measured to 

form relatively strong interactions with its reactive antigens in the 10-8 M range (17-61 nM), 

OUW4F11 formed significantly weaker interactions ranging from 410 nM to 4.5 μM. GV5D1 

and BVK1F9 antibodies also measured to have relatively weaker affinities against their 

reactive antigens, with KDs consistently measuring within the hundreds of nanomolar to 

micromolar range. 

Whilst comparing the measured affinities between interactions involving the same antibody 

enabled HLAs to be ranked based on binding strength, similar observations could also be made 

when comparing interactions involving multiple antibodies that react with the same antigen 

(Figure 3.15.B). Antibodies SN230G6 and SN607D8 were measured to bind HLA-A*02:01 

with comparable affinities of 7.4 nM and 1.2 nM, respectively, despite being observed to have 
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slightly different reactivity patterns. WIM8E5’s >1000-fold weaker affinity interaction with 

A*02:01 suggests a considerably different binding event may be occurring than that with 

SN230G6 or SN607D8. Similar observations were also made when comparing antibodies 

against A*68:01 (SN607D8; 12 nM and WIM8E5; 890 nM), B*40:01 (WK1D12; 26 nM and 

OUW4F11; 3.2 μM) and B*40:02 (WK1D12; 29 nM and OUW4F11; 4.4 μM), where the two 

antibodies found to interact with the antigen in question bind with largely disparate affinities, 

differing by greater than one order of magnitude. In contrast, the sets of antibodies which 

interacted with A*01:01 (WIM8E5; 200 nM and GV5D1; 710 nM), A*24:02 (WIM8E5; 2.7 

μM and GV5D1; 4.0 μM) or B*08:01 (OUW4F11; 410 nM and BVK1F9; 820 nM), were 

observed to have much more comparable affinities that underpin their interactions, measuring 

within the same order of magnitude. 

In summary, optimisation of the BLI method has enabled reliable and accurate quantification 

of the kinetics underpinning HLA-Alloantibody interactions. Whilst comparison of the KD 

values enables interactions to be ranked by strength, the highest affinity interactions can be 

found to occur with the antigen that the antibody is primed against. Despite these observations, 

the role that interaction strength has on defining its immunological significance still needs to 

be explored. 
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3.2.4. Characterising Human Monoclonal Antibody Reactivity using Assays 

Employed in Clinic 

The immunological risk associated with a particular alloantibody-HLA interaction is 

conventionally assessed in clinic based on the results of Luminex SAB, FC and CDC assays. 

Since the immunological relevance of the output from these immunoassays is often difficult to 

interpret, the notion that the affinity of antibody binding to an HLA target may provide a better 

understanding of the immunoassay output was hypothesised. To test this hypothesis, selected 

alloantibody-HLA interactions previously quantified using BLI were examined via Luminex 

SABs, Luminex C1qScreen, CDC and FC assays using mAb concentrations of 10 μg/ml, 3 

μg/ml, 1 μg/ml, 0.1 μg/ml, and 0.3 μg/ml (64.5 nM, 19.4 nM, 6.45 nM, 1.94 nM, 0.65 nM) to 

evaluate the antibody’s true immunological significance. Due to the broad specificity and 

varying affinity of interactions involving WIM8E5 against its HLA targets, this antibody was 

selected as a model to be examined in more detail to help understand the effects of varying 

affinity on immunoassay output. 

3.2.4.1. Luminex Single Antigen Bead Assays 

One of the principal objectives of this study was to provide a functional assessment of the 

Luminex single antigen bead (SAB) assay output. To do this, Luminex class I SAB binding 

profiles needed to be obtained for the mAbs of interest to observe how Luminex output differed 

upon antibody titration (Figure 3.16, Appendix 5). SAB MFI was observed to decrease upon 

antibody titration, highlighting the concentration dependence of this assay. Whilst many of the 

interactions characterised via BLI were found to have affinities in the nM range, incubation of 

beads with antibody concentrations below the measured affinity concentration still yielded 

positive signals, thought to be due to the avidity-dependent effects of solid-phase assays. 

Luminex SAB analysis of WIM8E5 against its reactive antigens (Figure 3.16.A) showed that 

the three strongest affinity targets (HLA-A*11:01; 18.0 nM, -A*25:01; 52.0 nM, and -

A*01:01; 200 nM) all gave very comparable MFI patterns upon antibody titration. These 

interactions maintained saturating MFI levels down to 0.3 μg/ml mAb and could not be 

distinguished from one another based on Luminex output alone despite the interactions 

differing in affinity by at least one order of magnitude. In contrast, WIM8E5’s interactions 

with weaker affinity cross-reactive antigens (HLA-A*31:01; 650 nM, -A*24:02; 2.7 μM, and 

-A*02:01; 5.0 μM) were seen to output lower MFI signals when using the same antibody 
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concentrations. Here, the MFI outputs of these weaker interactions enabled them to be 

distinguished from one another due to the lesser ability of WIM8E5 to bind the HLA-bound 

SABs, which was concurrent with their lower affinities. 

The observations made for WIM8E5 were also in agreement with the data obtained using other 

mAbs. Whilst WK1D12’s interactions were measured to be of very similar, higher affinity 

(ranging from 17-61 nM), they also gave comparable SAB outputs which were observed to be 

at saturating MFIs down to 1.0 μg/ml (Figure 3.16.B). In contrast to WIM8E5 and WK1D12, 

OUW4F11’s sensitising antigen (B*08:01) could be discerned from the weaker affinity, cross-

reactive interactions as it was able to generate significantly larger MFIs across all assessed 

antibody concentrations (Figure 3.16.C). The high affinity interactions measured using 

antibodies SN230G6 and SN607D8 (all <30 nM) against their reactive antigens were further 

validated by producing saturating MFI values across all mAb concentrations using Luminex 

SABs (Figure 3.16.D-E, respectively). Conversely, GV5D1’s weaker affinity interactions (all 

>700 nM) produced gradually declining MFI signals upon antibody dilution, concurrent with 

previous observations involving interactions that have higher KDs (Figure 3.16.F). 

Comparing the outputs of interactions involving different antibodies that bind the same HLAs 

also substantiated the role of affinity in Luminex MFI output (Figure 3.17, Appendix 6). Whilst 

HLA-A*02:01 was observed to be recognised by WIM8E5, SN230G6 and SN607D8 (5.0 μM, 

7.4 nM and 12.0 nM, respectively), it was only the latter two stronger affinities interactions 

that were able to generated elevated MFI signals across all used mAb concentrations (Figure 

3.17.A). This same observation could also be made for interactions involving HLA-B*40:01-

expressing SABs, where the differing affinities of WK1D12 (26.0 nM) and OUW4F11 (3.2 

μM) may justify their varying MFI outputs (Figure 3.17.B); notably a very weak interaction 

such as B*40:01-OUW4F11 still resulted in relatively high MFI values on the SAB assay. 

Furthermore, HLA-A*24:02’s relatively weak interactions against GV5D1 (4.0 μM) and 

WIM8E5 (2.7 μM) gave similar, decreasing MFI patterns upon antibody titration (Figure 

3.17.C). Finally, by grouping interactions quantified using BLI to have similar affinities within 

a 10-fold range (10-100 nM and 500-5000 nM), it was possible to separate each of these groups 

based on their MFI patterns upon antibody dilution (Figure 3.17.D). 

Taken together, these results suggest that both interaction affinity and antibody concentration 

are able to influence the MFI output of Luminex SAB assays, however the output/titre value 

alone is not sufficient to determine the interaction strength (affinity) with accuracy. 
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3.2.4.2. Luminex C1q-Binding Assays 

It has previously been suggested that the capacity of antibodies to fix C1q on the Luminex SAB 

platform is a better indicator of the clinical significance of HLA-specific antibodies compared 

to the standard SAB assay [229-232].  To test this using the monoclonal antibodies in this 

setting, the ability of the antibodies to engage complement upon HLA binding, as determined 

by C1q detection on Luminex SAB using the C1qScreen assay, was examined (Figure 3.18, 

Appendix 7). The comparison of MFI patterns upon antibody titre showed that like the 

conventional SAB assay, outputs of the C1q SAB assay were antibody concentration 

dependent. Weak interactions (of micromolar affinity) were found to generate positive MFI 

values at high antibody concentrations, which went on to produce low MFI signals or became 

C1q negative at low antibody concentrations. Nevertheless, the C1q assay was observed to be 

less sensitive than the standard SAB assay, where loss of positive signal was more abrupt, 

reaching lower MFIs at higher antibody concentrations than in the standard SAB assay. 

Interestingly, C1q-positive interactions were associated with MFIs >10,000 on the respective 

conventional SAB assay as previously documented in the literature [217]. 

Consistent with alloantibody reactivity assessment using the standard SAB assay, analysis of 

C1q binding based on MFI values at specific antibody concentrations did not allow 

discrimination of cognate versus other higher-affinity cross-reactive HLA, however it could 

differentiate lower affinity interactions involving the same antibody (Figure 3.18.A-D). 

Furthermore, interactions involving different antibodies that recognise the same antigen with 

similar binding strengths, such as HLA-A*24:02 against GV5D1 or WIM8E5 (Figure 3.18.E), 

were found to generate comparable outputs as seen in the standard SAB assay. Conversely, 

those antibodies that recognise the same antigen with varying affinities, such as HLA-A*02:01 

against WIM8E5 or SN230G6 (Figure 3.18.F), could be distinguished from one another based 

on MFI output, where higher affinity interactions generated consistently greater MFI signals.  

Overall, this data demonstrates that the C1qScreen assay output is concentration and affinity 

dependent, where its reduced sensitivity may only provide a limited insight into the clinical 

significance of alloantibodies over that obtainable using the standard SAB assay in this setting.  
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3.2.4.3. Flow Cytometry Assays 

Next, the ability of mAbs to bind cellularly expressed HLA was assessed. Here, mAbs were 

incubated with molecularly typed, heterozygous donor T lymphocytes (Table 2.3, Appendix 8) 

prior to analysis by FC. To ensure the measured outputs were exclusively determined by the 

interaction of interest, cell samples were selected based on their ability to express only one 

antibody-specific target. The reactivities of each mAb as determined by the Luminex assays 

were confirmed using FC, where a decrease in signal was also observed upon antibody titration 

(Figure 3.19, Appendix 9). However, unlike Luminex assays in which low affinity interactions 

were able to produce high MFI values, these interactions could only generate weakly positive 

MFI fold changes at high antibody concentrations, if at all (e.g., A*02:01-WIM8E5 and 

A*24:02-WIM8E5). 

Consistent with the SAB and BLI data for interactions involving the WIM8E5 antibody, 

stronger interactions with HLA-A*11:01, -A*25:01 and -A*01:01 were positive across all 

antibody titres, whilst the weaker-interacting HLA-A*31:01- and -A*02:01-expressing cells 

became negative upon antibody dilutions below 1 μg/ml and 3 μg/ml, respectively (Figure 

3.19.A). FC data for WK1D12 also corroborated the Luminex and BLI experiments, where 

interactions were observed to output comparable MFI values across all antibody 

concentrations, all of which decreased analogously upon antibody titration (Figure 3.19.B). 

Comparing the effects of incubating the same HLA-A*02:01-expressing cell sample with 

either WIM8E5, SN230G6, or SN607D8 revealed that the higher affinity A*02:01-SN230G6/-

SN607D8 interactions could generate greater MFI fold change values across all antibody 

concentrations when compared to the weaker A*02:01-WIM8E5 interaction (Figure 3.19.C).  

Since each analysed antibody involved the use of a different heterozygous cell line to assess 

the ability to bind each of their cellularly-expressed targets, the effect of variable cellular HLA 

expression on the output of FC assays was evaluated. To do this, the A*01:01-WIM8E5 and 

B*07:02-WK1D12 interactions were assessed using three separate mono-reactive HLA-

expressing cell samples each (Figure 3.19.D). Whilst WIM8E5 was able to bind T-cell samples 

2 and 3 with similar effect, incubation with sample 1 yielded 30 % lower MFI levels across all 

antibody concentrations, suggesting this cell samples expresses surface HLA-A*01:01 to a 

lesser extent. Similarly, WK1D12’s interaction with HLA-B*07:02 expressing-cells were 

found to yield variable MFI patterns across all cell samples, further corroborating the 

contribution of HLA expression to FC output. 
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Lastly, to understand the effect that a polyclonal serum sample will have on the output of FC 

assays, two interactions that had been measured to have a similar, intermediate affinity, 

A*01:01-WIM8E5 (200 nM) and B*08:01-OUW4F11 (410 nM), were analysed against cells 

that express both HLA targets on their surface (Sample 15). Here, these Abs were spiked, either 

separately or together, into blank serum before their subsequent incubation with the HLA-

A*01:01 and -B*08:01-expressing cells (Figure 3.19.E). The selected cell sample (sample 15) 

also expresses HLA-C*07:01, an antigen belonging to the same allelic group of which 

OUW4F11 was shown to generate a low positive Luminex SAB MFI signal against (HLA-

C*07:02; MFI=9,254, Appendix 1). To control for the expression of this HLA molecule, two 

HLA-C*07:01-expressing cell samples were added to the experiment to observe any potential 

C*07:01-OUW4F11 complex formation that would contribute to the MFI signal from 

incubating OUW4F11 with cell sample 15. In the control tests, OUW4F11 was unable to 

generate MFI-positive data against cellularly-expressed HLA-C*07:01, providing evidence to 

ensure the MFI outputs measured using sample 15 were exclusively determined by the desired 

interactions. Consistent with previous statements relating affinity to FC output, both A*01:01-

WIM8E5 and B*08:01-OUW4F11 interactions were able to maintain FC-positivity across all 

assessed antibody concentrations when assessed individually. Despite the A*01:01-WIM8E5 

interaction being of stronger affinity than B*08:01-OUW4F11, the raw MFI values generated 

by incubation with WIM8E5 were an average of over 2.7-times less in MFI fold change value 

than with the incubation of OUW4F11 across all used mAb concentrations, suggesting a greater 

expression of HLA-B*08:01 than HLA-A*01:01 at the cell surface. When assessing the 

outputs of incubating both antibodies in combination, the resultant FC MFI fold changes were 

found to reflect an additive effect of each individual antibody output. This provides evidence 

to demonstrate that each interaction occurs independently, where the contribution of one 

interaction to the overall MFI signal on one cell is irrespective of any other distinct antibody-

HLA interaction occurring at the cell surface. 

Overall, the FC experiments suggest that although cell-surface HLA expression may influence 

the MFI outputs of FC assays, antibodies that recognise the same cellularly-expressed targets 

with stronger affinity will produce higher MFI signals than those of weaker affinity, where this 

output will also be dependent on the concentration of antibody used. Furthermore, 

alloantibody-HLA interactions of weak affinity capable of producing high MFI signals using 

solid-phase assays such as Luminex SABs may result in negative or very low positive FC signal 

even at high antibody concentrations. This suggests that under more physiological conditions, 
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such as in cell-based assays compared to solid-phase assays, weaker interactions are less likely 

to be of significance in that they may not result in sustained binding and/or induction of down-

stream events. Consequently, this data indicates that Luminex SAB output should be 

interpreted with caution.  
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3.2.4.4. Complement-Dependent Cytotoxicity Assays 

Complement dependent cytotoxicity (CDC) is a favourable technique used in clinical 

laboratories to determine the immunological risk associated with a donor graft. This assay 

provides information on the capacity of an antibody to activate the classical complement 

pathway in vitro, where an antibody-HLA T-cell crossmatch that yields a positive result would 

be a veto to transplantation. In this regard, CDC assays offer a functional output that reflects 

the capacity of the antibody to carry out its effector function. Using the same mAb-PBMC 

combinations as used in FC assays, it was possible to measure the ability of these already 

characterised alloantibody-HLA binding events to fix complement and initiate complement-

dependent cytotoxic cell death. 

Consistent with the other assay assessments, CDC followed a decreasing pattern in output upon 

Ab titration. Across all interactions tested, no cytotoxic death was yielded using the lowest Ab 

concentrations, highlighting the limited sensitivity of the assay (Figure 3.20, Appendix 10). In 
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contrast to Luminex assays, CDC was able to distinguish the higher WIM8E5 affinity 

interactions from one another based on their ability to induce cytotoxic death. WIM8E5’s 

priming antigen (HLA-A*11:01) could be distinguished as the interaction that produced the 

highest CDC output, whilst other stronger interactions were able to induce more death at 

concentrations at or above 1.0 μg/ml (Figure 3.20.A). Interestingly, A*02:01-WIM8E5 and 

A*24:02-WIM8E5 interactions were observed to be CDC negative, even at high antibody 

concentrations that produced elevated MFI outputs using Luminex SABs. Furthermore, 

analysis of CDC output when the three HLA-A*02:01-reactive antibodies were incubated with 

the same A*02:01-expressing cell sample showed that the higher affinity interactions resulted 

in a greater degree of CDC, consistent with FC assays (Figure 3.20.B). 

When assessing the effect of a polyclonal spiked-serum model sample (WIM8E5/OUW4F11 

against HLA-A*01:01/B*08:01-expressing PBMC sample 15) on CDC output, the effect of 

incubating both antibodies led to an additive output of each interaction in line with what was 

previously seen in FC assays (Figure 3.20.C). Although the lone B*08:01-OUW4F11 

interaction gave consistently positive MFI outputs on FC assays, this interaction remained 

negative throughout the experiment, only reaching a very weakly positive signal (22 % kill) at 

the highest used antibody concentrations of 10 μg/ml. In contrast, the A*01:01-WIM8E5 

interaction was able to generate slightly greater magnitudes of cell death, reaching positive 

levels of cytotoxic cell death at lower mAb concentrations of 3 μg/ml despite the FC MFIs 

being consistently lower than that of B*08:01-OUW4F11. This data suggests that while 

cellular HLA expression may bias the interpretation of FC assays, the output from CDC assays 

may be defined by the strength of the antibody-HLA interaction that occurs, along with 

antibody concentration, and not the levels of HLA on the cell surface (assuming the encoded 

HLA is expressed at a level that is recognisable by the antibody). This observation was further 

supported by experiments which aimed to discern the effects of cell variability on the CDC 

assay, where three separate cell lines expressing HLA-A*01:01 as a lone target generated 

similar outputs against WIM8E5 across all used concentrations despite FC outputs suggesting 

there was a variability in cellular HLA expression (Figure 3.20.D). 

The data presented here collectively shows how CDC assays can provide a functional 

assessment of an alloantibody’s ability to induce cytotoxic cell lysis through complement 

engagement, where the magnitude of cell death is positively correlated with the concentration 

of antibody in a sample as well as the strength at which it recognises its antigen, irrespective 
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of relative HLA expression. Furthermore, while antibodies within a polyclonal serum that 

recognise different HLA targets on the same cell may form complexes independently of each 

other, the contribution of both interactions may increase the overall immunological risk when 

compared to that of each constituent antibody individually. 
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3.2.4.5. Potential Clinical Interpretation of Kinetically Characterised WIM8E5 

Interactions 

Relating interaction kinetics measured for WIM8E5 to the outputs of the clinical 

immunoassays measured at a concentration of 1 μg/ml enabled significant correlations to be 

observed between the measured affinities and the outputs Luminex SABs, FC and CDC assays 

(Figure 3.21.A). Pooling this WIM8E5 data makes it possible to weigh up the hypothetical 

immunological risk that each interaction may have in the transplant setting (Figure 3.21.B). 

Interactions of higher affinity, in the 10-8 M range (HLA-A*11:01 and -A*25:01), gave 

consistently larger, more positive results across all tests, suggesting they might represent a 

higher immunological risk. Weaker interactions in the 10-6 M affinity range (HLA-A*02:01 

and -A*24:02) were negative in cell-based assays, despite reaching high MFI values using the 

more sensitive Luminex assays (albeit at very high antibody concentrations). Accordingly, it 

is likely that the interactions in the micromolar range are unlikely to be clinically relevant, 

although this would need confirmation in the clinical transplant setting. 

The interpretation and clinical relevance of interactions at an ‘intermediate’ affinity level might 

be more difficult to ascertain as the output of clinical assays will be strongly dependent on the 

antibody concentration in the sample tested. WIM8E5 interactions with HLA-A*01:01 and -

A*31:01 had affinities against WIM8E5 in the 10-7 M range, and while being positive in 

Luminex and FC assays at they were also measured to be CDC negative using the same 

antibody concentrations. Whether such cross-reactive interactions might represent a low or 

intermediate immunological risk (that might be easier to overcome with immunosuppression) 

also needs validation in the clinical setting. Overall, these observations highlight the 

complexity of current immunological risk assessment based on Luminex SAB output alone and 

suggests that kinetic analysis of antibody-HLA binding may provide additional insights to 

inform clinical decision making. 
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3.3. Discussion 
 

3.3.1. Chapter Overview 

The binding strength between an alloantibody and its HLA target has been heavily implicated 

in its ability to carry out its effector function [233-235]. Despite studies attempting to correlate 

the binding strength, or affinity (KD), of an antibody to semi-quantitative outputs of 

immunoassays [236, 237], its immunological significance remains poorly understood. The 

main aim of this study was to understand the role of binding affinity in determining an 

antibody’s pathogenicity whilst also exploring the potential use of additional antibody-HLA 

binding parameter information to help interpret the outputs of assays used for immunological 

risk assessment. In this chapter, the establishment of an optimised biolayer interferometry 

method enabled real-time, quantitative kinetic assessment of interactions between purified 

monoclonal alloantibodies and soluble, recombinant HLA. In addition, ranking these 

interactions based on their measured binding affinities allowed the identification of the 

antibody’s priming antigen as the interaction with the highest affinity. Furthermore, assessment 

of the same interactions using the current immunoassays for clinical alloantibody assessment 

showed a strong correlation between the strength of interaction and the outputs of CDC assays, 

FC assays, and to a lesser extent Luminex assays. Each assay also showed a dependence on 

antibody concentration, where the differential ability of an antibody to generate a positive 

response between assays highlighted the discrepancies in assay sensitivity. Overall, 

measurement of an interaction affinity may offer a promising approach to assessing an 

antibody’s Fab-determined pathogenicity. 

3.3.2. Biophysical Characterisation of Alloantibody Interactions 

The data presented here documents the first time BLI has been applied to enable reliable 

assessment of alloantibody-HLA interactions. By optimising the parameters needed for 

accurate and reliable equilibrium rate constant (KD) determination, the biophysical properties 

of 29 interactions were calculated using 6 separate monoclonal antibodies, marking the most 

in-depth study of cross-reactive antibody-HLA interactions to date. The measured KD values 

varied significantly, spanning three orders of magnitude from the low nanomolar to mid-
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micromolar range and are comparable to those measured subsequently by other groups using 

alternative methods [238,239]. 

Differing antibody binding capacities were evident when comparing interactions that involve 

a common binding partner, both for one antibody that binds multiple antigens, as well as 

different antibodies that bind the same antigen. This variability was expected based on the 

polymorphic nature of HLAs and the variety of antibody repertoires that can be produced by 

different individuals [240]. Remarkably, the strongest affinity interaction for each antibody 

was measured with its priming antigen, an observation that could provide insights into the state 

of immunological memory based on serum sample analysis [241]. SN230G6 was measured to 

form an interaction with cross-reactive antigen B*58:01 (3.0 nM) that was almost identical in 

the measured affinity to that of the sensitising antigen, B*57:01 (3.6 nM). HLA-B57 and -B58 

antigens belong to the HLA-B17 broad antigen serotype and have a high degree of similarity 

[242], therefore the highly comparable KDs may suggest a high degree of priming epitope 

conservation. This rational may also be applied to SN607D8, where its affinity for its cross-

reactive antigen, HLA-A*68:01, was identical to that of its priming antigen, HLA-A*02:01 (12 

nM). In contrast, each of WIM8E5’s interactions were observed to have distinctly unique 

affinities, suggesting a variable degree of epitope conservation between the antigens. These 

observations show the potential for antibody affinity assessment when measured against 

priming and cross-reactive antigens to assist in the determination of common HLA antibody 

epitopes [243]. Interestingly, both SN230G6 and SN607D8 were produced from the same 

individual after sequential sensitisation events (multiple pregnancies). Whilst both antibodies 

have high affinity against HLA-A*02:01, they both show distinct reactivity patterns with 

significant affinities for their cross-reactive antigens. Although it is unknown whether the 

antibody formed from the second priming event occurred through germinal centre re-entry or 

an altogether unique sensitising event [244], this scenario exemplifies the variability of 

developed mature immune responses in individuals and offers insights into the complexities of 

HLA epitope prediction [245-247]. 

3.3.3. The Contrasting Outputs of Clinical Immunoassays 

The present study offers an in-depth examination of immunoassays currently used for antibody-

related immunological risk assessment to understand how the variable parameters of anti-HLA 

antibodies may influence the assay output. Here, it was possible to show that the outputs of 

these assays are dependent on both the affinity of the interaction and the concentration of 
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antibodies within the sample, where the limitations of each assay may also allow for potential 

misinterpretation of the antibody’s immunological significance. For decades, CDC and FC 

have been used to detect HLA-specific antibodies and provide an insight into their 

pathogenicity [248, 249], however the ability to distinguish a true positive and true negative 

result has often come with difficulty [206, 250]. In line with previous studies [206, 251, 252], 

this data demonstrates the contrasting sensitivities between these two cell-based assays, where 

positive outputs in FC assays do not always result in cytotoxic cell death in CDC assays. This 

is believed to be due to the need for stabilisation of the HLA-Ab-C1q complex through 

Antibody-C1q hexamerisation to enable classical complement cascade initiation in CDC 

assays [117], whilst FC assays only measure an antibody’s capacity to bind HLA irrespective 

of its complement fixing abilities. 

With the development of solid-phase assays, their higher sensitivity, higher throughput, and 

multiplexing abilities have resulted in their establishment as the main method for identification 

of recipient DSA and determination of their HLA specificity. Whilst this elevated sensitivity 

may enable detection of antibodies that otherwise may not have been picked up in cell-based 

assays, the true immunological significance of the MFI output is still uncertain [253]. Data 

presented here provides evidence to support the concerns surrounding the Luminex MFI 

outputs [214, 254], in that they may not directly reflect the pathogenic functionality of an 

antibody against a particular HLA target. This is evidenced in the case of HLA-A*02:01-

WIM8E5, a clinically insignificant antibody incapable of engaging complement as measured 

by CDC but may generate a highly positive MFI output on Luminex. This is believed to be due 

to the high density of HLA on the SABs [254] which enable the interaction to be maintained 

at a divalent stoichiometry due to the interaction avidity, whereas in a more physiologically 

environment this may not be possible. In contrast, analysis of a highly pathogenic antibody 

capable of complement engagement (e.g., A*02:01-SN230G6) at lower antibody 

concentrations may still yield a negative result via CDC assessment due to the limited assay 

sensitivity, despite generating saturating Luminex MFIs. Other studies assessing the validity 

of Luminex assay outputs also reported the potential for false negative and false positive results 

due to the prozone effect in high antibody-containing sera, or the antibody recognition of non-

native epitopes on denatured HLAs, respectively [255, 256]. In agreement with other concerns 

regarding the interpretation of these clinical assays [257-259], these results also convincingly 

highlight that immunoassay output is dependent on alloantibody concentration, and therefore 

would be contingent on the timing of serum-sampling in clinic. These statements highlight the 
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primary issue, in that there is the capacity for both pathogenic and non-pathogenic DSAs to be 

misinterpreted based on their ability to generate a positive response in these immunoassays. In 

a clinical setting, perceiving a high specificity, clinically relevant interaction as negative due 

to a low concentration of antibody at the time of sampling could possibly result in a high-risk 

transplant [260]. A case such as this may result in induction an anamnestic response upon re-

exposure to antigen, resulting antibody mediated rejection. Conversely, a non-pathogenic 

interaction that yields positive outputs on more sensitive assays may be given clinical 

significance, especially if the cross-reactive antibody is at high concentration, thus limiting a 

recipient’s access to suitable donor organs [261].  

Recently, studies have suggested that using the combined MFI (‘sum MFI’) of DSAs may offer 

a better prognostic tool for prediction of ABMR or graft failure [262, 263]. Using a fabricated 

polyclonal antibody sample, we showed that the net CDC and FC outputs of multiple antibodies 

binding to the same cell sample may result in an additive effect of each separate interaction. 

This suggests combining the MFI output as measured Luminex to form a ‘sum MFI’ may be 

used as a valid way to assess the serum’s immunological risk. However, this statement may 

only be applicable when antibodies have specificities against non-related antigens and where 

the interactions occur independently of one another in a non-competitive manner. Further 

experimentation would be needed to determine the significance of the total sum MFI in an 

environment when there is competition for antigen epitopes.  

The cases presented here highlight the hiatus in sensitivity between different solid-phase and 

cell-based assays and present cases of how outputs from one assay may be misconstrued and 

not give a complete insight into the true characteristics of the assessed interaction. 

3.3.4. The Influence of Antibody Affinity on Immunoassay Output 

This chapter provides the first documented evidence that the ability of an alloantibody to 

produce positive outputs in Luminex SAB, CDC and FC assays is related to the absolute, 

quantified affinity at which it binds its reactive HLA molecules. Whilst previous studies have 

used these assays to define ‘strong’ and ‘weak’ antibodies [233-237], the semi-quantitative 

values gained from them often do not allow the pathogenicity of an antibody to be clearly 

defined. This issue is most prominent when determining the clinical significance of cross-

reactive antibodies that may generate ‘intermediate’ responses in these assays. By using 

purified monoclonal antibodies which were the same antibody subclass (IgG1), standardisation 
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of antibody concentration enabled the Fab-dependent determinant (affinity) to be scrutinised 

in isolation. In agreement with the hypothesis and the surrounding literature [234, 236], the 

ability of antibodies to generate higher positive immunoassay outputs at any given 

concentration was contingent with the KD at which the interaction is established. Furthermore, 

the highest outputs at each antibody concentration were generated for those interactions with 

the strongest measured affinities across all assays. 

Five of the six cross-reactive antibodies displayed similar abilities to bind each of their reactive 

antigens as determined by the KD, which was corroborated by their comparable immunoassay 

outputs. Contrastingly, WIM8E5 bound its cross-reactive HLA targets with variable KDs, 

where higher affinity interactions were able to generate elevated immunoassay responses. This 

was most prevalent in cell-based assays, where the antibody’s ability to bind to cell-expressed 

HLA in FC assays, and induce cytotoxic death in CDC assays, could be directly associated to 

the antibody’s affinity against its the HLA target. Whilst Luminex assays enabled WIM8E5’s 

weaker affinity interactions (>200 nM) to be distinguished from one another based on the 

pattern of decreasing MFI upon antibody dilution, Luminex MFI outputs alone were unable to 

discriminate interactions of stronger affinity despite displaying different complement-fixing 

capabilities in CDC assays. The above observations were also consistent when assessing 

interactions involving different antibodies which recognise the same antigenic target. Here, 

antibodies which exhibited similar affinities against the same HLA output gave comparable 

values on immunoassays. Furthermore, outputs were higher for stronger antibodies in 

comparison to weaker antibodies which recognised the same HLA (e.g., SN230G6 and 

WIM8E5 binding A*02:01). Notably, interactions with micromolar KDs did not show the 

capacity to engage complement in CDC assays, despite generating positive responses using the 

Luminex methods at higher antibody concentrations. This point once again highlights the issue 

with detection of DSA with highly sensitive Luminex assays and suggests that interactions 

with micromolar affinity may be clinically irrelevant. Nevertheless, establishing a true KD cut-

off value defining an antibody’s immunological significance would require significant 

justification and a lot more exploration, especially given the complexity of achieving this with 

other assays [253, 264, 265] and the known multitude of factors that contribute to an antibody’s 

pathogenicity [84, 86, 91,94]. 
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3.3.5. Moving Forward with Interaction Affinity Assessments in Serum 

Biosensor-employing techniques such as BLI and SPR have become the current gold standard 

for biophysical characterisation of protein-protein interactions as they offer real-time, label free 

measurement of interaction kinetics. Whilst data presented here was carried out using purified 

samples, the ability to measure these interactions in clinical patients would necessitate the 

direct use of serum samples as antibody sources. Human serum contains many Ig molecules 

with countless specificities, and not knowing the ratio of antigen-specific antibody to non-

antigenic antibodies within a sample would make it difficult to control the amount of relevant 

antibody immobilisation. Furthermore, the unknown active concentration of antibody within 

the serum would be an issue when using serum as an analyte as this property is mandatory for 

rate constant calculation [266, 267]. Using these methods to quantify protein-protein 

interactions in serum often leads to non-specific binding, making accurate kinetic 

measurements difficult to ascertain [268]. Whilst in pure buffer the amount of non-specific 

binding may be controlled through optimisation of the buffer pH, salt concentration, and/or the 

addition of surfactants or protein blockers, such as Tween or BSA, respectively, these factors 

may not be controllable using serum samples. 

Detailed throughout this chapter was also the option to reverse the orientation of the interaction 

on the sensor, immobilising HLA and using antibodies as the analyte (section 3.2.2.3). 

Although other studies have used purified alloantibodies as analytes in solid-phase biophysical 

assays [238], their multivalent nature means that the contribution of an immunoglobulin 

molecule’s avidity cannot be ruled out. Furthermore, cases in which the analyte molecule 

contains multiple high affinity antigen binding sites may need further, individualised 

optimisation due to the lack of analyte dissociation, such as the example seen with A*02:01-

SN230G6 in Figure 3.11. This is believed to occur when a newly detached antibody Fab region 

at the surface of a sensor can re-bind before the dissociation of the Ig’s second Fab region, a 

phenomenon known as ‘walking’ [269]. Although immobilisation of HLA to a sensor surface 

may not enable definitive determination of all IgG Fab domain interaction affinities, there is 

still scope for this orientation to offer an effective method of assessing an alloantibody’s avidity 

for its antigen. Since these studies were carried out, Visentin et al published two SPR-based 

methods for measuring the active antibody concentration serum and sequentially calculating 

the kinetics of these interactions which overcome the non-specific binding issue [266, 270]. 
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While this offers a promising option for studying kinetics in the research environment, the 

labour-intensive processes needed for this would not be suitable for clinical translation. 

Overall, biophysical methods that require surface immobilisation offer great opportunities to 

assess kinetics of alloantibody-HLA interactions in a pure buffer setting. However, if this 

assessment is to be made clinically available then a novel method which enables quantification 

in human serum without the need for surface immobilisation would be imperative. 

3.3.6. Conclusion 

Throughout this chapter, substantial evidence has been provided to suggest that an 

alloantibody’s capability to specifically bind HLA molecules with differing affinities will 

determine its effector function. Additionally, Luminex, FC and CDC assays used in clinic for 

antibody-related immunological risk assessment will be contingent on both the affinity an 

antibody for its antigen and its abundance within the serum sample. Furthermore, quantification 

of alloantibody-HLA binding kinetics enables further insight into the Fab-dependent effector 

function of HLA-specific antibodies that is not currently obtainable using the existing methods 

of clinical antibody assessment. This data supports use of alloantibody-HLA interaction 

affinity assessments to offer more detailed, fully quantified information about a binding event 

that may be used to elucidate an antibody’s clinical significance. 
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Chapter Four 

Intracellular Signalling in Response to 

Antibody-HLA Ligation 
 

4.1. Introduction 
 

Anchored to the cell membrane, HLAs play a major role in adaptive immunity by presenting a 

variety of exogenous and endogenous peptides to T-cells to aid in immune surveillance and 

pathogen clearance. If someone has been exposed to foreign HLAs, such as in transplantation, 

this molecule may become a target of the adaptive immune response resulting in the 

development of humoral immunity against this antigen. The recognition of foreign HLA by 

antibodies and other components of the humoral compartment can trigger a variety of pathways 

that may lead to destruction and/or injury of tissue through secondary extracellular effectors 

(see sections 1.3.3 and 1.4). Over the past ten years, the establishment of HLA-antibody 

complexes involving class I molecules has been linked to the occurrence of intracellular 

signalling events that promote a wide variety of cellular responses. Some of these responses 

have been show to promote growth, proliferation, and survival of the individual cell [271-274], 

whereas many of them have also been linked to the occurrence of allograft vasculopathy (AV) 

and chronic allograft nephropathy (CAN), which are major causes of late graft dysfunction 

[275-277]. Besides pathways involving stress-induced matrix metalloproteases and 

sphingolipid signalling which have been documented to promote proliferation upon antibody 

binding to HLA class I [278, 279], the formation of an alloantibody-HLA complex alone does 

not permit the transmission of an intracellular signal since HLAs lack a signalling motif. For 

HLA class-I signal propagation to occur, the complex must form molecular associations with 
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secondary proteins. Within endothelial cells, HLA class I molecules have been shown to 

colocalise with the hemidesmosomal laminin receptor integrin β4, which trigger various 

signalling events through its signalling domain [280-282]. 

Central to HLA signalling regulation, Rho kinase (ROK) and the Rho family of GTPases (Rho-

GTP) have been documented to be some of the first proteins that become activated upon 

antibody ligation to HLA, where both signalling molecules mediate various other targets for 

signal transmission [283]. Src is a cytosolic non-receptor protein tyrosine kinase shown to be 

phosphorylated at tyrosine 527 during this process which triggers the initiation of the 

phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signal transduction pathway [284, 

285]. This pathway cross-links various mitogen-activated protein kinase (MAPK) cascades and 

has implications in many different cellular processes including proliferation and cell survival. 

Upon activation of the PI3K/Akt pathway, phosphorylation of mammalian target of rapamycin 

(mTOR) at serine 2448 has been widely observed, where it is able to associate with other 

proteins to form one of two mTOR-containing complexes [286-288]. mTORC1 is composed 

of mTOR, regulatory-associated protein of mTOR (raptor) and mTOR-associated protein LST8 

Homolog (mLST8) and promotes cell proliferation and protein synthesis through S6 kinase 

(S6K), S6 ribosomal protein (S6RP) or eukaryotic translation initiation factor 4A1 (eIF4A1) 

[273, 287, 289-291]. mTORC2 is composed of mTOR, rapamycin-insensitive companion of 

mammalian target of rapamycin (rictor), mLST8 and MAPK associated protein 1 

(MAPKAP1/Sin1) [273, 291, 292]. This complex promotes cell survival and migration through 

regulation of Akt and coordinates cytoskeleton remodelling through F-actin stress fibre 

formation alongside HLA-activated myosin light chain kinase (MLCK) and extracellular 

signal-regulated kinases (ERKs) [293-294]. Focal adhesion kinase (FAK) and paxillin are two 

other proteins found to be involved with cytoskeletal remodelling post-antibody ligation, where 

upon phosphorylation, FAK localises to paxillin-resident areas of the cell that form cell-to-cell 

contacts through their extracellular matrix, called focal adhesions. Here these focal adhesions 

stabilise which is essential for many other cellular processes to take place [295-297]. 

Endothelial cells have also been shown to increase the production and release of various growth 

factors in response to antibody ligation to HLA, such as vascular endothelial cell growth factor 

(VEGF), basic fibroblast growth factor (bFGF), insulin-like growth factor 1 (IGF-1) and 

platelet-derived growth factor (PDGF) [298, 299]. Along with the targeted upregulation of the 

receptors of these ligands, the number of proliferative signals received by these cells from the 

microenvironment increases in both autocrine and paracrine manners [300]. 
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Endothelial cells contain intrinsic storage granules known as Weibel-Palade bodies which 

contain two major membrane-bound components: von Willebrand factor (vWF) and P-selectin 

[301]. Upon immunoglobulin ligation to HLA, these vesicles are mobilised and exocytosed, 

where vWF and P-selectin remain anchored to the cell surface membrane and exposed to the 

extracellular space where they act as cell anchors to aid in monocyte recruitment [302-306]. 

Additionally, these cells also increase the number of cell adhesion molecules found on the cell 

surface through transcriptional regulation of vascular cell adhesion molecule -I (VCAM-I) and 

intercellular adhesion molecule -I (ICAM-I) [307-310], whilst also increasing production and 

release of inflammatory chemokine attractants in a CREB/PKA-dependent manner [311, 312]. 

Although antibody-HLA ligation has most commonly been associated with rejection and/or 

graft dysfunction, there have also been several in vitro studies carried out that show the role of 

alloantibodies in promoting transplant accommodation [313-316]. While high concentrations 

of antibody have been shown to initiate death through complement engagement, low 

concentrations of antibody have been shown to activate protein kinase A (PKA) in a cyclic 

adenosine monophosphate (cAMP)- and PI3K/Akt-dependent manner [274]. This signalling 

causes upregulation of the anti-apoptotic genes such as B-cell lymphoma extra-large (Bcl-xL), 

B-cell lymphoma 2 (Bcl-2), and haem oxygenase I (HO-1), whilst also providing protection 

against complement-induced death through upregulation of cryoprotective genes [285, 316]. 

 Although the establishment of HLA-Ab interactions have been heavily implicated in 

the processes summarised, the magnitude to which antibodies can activate these signalling 

cascades remains unexplored. In attempt to address the effect of affinity on the ability of 

AlloAbs to activate specific signalling pathways, this chapter aims to disseminate these 

individual signalling cascades in vitro with hopes to help further determine the clinical 

significance of alloantibodies. Through establishment of primary endothelial cell cultures as a 

model, exposing these cells to thoroughly characterised mAbs may permit the intracellular 

phosphorylation events and changes in the cell surface adhesion molecule levels to be mapped, 

enabling the mechanistic action that is downstream of Ab-HLA complex formation to be 

visualised. By then comparing the magnitude of the signalling response induced by mAbs of 

varying affinity, I then aimed to determine whether the ligation of expressed HLAs to 

antibodies of varying affinities would affect the overall response. I hypothesised that antibodies 

which bind their HLA targets with greater affinity will trigger an elevated intracellular 

signalling response than those that bind with a lower affinity. 
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4.2. Results 
 

4.2.1. Primary Aortic Endothelial Cell Isolation 

To investigate the downstream cellular effects of Ab ligation to cell-surface HLA, human aortic 

endothelial cells (HAoECs) were chosen as a relevant cellular model as these cells have been 

heavily documented to become activated upon HLA recognition (see section 4.1). In attempt 

to obtain a self-sufficient supply of HAoECs for these in vitro studies, establishment of a 

reliable protocol for isolation of these cells from donor tissues was needed. To initially develop 

the isolation protocol, porcine renal arteries were used as a source of cells. Here, AoECs were 

successfully and reproducibly isolated, where they could be cultured for up to six passages 

whilst maintaining their endothelial characteristics (Figure 4.1.A). 

This protocol was then translated into human tissue using aortic rings from deceased human 

donors (Figure 4.1.C). Cell patches were observed to form 24 hours after isolation, where they 

were observed to have the emblematic “cobble-stone” like morphology (Figure 4.1.B). These 

cells were found to express CD31 via flow cytometry, confirming their endothelial nature 

(Figure 4.1.D, Appendix 11). Whilst culturing the cell patches over the next three days, the 

cells struggled to proliferate and transitioned to a more “spindle-like” morphology. After one 

week of continuous culture, these cells were seen to have lost their CD31 marker (not shown) 

and failed to restore any of their endothelial characteristics. The ability to yield significant 

quantities of primary cells from these samples was limited by the availability, quantity, and 

quality of donor tissues, where only two of the twelve donor samples yielded significant 

isolated endothelial cell patches. The general health and age of the donor prior to death often 

limited the ability to isolate HAoECs, where calcification of the aortic tissue was prominent in 

older donors and those with underlying health conditions which prevented efficient isolation. 

Despite attempting to optimise the isolation procedure in which the sample tissue source, 

storage buffers, culturing conditions and growth media components were altered according to 

other published methods [326-332], establishing healthy, proliferating cell cultures which 

maintained their endothelial characteristics was unsuccessful. To continue with the study and 

enable assessment of an antibody’s capability to induce downstream cellular responses in this 

cell type, commercial primary HAoECs were purchased (Table 2.4.). 
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4.2.2. Assessing the Capacity of mAbs to Bind Cell-Surface HLA Targets 

Antibodies previously measured to bind HLA-A*02:01 with 

differing affinities (see section 3.2.3) were assessed for their 

capacity to recognise HLA expressed on commercially-sourced 

primary HAoECs. Cells expressing A*02:01 as a lone antibody 

target were incubated with isotype control or one concentration 

of a ten-fold mAb dilution from 10 μg/ml (64.5 nM) to 100 

pg/ml (0.65 pM), prior to analysis by FC (Figure 4.2, Appendix 

11). BVK1F9 only bound to these cells minimally at the highest 

antibody concentrations, potentially due to its very low 

specificity for HLA-A2 as previously confirmed by Luminex 

(Appendix 5). WIM8E5, previously shown to have a relatively 

low affinity against A*02:01 of 5.0 μM, was able to demonstrate 

a weak capacity to bind cellularly-expressed HLA-A*02:01, 

observed as a slight increases in the fluorescence intensity of 

cells when incubated at mAb concentrations >100 ng/ml. 

Incubating these cells with the high affinity SN230G6 mAb (7.4 

nM) enabled a further shift in the fluorescence intensity signals 

to be observed, where as little as 1 ng/ml mAb was enough to 

observe antibody binding. This supported the previous data in 

Chapter 3 that demonstrated SN230G6 to be more effective at 

binding HLA-A*02:01 than WIM8E5. 
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4.2.3. Measuring the Effect of Alloantibody-HLA Ligation on Downstream 

Cell Signalling Events 

Although many molecules have been implicated in signalling downstream of HLA recognition, 

two well-studied proteins have been heavily documented throughout the literature; protein 

kinase B (Akt) and extracellular signal-related kinases 1 and 2 (ERK1/2) [270, 285, 316]. To 

initially determine the time course of signal transduction after the ligation of antibody to HLA, 

healthy, starved HLA-A*02:01-expressing cells were incubated with cell culture medium 

containing either 1 μg/ml of SN230G6 or control IgG, for a period of up to sixty minutes before 

their cell lysates were analysed via western blot (Figure 4.3). Both Akt and ERK1/2 were 

observed to show increases in activating phosphorylation status above the serum-starved 

baseline between ten and thirty minutes, peaking at twenty minutes. Despite this, a similar 

pattern was also observed when cells were incubated with isotype control IgG (not shown). In 

attempt to investigate whether there was an antibody concentration dependence to these 

signalling responses and whether this was more prevalent with addition of higher 

concentrations of alloantibody in comparison to isotype control, cells were incubated with ten-

fold dilutions of anti-pan HLA class I antibody (W6/32), from 100 μg/ml (645 nM) to 100 

pg/ml (0.65 pM), for a total of twenty minutes (Figure 4.4). This was carried out over a series 

of three repeated experiments, where the effect of three different alloantibodies and their 

isotype controls (SN230G6 and WIM8E5 not shown) were examined. It was noted that in all 

three experiments there were no significant differences between the signals arising from each 

antibody, whether control or HLA-specific, or between their variable concentrations. 

Despite previous studies by other groups showing that the addition of antibody directly into 

the media of cultured endothelial cells is sufficient for signal transduction [272], the 

experiments to this point suggested otherwise. To investigate whether cross-linking of cell-

bound mAb was crucial for phosphorylation signal transduction, an experiment was designed 

which intended to mimic the action of the immune response which occurs in vivo, by cross-

linking the antibody though incubation of alloantibody-bound cells with either an anti-human 

IgG Fc secondary antibody, or through lymphocyte recruitment by addition of isolated PBMCs. 

The addition of PBMCs was observed to cause an increase in phosphorylation status of Akt 

and ERK, however this was seen in both experimental and isotype control groups, suggesting 

that this signal was caused by something independent of HLA-specific antibody ligation 

(Figure 4.5). Since the inability to observe significant changes in phosphorylation of Akt and 
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ERK above the negative controls had been consistently shown across various treatment 

conditions, a phospho-array was performed to examine whether there were any changes in the 

phosphorylation status of 41 other major membrane-related kinases upon addition of mAbs 

(Figure 4.6). Consistent with previous findings, there were no clear differences in the 

phosphorylation status of any of the kinases between each treatment group. This suggests that 

the protein phosphorylation events seen at 20 minutes post-treatment were not due to the 

formation of the mAb-HLA complex, but another aspect of the experimental procedure. 

In attempt to account for cell sample variability and to ensure that what was being observed is 

not cell sample-specific, these experiments were repeated using three different lot numbers of 

commercial HAoECs (Figure 4.7). Consistent with previous results, these cells also showed no 

difference in pAkt or pERK upon alloantibody treatment. This experiment did however 

demonstrate that further activation of Akt and ERK is possible, where the unavoidable addition 

of small quantities of FCS in the OUW4F11 condition (OUW4F11 stock contains FCS)  was 

able to induce further kinase phosphorylation in all cell samples. At this point it was decided 

that these experiments would be repeated using two alternative primary cell types; human 

umbilical vein endothelial cells (HUVECs) and human aortic smooth muscle cells 

(HAoSMCs). Upon alloantibody exposure, both cell types displayed similar activation patterns 

to what was seen in HAoECs (Figure 4.8). In attempt to further understand what factors were 

causing the observed phosphorylation of Akt and ERK in negative control tests, experiments 

which explored various starve conditions, cell passage number, cell confluency and volume of 

added treatment addition were attempted, all of which yielded similar results to what had 

previously been reported (data not shown). Throughout all attempts to examine the 

transduction of signal through phosphorylation of specific kinases, no alloantibody condition 

yielded results which displayed enhancement of the Akt or ERK phosphorylation signal above 

what was observed upon addition isotype control IgG. After many experiments attempting to 

determine the reason for the increase in phosphorylation signal from the baseline at time 0, an 

experiment was proposed which tested various physical conditions which the cells are exposed 

to throughout the treatment process. In this experiment it was uncovered that the physical act 

of moving the cells from the 37 °C incubator and leaving them at room temperature for 2 

minutes (average time needed for addition of treatment condition), before replacing them back 

in the 37 °C incubator was sufficient to induce the phosphorylation events seen at 20 minutes 

post-treatment. This suggests that the changing temperature endured by the cells throughout 

the treatment process was sufficient to activate these cells (Figure 4.9). 
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4.2.4. Assessing the Change in Cell Adhesion Markers on the Cell Surface 

Upon Alloantibody Binding 

It was unclear whether the inability to observe activation of signalling cascades upon ligation 

of mAbs to cell-surface HLA was due to the technical issues of the experiment preventing the 

detection of subcellular activation, or whether a cellular response had not been induced. 

Nevertheless, in attempt to determine whether alloantibody ligation could activate alternate 

downstream pathways that lead to monocyte recruitment, changes in the expression of cell 

adhesion markers at the cell surface was selected as a valid way to assess this response [302, 

304, 307, 310]. Here, HAoEC samples were assessed after treatment with alloantibodies or 

controls for either their total adhesion molecule protein expression in whole cell lysates via 

western blot, or through direct detection of cell surface molecules using FC or cell-based-

ELISA. Incubation with alloantibody did not result in increased expression of P-selectin at the 

cell surface despite antibody ligation being confirmed via FC assays (Figure 4.10.A). This 

result was confirmed using cell-based ELISA, where P-selectin was detected within the internal 

compartments of permeabilised cells but remained unchanged from the control in treated, non-

permeabilised cells (Figure 4.10.B). To investigate whether alloantibody ligation could affect 

the expression of cellular adhesion markers at a translational level, the total cellular expression 

of ICAM-I and VCAM-I was assessed over a 48-hour period post-treatment. Consistent with 

prior experiments, incubation with alloantibody was unable to cause a change in the cellular 

expression of these two cell adhesion molecules, despite upregulation of both ICAM-I and 

VCAM-I being attainable upon the addition of TNFα (Figure 4.11). 
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4.3. Discussion 
 

4.3.1. Chapter Overview 

Endothelial cells (ECs) located on the intima of blood vessels lie at the interface between the 

bloodstream and smooth muscle cells of the vessel wall where they act as a selectively 

permeable barrier that organises the growth and development of the surrounding connective 

tissues [317]. Here they also function as the “first responder” to environmental stimuli within 

the blood, where their activation may be integral to activation of the innate immune system 

[318-319]. The aims of this chapter explore the capability of alloantibodies to induce various 

sub-cellular responses, and to understand how the antibody’s affinity may affect the magnitude 

of the response generated. Throughout this chapter, the use of primary human aortic endothelial 

cells (HAoECs) as a model to map the cellular response upon AlloAb-HLA interaction 

formation was unsuccessful. Despite efficiently being able to isolate vascular endothelial cells 

originating from porcine tissue, achieving this with human aortic tissue proved to be 

problematic. Using HAoECs acquired commercially, it was possible to demonstrate the ability 

of mAbs to recognise HLAs on the surface of these cells, however the capacity of this 

interaction to activate subcellular phosphorylation signalling pathways under a range of 

conditions was non-evidential. Further to this, the ability of this interaction to alter the 

expression of cell adhesion molecules at the cell surface was also lacking, despite positive 

controls clearly demonstrating cellular upregulation. Upon further experimentation it was 

uncovered that a variety of these commercial cells were extremely sensitive to environmental 

conditions, where unavoidable changes in temperature that occurred during general cell culture 

procedures were enough to induce Akt/ERK phosphorylation, irrespective of Ab-HLA ligation. 

Overall, despite significant effort to address the subjects in the main aims, the inability to 

acquire a suitable cell model for these experiments prevented the aims from being achieved. 

4.3.2. Selection of Cells to Model Alloantibody-HLA Interactions 

Endothelial cells are widely used as a tool in biomaterial research due to their natural physical 

location at the interface of tissue and biological fluids [320]. In the context of immunology, 

vascular endothelial cells are a useful model to evaluate immune responses as they bridge the 
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gap between innate and adaptive arms of the immune system by acting as sensors that respond 

to pathogens and molecular damage signals, whilst also being able to act as APCs in an 

inflammatory setting [319, 321]. The use of HAoECs as a model was selected based previous 

studies carried out by Reed et al., who have heavily documented these cells to become activated 

upon antibody ligation, resulting in proliferation, migration, activation of downstream 

signalling events as well as many other cellular responses [282]. The use of primary cells for 

these studies was essential due to the caveats surrounding loss of endothelial cell characteristics 

following multiple passages [322, 323]. When choosing a cell sample to model a specific 

alloantibody-HLA interaction, it is important to select cells carefully to prevent any unwanted 

signals from off-target interactions. To do this it needs to be ensured that the HLA target is the 

only expressed antigen that can be recognised by the antibody under investigation. One 

limitation with this study is the inability to select the donor tissue type, meaning the isolation 

of donor cells expressing a target of interest comes down to a matter of chance. Within these 

studies, cells which express HLA-A*02:01 were selected as a model. Since HLA-A*02:01 is 

the most commonly expressed HLA-A allele within the donor population [324, 325], the ability 

to acquire donor tissue and/or commercially isolated cells which expressed HLA-A*02:01 was 

relatively easy. However, this may become an issue when modelling antibody interactions with 

rarer HLA molecules as cells expressing these antigens may be harder to acquire. Given the 

cross-reactive nature of antibodies and the variable expression of HLA per individual, the 

ability to characterise an isolated alloantibody-HLA interaction may require a primary donor 

cell library from which the specific cells can be selection from. Considering the rate of donor 

tissue acquisition throughout these studies, establishing such a library may take a long time, 

but if obtainable would provide a very useful possession that may open many pathways to 

research and further collaboration. 

4.3.3. Primary Endothelial Cell Isolation 

Using published methods for primary EC isolation as a reference [284, 321, 323, 326-332], the 

possibility of establishing a reliable method to acquire these cells was explored. Endothelial 

cells were successfully isolated from porcine renal arteries and maintained in cell culture. 

Isolated ECs had the characteristic squamous, cobblestone morphology and formed single layer 

sheets which could be propagated over multiple passages [330]. This method proved to be 

challenging when translating into tissues of deceased human origin, where only two of the 

twelve donor tissue samples used within these studies were found to yield isolated cells that 
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were displayed the endothelial CD31-expressing phenotype. Many of these samples were from 

donors of old age, where the tissue samples provided were observed to contain vast regions of 

vascular calcification and atherosclerotic plaques. Nevertheless, these successfully isolated 

cells were minimal in number and were observed to rapidly lose their characteristic endothelial 

traits in the days following isolation. Besides donor sample quality, prolonged ischaemic times 

(up to 12 hours) between harvesting and isolation may have contributed to low cell yield, as 

ischaemia has been related to autophagy, endothelial permeability, and dysfunction [333, 334]. 

The EC microenvironment generated by their location, intracellular signalling and intercellular 

cross-talking with other cell types has been shown define EC phenotypic and genetic 

characteristics, which also plays a major role in disease pathogenesis [335-338]. Cells isolated 

within this study could only be obtained at low seeding density, where the inability of these 

cells to establish cell-to-cell contacts and produce the chemical environment necessary for 

endothelium to thrive may have prevented them from maintaining their endothelial 

characteristics, despite the addition of many growth factors that intended to provide these 

signals. This loss of endothelial morphology may also be due to the cells undertaking a 

mesenchymal morphology through endothelial-to-mesenchymal transition (EndMT), a process 

which has been implicated in various wound healing responses and angiogenesis [339-342]. 

To determine whether EndMT was a factor that influenced this change in morphology, further 

phenotypic characterisation of these differentiated cells would need to be carried out. 

Endothelial cell differentiation may also be induced in vitro by exposure to fibroblast-derived 

soluble factors in endothelial cell and fibroblast co-cultures, where the ECs can be observed 

adopt an elongated spindle-shaped morphology [343]. Since the methods used to isolate 

endothelial cells in this chapter do not include any positive or negative cell selection steps, the 

contamination of cultures with fibroblast cells cannot be ruled out. 

4.3.4. Commercial Endothelial Cell Activation 

Throughout this study, commercially acquired cells were received at passage 2 and cultured to 

passage 4 using the recommended protocols prior to experimentation. Upon treatment, these 

cells were consistently shown to become activated, where a similar degree of kinase activation 

could be observed in both experimental and control conditions. This was discovered to be a 

result of the change in physical conditions during the treatment process, where the act of 

transferring cells from a 37 °C incubator to the biosafety cabinet at room temperature (roughly 

20°C) and then back to the incubator enabled an increase in phospho-ERK and phospho-Akt 
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to be observed. Besides initiating immune responses, endothelial cells also play an important 

role in vascular tone. Here they are known to activate various pathways to release numerous 

vasoactive factors in response to changes in internal body temperatures that may result in 

vasodilation and vasoconstriction of the vessels [344], respectively, to regulate blood flow 

within the body to maintain an optimal 37 °C. One reason for not observing the response to 

antibody ligation could be that the magnitude of kinase phosphorylation caused by changes in 

temperature may have surmounted the signalling effect of mAb binding, preventing the 

antibody-induced response from being detected. 

In the experiments presented here, it is difficult to ascertain whether kinase phosphorylation is 

caused by the cooling of cells when kept at room temperature or by the subsequent re-warming 

of them once returned to the heated incubator. In vitro, endothelial cells have been shown to 

be sensitive to hypothermia, where decreases in temperature have been shown to activate 

various cryoprotective genes and prevent the activation of extrinsic and intrinsic apoptotic 

pathways [345]. Other studies also show that cooling of cells may lead to injury if the 

temperature falls below that of the membrane-phase transition temperature [346]. Junctional-

Adhesion-Molecule-A (JAM-A) expression has been shown to be modulated upon cooling and 

re-warming, where upregulation can be observed in the re-warming phase [347]. Contrary to 

my findings, JAM-A has also been implicated with inhibition of Akt signalling [348], however 

this may also offer a potential reason as to why this Akt phosphorylation signal was not 

observed upon antibody ligation. Furthermore, post-hypothermic re-warming has been 

demonstrated to activate the NF-kB pathway in response to ROS production [349]. Studies 

carried out my Valenzuela et al. have shown the ability of HAoECs to elicit exocytosis upon 

alloantibody ligation which results in the upregulation of P-selectin to aid in monocyte 

recruitment [304]. This data could not be reproduced in my studies, where the ability of 

antibody ligation to upregulate cell surface adhesion molecules ICAM-I and VCAM-I was also 

not observed. Whilst hypothermic conditions may have prevented the antibody-ligation related 

phosphorylation events from being measured, exposure of endothelial cells to low temperatures 

has been shown to induce ICAM-I and VCAM-I expression [349]. The inability of these 

HAoECs to regulate cell surface adhesion molecules upon decreasing temperatures may 

suggest an alternative reason that may explain the lack of response to alloantibody ligation, 

such as endothelial dysfunction [350, 351].  
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Although the use of commercial HAoECs has been documented throughout the literature, 

detailed information regarding the specific procedures used to isolate these cells is scarce. 

Furthermore, the inability to understand the reason for this lack of response to alloantibody 

ligation raises questions with regards to the reproducibility of experiments involving these 

cells. The experiments carried out on commercially bought cells in this chapter involve cells 

sourced primarily from one supplier, PromoCell GmbH. Although HAoECs from this supplier 

have been used to map various signalling pathways [352, 353], the use of these cells to model 

the effect of mAb binding on cellular responses has not been documented and so it is unknown 

whether this specific supplier provides cells that are a good model for these studies. Since 

cellular activation in response to changes in temperature was also observed in other cell types 

purchased from this vendor, there are questions surrounding the methods used in their isolation 

procedures and how this may affect the sensitivity of the cells. One more caveat to using 

commercially bought cells to study alloantibody-HLA interactions is that the cells are generally 

not HLA-typed, further emphasising the issues raised in the section 4.3.3. Overall, the 

commercial cells purchased to observe effects downstream of antibody-HLA ligation were 

inapt. Should these cells be used for further studies then the cause and effects of temperature 

sensitivity would need to be investigated. 

4.3.5. Conclusion 

In conclusion, this chapter highlights many of the issues that may be faced when trying to 

establish a relevant primary cellular model for in vitro studies. Although purchasing cells may 

avoid the limitations that come with isolating cells manually, the unknown methods used in 

commercial procedures may limit the understanding of the cell status. To continue with this 

study, a different source of endothelial cells would need to be found and/or an efficient, 

reproducible protocol for isolation of endothelial cells would need to be established. 
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Chapter Five 

Microfluidic Antibody Affinity Profiling – 

Developing a Novel Assay for In-Solution 

Characterisation of Alloantibody-HLA 

Interactions in Serum 
 

5.1. Introduction 
 

The development of clinical methods designed to characterise antibodies, including ways to 

detect, visualise and quantify interactions, have assisted in developing our understanding about 

the many roles and specialised functions of antibodies in both health and disease. Having 

information on a patient’s antibody repertoire ready and available at the point of patient 

assessment may be useful to clinicians to help inform them on a patient’s molecular traits, to 

aid in clinical diagnosis, whilst also helping to improve the clinical decision-making process. 

In the transplant setting, characterisation of a recipients DSAs is currently done through several 

semi-quantitative methods which do not allow for absolute quantification of the antibody’s 

parameters, which brings about discrepancies when interpreting the output data [204, 209]. The 

work described in chapter 3 of this thesis gives evidence to suggest that the affinity of an 

alloantibody-HLA interaction may relate to the antibody’s pathogenic potential, and so may be 

informative in conjunction with current immunoassay outputs. 
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Biophysical methods such as surface plasmon resonance, biolayer interferometry, isothermal 

titration calorimetry etc. [354], have been developed to enable the kinetic assessment of 

protein-protein interactions (PPIs), however many of these methods come with caveats that 

limit the ability to quantify interactions in the presence of human serum. The contribution of 

non-specific binding, availability of epitopes (in terms of methods that rely on immobilisation), 

and lack of information with regards to the concentration of target-specific Abs within a serum 

sample, prevent the reliable quantification of serum antibody-antigen interaction kinetics 

without the need for sample preparation which can consume vast amounts of time, money, and 

reagents. To enable this information to be made readily available in clinical practice, a novel 

method to quantify Ab-HLA interactions in serum without the need for extensive antibody 

sample preparation needed to be established. 

To explore whether such a method could be developed, firstly a platform needed to be selected 

in which the assay could be designed around. The use of microfluidics has revolutionised the 

field of science, where it has been incorporated into many research technologies to enable the 

accurate measurement of various sample properties using micro-scale volumes. Using the 

principles of microfluidic streams, Einstein relation, and Stokes Law, a novel platform called 

microfluidic diffusional sizing (MDS) was developed by Prof. Tuomas Knowles’ group within 

the University of Cambridge Department of Chemistry, for the sensitive and accurate 

measurement of a protein’s hydrodynamic radius (RH) under native solution conditions [355]. 

This method exploits the fact that the rate of molecular diffusion in a defined volume correlates 

with the size of the molecule of interest.  This size is dependent on the molecular weight, 

secondary structure, tertiary structure, aggregation, and the formation of interactions with other 

species. The original research suggested that MDS can be used to probe highly heterogeneous 

protein complexes and to characterise protein-protein interactions [355]. This novel technology 

was then implemented into a commercially developed instrument (Fluidic Analytics Ltd, 

Cambridge, UK) to enable rapid characterisation of specific biomolecular interactions in a 

quantitative manner without the need for purification or immobilisation of protein to a surface 

[356].  

In comparison to flow-induced dispersion analysis (FIDA), which measures the axial spreading 

of bulk molecules due to both diffusive and convective aspects of Taylor-Aris’s dispersion 

[357], MDS observes the ability of individual labelled molecules to diffuse across the axis 

between a sample stream and into a parallel auxiliary stream under controlled, steady-state 
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laminar flow (Figure 5.1). After allowing for diffusion of molecules to occur between the two 

streams, each stream is then split from the other where their fluorescence intensities are then 

measured and used to calculate the ratio of diffused versus non-diffused molecules. Larger 

molecules are expected to diffuse less than smaller molecules and so would yield a lower 

diffusion ratio. Using this diffusion ratio, it is then possible to decipher the average 

hydrodynamic radius (RH) of the fluorescently labelled molecules according to Stokes-Einstein 

and Einstein-Smoluchowski equations (Appendix 12). In terms of PPI kinetics, this method 

also enables non-covalent interaction affinities to be calculated through quantification of the 

change in a labelled protein’s RH upon gradual titration of an unlabelled interaction partner 

[358]. The KD of this interaction can then be measured as the concentration of unlabelled 

protein which yields a size increase of fifty percent response between the measured size of the 

labelled protein and the size of the protein in complex with its partner. Since this method of 

interaction affinity determination uses the read-out from a fluorescent label in solution, this 

eliminates many of the current limitations concerned with ligand immobilisation that prevent 

the quantification of PPIs in complex buffers such as serum, opening the door for the 

application of this technology for the clinical assessment of antibodies. 

This chapter provides an exploration into how the principles of the MDS method may offer an 

alternative, quantitative approach to characterising alloantibodies that are present in human 

sera. An investigation into how MDS can be used to detect the presence of Ab-Ag binding and 

quantify the interaction strength was performed using several extensively characterised 

AlloAb-HLA interactions. Since the active concentration of antibody within a serum sample is 

needed for quantification of antibodies in patient serum samples, I then examined how MDS 

analysis can be used to develop an original, innovative method for absolute quantification of 

antibody parameters within non-purified antibody samples, these being the affinity the 

antibody has for its antigen and the concentration at which the antibody is present. To validate 

this method and to provide preliminary information on its applicability in the clinical setting, 

the assay was used to characterise a selection of patient serum samples that have previously 

been determined to have reactivity against HLA class I and II antigens. Finally, a brief proof-

of-principle study was carried out to assess the potential of this method to provide useful 

information about a patient’s HLA-specific antibodies that may be used in clinical decision 

making. 
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5.2. Results 
 

5.2.1. Fluorophore Labelling and Purification of Recombinant HLA 

Molecules 

MDS tracks the change in RH of HLA upon antibody binding in the presence of human serum. 

To carry out measurements of RH using the MDS platform, the protein of interest needed to be 

fluorescently tagged for optical detection. Alexa Fluor 647 (AF647) was selected as the 

fluorophore of choice since the autofluorescent signal of human serum was measured to be 

minimal within the far-red region of the visible light spectrum (Appendix 13). Using amine-

reactive crosslinker chemistry (Figure 5.2.A), it was possible to successfully create a stable 

amide-bond that crosslinked the amine-reactive N-hydroxysuccinimide (NHS) ester group on 

a AF647 dye to the primary amines within HLA molecules. This reaction yielded two distinct 

peaks following gel filtration representing the labelled protein and excess dye, respectively 

(Figure 5.2.B). The molecular labelling ratio for labelled proteins was between 0.82-1.42 dye 

per HLA protein (excluding HLA-A*03:01) (Appendix 14). 
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5.2.2. Assessing the Sensitivity of the MDS Method 

Selecting a suitable concentration of labelled protein to be used in an experiment is based on 

two criteria: A) The expected affinity of the interaction, and B) the fluorescent signal of a 

protein at any chosen concentration. Since the total fluorescent signal emitted from a sample 

is correlated to the concentration of protein within that sample (Appendix 15), which is in turn 

determined by the degree to which the protein is labelled, it is important to ensure that the 

protein concentration selected gives a signal that can yield reliable RH outputs. By measuring 

the size of HLA at various concentrations it was evident that class I HLA proteins consistently 

measured at ∽3.2 nm down to 1 nM (Figure 5.3), in agreement with what is expected for a 

natively folded ∽55 kDa protein [359, 360]. 
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5.2.3. Sizing Alloantibody-HLA Complexes 

The occurrence of a protein-protein interaction can be detected using MDS by observing a 

significant effective increase in RH of a labelled protein upon ligand addition. To validate 

whether AlloAb-HLA interactions are suitable for this method of detection, the ability to 

observe the binding of the mAb WIM8E5 to its native priming antigen HLA-A*11:01 was 

investigated (Figure 5.4). The measured effective RH of HLA-A*11:01 upon addition of 1 μM 

WIM8E5 IgG was found to double from 3.2 nm to around 6.4 nm, suggesting formation of the 

A*11:01-WIM8E5 IgG complex. When incubated with WIM8E5 Fab portions, the measured 

effective size increase of A*11:01 by 1.1 nm, up to 4.3 nm, was significantly less than that of 

IgG due to the smaller molecular weight of Fab molecules. When examining the pattern of 

rising RH upon increasing ligand concentration, in both cases over 80 % of the effective size 

change can be observed with addition of 1 nM and 100 nM ligand. This suggests that the 

affinity of both interactions may fall between these two concentrations. 
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5.2.4. Determination of Interaction Affinity, Stoichiometry and 

Cooperativity via MDS 

To explore the extent to which an AlloAb-HLA interaction could be characterised using this 

method, the interaction of HLA-A*11:01 with WIM8E5 was assessed using an equilibrium 

binding curve in PBS buffer (Figure 5.5.A, blue). Titrating WIM8E5 IgG against 2 nM HLA-

A*11:01 enabled an affinity of 9.0 (± 5.6) nM to be measured. To verify the 1 to 2 (Ab to Ag) 

binding ratio as a result of immunoglobulin’s two antigen binding sites, saturation binding 

curves were produced by using HLA-A*11:01 at >10-times the calculated KD concentration 

[361] (Figure 5.5.C). As expected, the concentration of WIM8E5 IgGs needed to saturate 100 

nM HLA-A*11:01 binding sites was ∽50% (58 nM), confirming the 2:1 stoichiometry and 

bivalent nature of WIM8E5 IgG. When measuring the affinity of multivalent interactions, it is 

also important to establish the cooperativity of the relationship between the interactions that 

occur at each binding site. Assessing the binding data via Hill plot yielded a Hill coefficient of 

∽1 (0.8231-1.574 95% C.I.; Figure 5.5.B.), suggesting that interactions established at each IgG 

Fab arm occur independently of one another and show no cooperative relationship, where the 

affinity of each interaction that forms at either binding site should be equal. 

To validate these findings, the WIM8E5-A*11:01 interaction was analysed using BLI, where 

the affinity of WIM8E5 IgG to non-labelled HLA-A*11:01 was measured within a similar 

range to that of the MDS method, at 19.2 (± 0.2) nM (Figure 5.5.E). To further corroborate this 

evidence, binding and saturation curves were produced by replacing whole IgG WIM8E5 with 

WIM8E5 Fab portions. The interaction was measured to have an affinity of 5.4 (± 1.4) nM via 

MDS (Figure 5.5.A, red), where 100 nM HLA-A*11:01 required around equal quantities (92 

nM) of Fab to reach the saturation point (Figure 5.5.D), confirming the expected 1:1 

stoichiometry of HLA to monovalent Fab. Measuring the interaction of WIM8E5 Fab with 

HLA-A*11:01 via BLI also confirmed the affinity measurements obtained using MDS, where 

it was measured to have a comparable KD of 7.4 (± 0.07) nM (Figure 5.5.F). Finally, to ensure 

that these affinity measurements could be acquired for other alloantibody-HLA interactions, 

binding curves were successfully produced for a further four interactions involving different 

antibodies against their reactive AF647-labelled HLAs (Figure 5.6). The measured affinities of 

these interactions ranged from 5.2-125.1 nM and also agreed with the affinities as measured 

by BLI (not shown). This validation gives further evidence to verify the application of the MDS 

method for AlloAb-HLA interaction affinity determination. 
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5.2.5. Affinity Measurements in Serum Require Background Fluorescence 

Signal Subtraction 

Selecting the concentration of labelled protein to use when assessing an interaction is 

particularly important when incorporating complex media such as human serum into samples, 

as natural aromatic compounds that can be stabilised by the presence of serum albumin, such 

as bilirubin, may produce a natural fluorescent signal [362, 363]. Any autofluorescence given 

off by the media that is not accounted for may become integrated into the raw fluorescence 

measurements which may influence the output RH measurements due to an apparent alteration 

of the diffusion ratio. 

MDS measurements of HLA in the presence of 90% serum caused an apparent decrease in the 

size of HLA when compared the RH as measured in PBS (Figure 5.7, blue and black, 

respectively). This discrepancy is caused by the inclusion of background serum fluorescence 

in MDS measurements, where this effect is enhanced at lower protein concentrations due to a 

decreased signal/noise ratio. To account for this unwanted background fluorescence, a 

subtraction step was added to the workflow. Here, prior to any experiment in which serum was 

used, MDS measurements were taken of raw serum at concentrations of 25%, 50% and 100%. 

The raw fluorescence intensity (FI) values measured within the diffused and non-diffused 

chambers of the microfluidic chip were then plotted on a graph of serum concentration vs 

fluorescence intensity to establish a standard curve (Appendix 16). From this point on, when 

using MDS to measuring the RH of an experimental sample containing X concentration of 

AF647-labelled HLA in the presence of serum at concentration Y (FITotal = FIX + FIY), the 

background fluorescent signal (FIY) could be extrapolated from the standard curve using the 

known serum concentration. These background fluorescent values were then deducted from 

the total fluorescence (FITotal) measured within each microfluidic chamber to yield the desired 

fluorescent signal produced by the AF647-labelled protein (FIX). These background-deducted 

fluorescent values were then used to calculate the corrected diffusion ratio of the HLA 

molecules without the contribution of serum autofluorescence, from which the corrected RH 

could be determined. As seen in Figure 5.7, The addition of this background subtraction step 

was found to correct for any measured deviations brought about by the inclusion of human 

serum autofluorescence, where background-subtracted RH values at all concentrations were 

measured to be consistent with the values determined in PBS (Figure 5.7, red). From this point 

on all MDS measurements taken in the presence of serum included this subtraction step.
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To determine the possibility of using the MDS method to quantify alloantibody-HLA 

interactions in the presence of human serum, I re-assessed the WIM8E5-A*11:01 interaction 

using full equilibrium binding curves in the presence of a fixed 90 % concentration of blank 

human serum from a healthy, non-sensitised male (Figure 5.8, red). Since analysis of antibodies 

within patient samples would necessitate the dilution of sera with PBS (and therefore of the 

antibody within), this interaction was also analysed using serial dilutions of a stock sample 

consisting of purified WIM8E5 antibody spiked into 75 % serum to final concentrations of 320 

nM (Figure 5.8, green). The respective measured KDs of 12.3 (± 2.9) nM and 6.6 (± 2.9) nM 

are both comparable with the value measured in pure buffer (9.0 ± 5.6 nM: Figure 5.8, blue). 

Overall, this data demonstrates the feasibility of MDS measurements in the presence of human 

sera, whereby inclusion of a background fluorescence subtraction step ensures a change in 

measured radius is solely dependent on the formation of the desired interaction alone. This 

provides evidence that MDS can be used as a platform for molecular-level characterisation of 

protein-protein interactions using complex media such as human sera without the need for 

analyte purification steps. 
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5.2.6. Introducing Microfluidic Antibody-Affinity Profiling 

When characterising a specific population of antibodies present within patient serum, there are 

two unknown parameters to consider: the affinity against the antigen and the concentration of 

antibody molecules within the sample. Whilst full binding curves can elucidate the affinity of 

interactions where the concentrations of both species are known, it would not be possible to 

deduce the KD value of an AlloAb-HLA interaction using simple titration binding curves when 

the HLA-specific Ab concentration is undetermined, such as in patient serum samples. 

Furthermore, when generating a binding curve, it is important to ensure that the antibody 

concentration present within the sample is adequate to saturate all the available HLA binding 

sites so that the maximum bound RH can be reached, from which the KD will be determined as 

the Ab concentration that elicits 50 % maximum response. When assessing a patient serum 

sample, the concentration of antigen-specific Ab within it will be dependent on the amount of 

time that has elapsed since the most recent immunological response. This means that in many 

cases, the concentration of antibodies within the serum at the time of sampling may not be 

sufficient to saturate all HLA binding sites to reach maximum RH, therefore preventing KD 

determination. 

To address these the issues, Microfluidic Antibody-Affinity Profiling (MAAP) was developed 

(Figure 5.9). MAAP uses a series of MDS sample measurements taken at various 

concentrations of both labelled (HLA) and unlabelled (Ab) species to constrain the probability 

distribution of interaction affinity and antibody binding site concentration simultaneously and 

effectively, as demonstrated by Bayesian inference analysis. An application to patent this 

method internationally has been submitted through University of Cambridge enterprise (PCT 

international application number PCT/GB2021/051244 filed on 21/05/2021, See Appendix 17 

for patent abstract). Placing MAAP into a workflow, the steps taken to constrain the most likely 

values for the antibody concentration and affinity within a sample are as follows: 1) The 

fluorescence of the antibody-containing sample is assessed in the absence of protein to 

establish a background fluorescence curve (Appendix 16); 2) HLA is sized in the absence of 

sample to establish the baseline RH; 3) The first three test MDS measurements are taken using 

40% antibody sample in the presence of 100 nM, 10nM and 2nM HLA to screen the interaction 

and assess the degree of binding; 4) The background fluorescence is subtracted from the total 

fluorescence in each MDS measurement using the previously calculated standard curve (see 

section 5.2.5); 5) Background-corrected MDS data is uploaded into the Bayesian analysis 
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which simultaneously constrains the interaction affinity and antibody concentration based on 

the data points provided thus far. If the lower and upper 95% confidence intervals of the 

calculated -logKD and -log[Ab] values are constrained to within 0.5 of each other, then the 

interaction is said to be quantified. If the interaction parameters are outside of this 0.5 -log 

value threshold, then the analysis will suggest additional measurements to be taken at specific 

HLA concentrations and antibody sample percentages which are expected to provide the most 

optimal information to further constrain the interaction parameters. These measurements will 

then be taken and processed as described in workflow step 4-5 until the interaction parameters 

are constrained within the threshold limits. 
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To initially test this method, the ability of MAAP to correctly determine the concentration and 

affinity of WIM8E5 within a sample was assessed. To do this, WIM8E5 was diluted to a 

concentration of 30 nM in PBS-T, the specific molar concentration of which was left blinded 

to the subsequent Bayesian analysis. Assessing this via sample via MAAP against AF647-

HLA-A*11:01 enabled the individual antibody parameters of WIM8E5 to be correctly and 

efficiently constrained (Figure 5.10). By taking MDS measurements of samples containing 

several concentrations of AF647-HLA-A*11:01 and various percentages of total antibody 

sample, MAAP was able to effectively constrain the interaction KD to 16.4 (9.8-26.1 95% C.I.) 

nM, in line with previous value determined via full binding curve (Figure 5.5, see section 

5.2.4). The was antibody binding site concentration within the sample was simultaneously 

constrained to 59.4 (39.2-78.4) nM, which implies a whole antibody concentration of 29.7 

(19.6-39.2 95% C.I.) nM based on a 2:1 interaction stoichiometry. In summary, the ability of 

MAAP to correctly constrain these parameters of this WIM8E5 sample provided initial 

validation for the use of MAAP within PBS-based samples. 
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To examine the robustness of this assay and its application to assessment of serum samples, 

this ‘blinded’ experiment was repeated to test the ability of MAAP to quantify the antibodies 

within four fabricated serum samples. The samples were produced by spiking the HLA-

A*02:01-reactive mAb SN230G6 into blank serum from a non-sensitised male donor (blank 

serum A) at concentrations of 100 nM, 30 nM, 10 nM, or 3 nM. Once again, these 

concentrations remained unknown to the Bayesian analysis. Assessing each of these samples 

separately via MAAP using AF647-HLA-A*02:01 enabled the effective KD and the A*02:01-

specific Ab concentrations to be effectively constrained, where tighter constraints were 

obtained for those samples containing a higher antibody concentration (Figure 5.11). Here, the 

95% confidence intervals of each sample’s measured antibody concentrations agreed with the 

known spiked concentrations chosen during experimental design. Furthermore, the output KD 

95% confidence intervals were consistently measured to overlap with the 5 nM value that had 

previously been determined for the interaction via equilibrium binding curve (Figure 5.6), 

further validating the use of the MAAP method in human serum samples. 
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5.2.7. MAAP – Patient Sample Testing 

Following the establishment and validation of MAAP in a controlled setting, the next step was 

to investigate the ability of the assay to quantify unknown HLA-specific Abs within the historic 

serum sample of a kidney transplant recipient. Patient A was identified as a suitable transplant 

recipient whose serum showed a high reactivity profile against HLA-A*11:01 (>20,000 MFI) 

across multiple samples as measured via Luminex SABs (Figure 5.12.A). To ensure detection 

of anti-A*11:01 antibodies within the serum was possible, MDS of AF647-HLA-A*11:01 was 

carried out in the presence of 20-80 % of the patient’s serum (23,060 MFI) or blank serum A. 

Incubation with patient serum led to large increases in the measured RH, whereas the addition 

of blank serum yielded no significant change (Figure 5.12.B). This effective increase in HLA-

A*11:01 size signified complex formation, confirming the presence of HLA-A*11:01-specific 

Abs within the patient’s serum and their ability to be detected via MDS. Using MAAP, it was 

then possible to quantify these antibodies against AF647-A*11:01, where the A*11:01-specific 

antibody binding site concentration could be tightly constrained to 113.6 (94.4-130.4) nM with 

an affinity against the antigen of 2.6 (1.8-3.7 95% C.I.) nM. This means the whole antibody 

concentration is said to be 56.8 (47.2-65.2 95% C.I.) nM assuming a stoichiometry of two 

HLAs to one Ab (Figure 5.12.C-D). This data displays the capability of MAAP to 

simultaneously deconvolute the fundamental biophysical parameters of the humoral response, 

these being antibody KD and concentration, in a patient serum sample. 
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5.2.8. Translating the MAAP Assay for Use with Class II HLA Molecules 

Although mismatching at HLA class I has been linked to the occurrence of graft rejection, it is 

now well documented that HLA class II mismatches are particularly important both in relation 

to their immunogenicity (most de novo DSAs occurring after transplantation are against HLA 

class II mismatches) and their relative contribution to the incidence of antibody-mediated 

rejection [364-367]. For MAAP to become available as a tool in the clinical setting, the MDS 

method needed to be applied and verified for use with class II HLA molecules. Successful 

labelling of HLA-DRB1*07:01 yielded an average ratio of 1.21 AF647 molecules per HLA, 

giving a measured free protein RH at around 4.3 nm (Figure 5.13.A-B, Appendix 14). 

Incubation of 10 nM AF647-HLA-DRB1*07:01 with 1 μM concentrations of three separate 

anti-HLA-DR Abs (DR7 Ab 1, 2 and 3) previously shown to specifically bind epitopes on 

HLA-DRB1*07:01 [368] induced an increase in measured RH due to Ab-HLA complex 

formation (Figure 5.13.C). Upon equilibrium binding curve analysis via MDS in PBS-T buffer 

(Figure 5.13.D), DR7 Ab 1 and 2 were found to bind DRB1*07:01 with affinities of 31.2 (± 

6.1) nM (blue) and 5.0 (± 1.2) nM (red), respectively. The absolute KD value of DR7 Ab 3 was 

unobtainable due to the current limit of assay sensitivity, however it was determined that this 

was to be in the sub-nM range (green). Assessing these interactions using MAAP, where unlike 

the blinded assays carried out in section 5.2.6 the known antibody concentrations were fed into 

the analysis, the KDs of DR7 Ab 1 and 2 were constrained to 18.5 (6.5-46.6 95% C.I.) nM and 

10.4 (6.9-29.3 95% C.I.) nM, respectively. These confidence intervals overlapped with the 

values measured via equilibrium binding curve, supporting the data. Although an absolute 

value of the interaction affinity between DR7 Ab 3 and AF647-DRB1*07:01 could not be 

obtained using MAAP, it was possible to gain an 95% C.I. upper bound constraint on the 

interaction affinity of <0.36 nM, suggesting the true KD of this interaction is somewhere below 

this value. Validation of these microfluidic affinity measurements was carried out using BLI 

(Figure 5.13.F), where the respective KD outputs of 19 (± 1.2) nM, 12 (± 0.8) nM, 0.3 (± 0.2) 

nM against DR7 Ab 1, 2 and 3, were almost identical the values measured via MAAP. 

Collectively, this data provides evidence to validate the use of MAAP with class II HLA 

molecules in a pure buffer setting. 
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To examine whether this HLA-DRB1*07:01 molecule could be used in MAAP assays to 

quantify DR7-specific Abs in patient sera, two patients, B and C, were identified as transplant 

recipients whose sera showed positive but variable reactivity against HLA-DRB1*07:01 as 

measured by Luminex SABs (Figure 5.14.A; Patient B = 13,288, Patient C = 24,048). 

Incubation of AF647-DRB1*07:01 with each patient sera prompted a measured increase in the 

effective RH of HLA-DRB1*07:01 (Figure 5.14.B). Analysing these two sera via MAAP 

against HLA-DRB1*07:01 enabled the fundamental parameters of these interactions to be 

measured, demonstrating the functionality of this assay when using class II HLAs as the 

detected protein (Figure 5.14.C-D). Patient B’s serum was found to contain 68.3 (41.1-345.3 

95% C.I.) nM Abs with an affinity against HLA-DRB1*07:01 of 98.9 (15.5-176.3 95% C.I.) 

nM. Patient C’s serum was found to contain a relatively similar concentration of 59.5 (20.5-

82.2 95% C.I.) nM Abs, however these had over a 10-fold stronger affinity against 

DRB1*07:01, with a KD measured at 8.7 (1.9-27.7 95% C.I.) nM. By relating the outputs of 

MAAP to the data yielded by Luminex, I was able to demonstrate how the enhanced 

DRB1*07:01 Luminex MFI signal generated with Patient C’s serum with respect to Patient 

B’s serum, may be due to the presence of higher affinity antibodies in Patient C’s serum and 

not related to the concentration at which the antibodies are present. This conclusive observation 

could not have been made without the data generated from MAAP analysis. These cases 

provide model examples of how the semi-quantitative MFIs provided by Luminex may only 

enable a limited insight into the antibody’s functionality to be obtained, whilst MAAP can 

provide a more informative and fully quantified antibody assessment that may be used to 

inform these Luminex outputs which may provide an understanding with regards to the 

antibody’s clinical significance. 
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5.2.9. Clinical Translation of MAAP 

Having shown that MAAP can be used for efficient quantification of HLA-specific Abs in 

patient serum samples, the next step was to investigate whether MAAP could provide 

additional, currently unobtainable information that may improve our understanding of the 

clinical significance of a patient’s DSAs. To investigate the potential application of MAAP in 

the clinical setting, two separate clinical cases were retrospectively analysed. In these cases, 

two patients were identified who had historic DSA to similar levels prior to transplant as 

measured via Luminex SABs. These patients then went on to receive a kidney transplantation 

and but had differing clinical outcomes (Patient D and Patient E). The aim of this study was to 

assess the sera of these patients taken pre- and post-kidney transplantation to examine whether 

the data collected from MAAP analysis could provide information about the patient’s DSAs 

further than what is obtainable using the currently used clinical methods. 
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5.2.9.1. Increasing Recipient Access to Donor Organs 

Patient D was the recipient of an HLA-A*03:01-expressing deceased donor kidney allograft, 

who three years prior to transplantation exhibited serum MFI values of 8,289 against HLA-

A*03:01, detected by Luminex SAB as part of routine testing (Figure 5.15.A). The patient’s 

DSA levels were found to have dissipated (MFI = 903) at the time of transplant and no further 

alloantibody analysis was carried out at this time. During the early period after transplantation, 

anti-A*03:01 DSAs were observed at relatively high levels (MFI = 11,740) although there were 

no signs of antibody-mediated rejection and the patient had excellent graft function. DSA levels 

were observed to gradually diminish over a six-month period following transplantation where 

the graft maintained good function. 

MAAP analysis of the 8,289 MFI pre-transplant serum (sample 1) against HLA-A*03:01 

revealed no significant quantifiable binding of antibodies within the serum (Figure 5.15.B). 

MAAP analysis of the post-transplant sera at the peak of DSA levels confirmed this finding, 

where absolute quantification of the anti-HLA-A*03:01 Abs was unobtainable (Figure 5.15.C-

D). The inability to quantify these antibodies was due to the interaction falling outside the 

upper sensitivity limit of the assay, where large confidence intervals were yielded that spanned 

a range of almost 2 magnitudes for both KD and Ab concentration. Despite the inability to 

effectively constrain these values, posterior plots (Figure 5.15.D) indicate that these Abs are 

expected to be of weak affinity (high KD) but at a high enough concentration which was able 

to induce a small increase in the effective hydrodynamic radii (Figure 5.14.C), corroborating 

the pre-transplant sera data. The data obtained via MAAP would suggest that the signal 

detected by Luminex may be due to a non-clinically relevant interaction. 

This data illustrates how in an alternative setting there is the potential for non-clinically 

relevant DSAs within patient sera to be perceived as pathogenic due to positive output in the 

Luminex SAB assay. Although the transplant procedure in this case went ahead and had 

successful outcomes, in another scenario this may lead to wrongly listing the antigens as 

unacceptable mismatches, thus reducing a patient’s access to available organ donors. For this 

case, MAAP was able to inform this positive Luminex data, providing evidence to show that 

Luminex positivity occurred due to an antibody of very weak affinity and therefore is likely to 

be clinically irrelevant. This case exemplifies the potential of MAAP to inform clinical decision 

making, although this would need to be confirmed in further studies. 
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5.2.9.2. Detection of Clinically Relevant DSA at Low Concentrations 

Patient E was a highly sensitised female with an extensive sensitisation history, including two 

previous transplants, one pregnancy, and a blood transfusion. Analysis of the historic clinical 

Luminex data revealed the presence of pre-transplant DSA against HLA-A*11:01, peaking six 

years prior to transplantation with an MFI of 9,428. At the point of transplant, anti-A*11:01 

DSA MFI levels had fallen to <2,500 (2,350) which was deemed acceptable upon the offer of 

an A*11:01-expressing DCD kidney. Within weeks following transplantation, anti-A*11:01 

DSA levels were observed to spike (peak MFI = 20,117) (Figure 5.16.A). Biopsy analysis at 

day seventeen post-transplantation showed positive C4d deposition in the presence of DSA, 

however there was no overt signs of AMR. This was possibly due to ongoing intervention with 

thymoglobulin (ATG) and Eculizumab, where the graft went on to show good function. 

Analysis of the 9,428 Luminex MFI pre-transplant serum (sample 1) via MAAP using AF647-

HLA-A*11:01 revealed antibodies with sub-nanomolar (0.01-0.91 nM) level affinity against 

A*11:01 (Figure 5.16, blue). MAAP analysis of two post-transplantation serum samples, taken 

at day 6 (sample 2, MFI = 9,599) and day 13 (sample 3, MFI = 20,117), confirmed the pre-

transplant serum findings, where the detected DSAs exhibited a high affinity for HLA-

A*11:01. The 95% confidence intervals of the measured DSA KD values in both post-transplant 

sera overlapped with that of the pre-transplant serum assessment (Figure 5.15, red = D6; 0.04-

3.1 nM, green = D13; 0.19-4.6nM).  

In contrast to patient D’s DSAs (see section 5.2.9.1), Patient E’s antibodies bound their target 

with strong affinity, despite the sera from both patients generating similar pre-transplant 

Luminex MFI values. Antibody-antigen interactions of high strength imply an affinity-matured 

response associated with immunological memory. This was confirmed with the rapid increase 

in DSA MFI observed post-transplant, suggesting an anamnestic response. It is well known 

that a response such as this due to pre-existing B-cell memory can often be detrimental and 

may lead to graft loss, however the effect of this response was fortunately mitigated with strong 

immunosuppression and the use of a novel complement-specific monoclonal antibody. MAAP 

analysis of pre-transplant sera on this occasion would suggest the presence of a clinically 

relevant HLA-specific antibody with high affinity to HLA-A*11:01, that in the transplant 

setting might best be avoided. In summary, the above example demonstrates how the MAAP 

immunoassay may provide clinically relevant information in both pre- and post-transplant 

assessment to provide insights into the significance of a patient’s detected DSAs. 
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5.3. Discussion 
 

5.3.1. Chapter Overview 

The ability of an antibody to bind to cellular HLA and exert its pathogenic potential is 

dependent on two fundamental parameters, namely the affinity that the antibody has for its 

antigen and the concentration of the antibodies within the sample (see chapter 3). Although 

techniques have been developed in attempt to quantify these two parameters independently 

[269, 265, 266, 369, 370], the need for sample purification, protein immobilisation and 

methodological expertise when using these methods limits their capacity to be used in a wider 

clinical setting. The aims of this chapter were to investigate the use of microfluidic diffusional 

sizing (MDS) to measure alloantibody-HLA interaction binding affinity in-solution and to 

develop a novel method which would enable absolute quantification of HLA-specific 

antibodies within patient serum samples. Using AlexaFluor 647-labeled HLA it was possible 

to quantify the affinity and stoichiometry of alloantibody-HLA interactions using purified 

samples. A background subtraction step was introduced to MDS measurements to correct for 

any autofluorescence that may contribute to the signal when using complex samples such as 

serum. To determine alloantibody-HLA interaction affinities using human serum samples 

where the active antibody concentration is unknown, Microfluidic Antibody Affinity Profiling 

(MAAP) was developed. MAAP was initially validated by successfully quantifying several 

well-characterised interactions, both in PBS and blank serum. This method was then used to 

quantify the biophysical properties of antibodies within HLA-incompatible transplant sera, 

where the KD and [Ab] values obtained showed the potential to be used as a tool for interpreting 

Luminex outputs and/or determining the antibody’s immunological significance. 

5.3.2. Development of Microfluidic Antibody Affinity Profiling and 

Quantifying the Humoral Response 

Microfluidic diffusional sizing was developed to measure the molecular size of a labelled 

protein and the complexes they form under native solution conditions [355, 356, 358]. 

Labelling of HLA molecules with AlexaFluor 647 enabled the RH of HLA class I and class II 

molecules to be measured via MDS, where the measured sizes of each HLA were in good 

agreement with the expected RH of natively folded globular proteins with their respective 
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number of residues [359, 360]. Incubation of AlexaFluor 647-labelled HLA with a dilution 

series of purified HLA-specific mAbs permitted reliable determination of the interaction 

affinity and stoichiometry [371]. A total of nine interactions were quantified via equilibrium 

binding curve using purified samples, where the KD values extrapolated from these curves 

ranged from 10-10 to 10-7 molar range, consistent with previously measured values [238]. With 

incorporation of a background subtraction step which accounted for the autofluorescent serum 

signal [372], MDS enabled quantification of interactions in the presence of human serum, thus 

avoiding the non-specific binding effects that are seen with other methods that require ligand 

immobilisation [269]. These results showed that the measured interaction is solely based on 

specific interaction of labelled HLA with HLA-specific antibody and is not influenced by non-

specific protein species that may be present within the serum [373]. 

Despite MDS offering an alternative measurement to assess interaction affinity in the presence 

of complex media, the unknown active antibody concentration within human serum samples 

remained an issue. To address this, Microfluidic Antibody Affinity Profiling was developed. 

MAAP is a novel assay which uses Bayesian inference analysis and a series of MDS 

measurements taken at various antigen and antibody sample concentrations to simultaneously 

calculate the antibody affinity and active antibody concentration in-solution [374]. Using 

MAAP it was possible to quantify the antibodies in eight patient sera, documenting the first 

time that one assessment of patient sera has enabled simultaneous deconvolution of the 

fundamental biophysical parameters underpinning the humoral response (i.e., KD and [Ab] 

concentration). By assessing the antibodies in serum of two patients who had developed 

responses against HLA-DRB1*07:01 (patients B and C), the measured affinity and 

concentration values gained from MAAP could also be used to explain their differing Luminex 

DR7 SAB MFI output. Here it could be determined that the difference in Luminex MFI was 

not caused by a difference in antibody concentration within the sera, but due to patient B’s 

antibodies being of weaker affinity than those in patient C’s sample, potentially offering 

insights into their cross-reactive disposition [375]. Additionally, MAAP was able to provide a 

retrospective assessment of sera from two clinical cases, which if available at the time of 

transplant may have provided further information to aid in clinical decision making. Here, 

MAAP of Luminex positive pre-transplant sera calculated serum antibodies to be of low 

affinity against the expressed HLA target, offering a possible explanation as to why these 

antibodies were tolerated and the graft was accommodated [376]. In contrast, MAAP was able 

to measure high affinity antibodies within the pre-transplant sera of a different transplant 
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recipient which generated similarly positive MFIs via Luminex pre-transplant, however the 

C4d depositions on the graft shortly following transplant substantiated this measured antibody 

strength, where this graft may have rejected without necessary interventions [377-378]. 

Collectively, these cases provide examples of how fully quantitative affinity analyses acquired 

from MAAP can be used to assist in interpretation of clinical immunoassay output, outlining a 

path towards in-depth profiling of antibody responses in patient sera. 

5.3.3. Considerations of Microfluidic Diffusional Sizing and Microfluidic 

Antibody Affinity Profiling 

Compared to the widely utilised surface-based methods, MAAP offers many advantages such 

as: in-solution analysis which nullifies the limitations involved with ligand immobilisation, the 

need for only small amounts/volumes of sample, the ability to measure interaction 

stoichiometry and sample concentration, and the ability to use Bayesian analysis to guide 

optimal subsequent measurements so that maximum information is obtained efficiently with 

the least possible points [374]. As highlighted in section 5.2.6, MAAP can be used to constrain 

the antibody parameters without requiring the saturation of all antigen binding sites that is 

needed when for interaction affinity determination via equilibrium binding curve. Despite this, 

the ability to constrain the antibody parameters will still be dependent on the antibody 

concentration with respect to the interaction affinity ([Ab]/KD). Antibody binding site 

concentrations at or below the KD may limit accurate parameter determination due to 

inadequate complex formation and change in the measured RH. Although an [Ab]/KD threshold 

of >1 should theoretically enable distinction of the two parameters [379-381], the practicality 

of this cut-off in the experimental setting still needs to be explored. Whilst MAAP was 

developed for quantification of anti-HLA antibodies in the transplant setting, this method may 

provide a useful tool for diagnostic testing beyond histocompatibility where it could be utilised 

for immune profiling in various fields, such as autoimmunity, infectious disease, and biomarker 

detection, as well as many other disciplines in which Ab-Ag interactions are implicated [379-

382]. 

The requirement of protein labelling for MDS means that the ability for the interaction to occur 

will be dependent on the positioning of the label and maintenance of the antibody epitope [383]. 

The sensitivity of the assay is also dependent on the ability of the instrument to detect the 

fluorescent molecules within each microfluidic stream. Although the inclusion of background 

subtraction could account for unwanted noise due to serum autofluorescence, using samples 
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with high levels of background may lead to an elevated signal-to-noise ratio which may mask 

the fluorescent protein signal even at higher antigen concentrations, preventing the sample 

from being accurately measured. Additionally, the brightness of a fluorophore is dependent on 

the properties of its buffer environment [384], where the properties of different sera may vary 

quite radically from one sample to the next. To understand whether variability between serum 

samples may become an issue, further assessment into the effects of variable serum background 

conditions on the measurements taken from MDS and MAAP should be investigated. With the 

current equipment specifications, this allows labelled protein to be detected in the nanomolar 

range in pure buffers such as PBS. This detection level enables interactions with nanomolar 

KDs or higher to be fully quantified, however interactions of stronger affinity may only be 

quantified as sub-nM, where determination of their absolute KDs would require a more sensitive 

level of detection. MDS measurements are determined by the rate of molecular diffusion across 

streams under laminar flow. To detect the binding of a molecule to the labelled protein, it needs 

to be ensured that the difference in the diffusive capacity between the complex and protein 

alone is significant enough to induce a measurable change in the RH. Whilst the Fluidity One-

W is capable of sizing globular proteins between 0.5-20 nm (1-1,400 kDa) across three separate 

flow rates, the inability to detect small changes in molecular size means that studies such as 

those aiming to quantify the binding affinity of small drug molecules to a large globular protein, 

where the small molecule cannot be labelled, may not be suitable for this method [385]. There 

is however the scope to assess the competitive behaviour of proteins via MDS by assessing the 

ability of these small molecules to disrupt protein complexes [382]. This may also be useful in 

understanding the competitive behaviour of cross-reactive alloantibodies when two HLA 

targets are present and/or multiple antibodies against the same target. 

5.3.4. Conclusion 

There is currently no available technique that can determine the abundance of antibody within 

an unquantified serum sample and the affinity it has for its antigen without the need for 

antibody purification steps. Outlined in this chapter are the details that have led to the 

successful development of MAAP for the absolute quantification of the biophysical parameters 

that underline antibody interactions using non-purified samples. MAAP offers an alternative 

in-solution approach to quantification of antibody affinity and concentration within crude 

samples, where it shows the potential to be used as a tool in clinic to improve transplant-related 

decision-making processes.  
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Chapter 6 

General Discussion 
 

6.1. Thesis Overview - Revisiting the Aims 
 

Donor HLA recognition and development of HLA-specific antibodies present a major 

immunological risk in solid organ transplantation. Whilst the development of methods to detect 

and assess the pathogenic potential of DSAs have significantly helped decrease the incidence 

of acute antibody mediated rejection, chronic AMR continues to be a major cause of tissue 

injury and graft loss [386,387]. This thesis investigated the current methods used to identify 

and characterise alloantibody-HLA interactions in clinic, whilst also delving into the antibody 

parameters that govern the outputs of these assays, these being antibody affinity and 

concentration. With this information, alternative approaches to assess antibody-antigen 

interactions were explored which led to the development a novel method of antibody 

quantification using serum samples, Microfluidic Antibody Affinity Profiling (MAAP). 

Assessment of patient serum samples using MAAP enabled additional antibody information to 

be gathered which is not currently obtainable using the conventional immunoassays. By doing 

so, this analysis provided examples of how this information may be relevant in the clinical 

setting to assist with immunological risk evaluation. This chapter summarises the findings of 

this body of work, discusses limitations, and outlines further studies needed to enable clinical 

translation. 
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Aim 1: Investigation into the potential of alloantibody-HLA kinetic analysis to inform the 

interpretation of currently used assays for detection and characterisation of human HLA-

specific antibodies. 

Currently employed clinical immunoassays for HLA-specific antibody assessment and 

immunological risk stratification include  single antigen bead assays such as Luminex and cell-

based assays such as flow cytometry and complement-dependent cytotoxicity [28, 206, 209]. 

Biophysical quantification of alloantibody-HLA interactions that were also characterised using 

these clinical immunoassays revealed that assay output is dependent on two fundamental 

antibody properties; their concentration within a sample and affinity for their antigenic target. 

Measuring the affinity of each antibody interaction also enabled the priming HLA to be 

differentiated from cross-reactive antigens, where interaction affinity closely correlated with 

cytotoxic capacity. Additionally, interactions measured to have a comparable KDs displayed 

similar cytotoxic potential. Solid phase assays were observed to have high sensitivity [195] but 

were unable to differentiate antibody interactions against priming versus cross-reactive HLA 

molecules. Importantly, interactions of both high and low affinity could generate positive MFI 

signals in Luminex assays whilst also producing negative results in CDC assays, highlighting 

the issues with regards to assay interpretation and the use of these outputs to define antibody 

pathogenicity [218]. Finally, the ability of a polyclonal serum to enhance the pathogenic 

capacity of the humoral response was explored, demonstrating that two antibodies that target 

different HLA on the same cell surface may have an additive cytotoxic effect. Overall, this 

work provides evidence in support of the hypothesis, demonstrating that antibody affinity is an 

important immunological parameter, where being able to quantify the strength an antibody has 

against donor-expressed HLA may provide important clinical insights to enable a more 

accurate assessment of antibody-related immunological risk. 

Aim 2: Examining the relationship between alloantibody-HLA interaction affinity and 

the activation of intracellular signalling pathways that lead to endothelial cell activation. 

Intracellular signalling events are an important aspect of the humoral immune response, where 

the initiation of signalling cascades upon antibody ligation to HLA expressed on primary 

isolated human aortic endothelial cells in vitro has previously been shown to result in a variety 

of cellular responses [270-312]. Endothelial cells could be successfully isolation and cultured 

from tissues of porcine origin, however issues surrounding donor sample quality and the 

inability to control endothelial cell differentiation prevented this from being achieved using 
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human aortic ring tissues. Upon procurement of commercially isolated endothelial cells to 

continue with the study, results from these experiments suggest that these cells were not a 

suitable model due to their susceptibility to activation upon minor, unavoidable changes in 

environmental conditions. The inability to establish a viable model for this study prevented the 

main aims from being addressed. If this aim were to be pursued further, optimisation of the 

method for isolation and culture of primary human aortic endothelial cells would need to be 

performed and/or alternative sources of these primary cells would need to be obtained. 

Aim 3: Development of a novel method for HLA-specific antibody affinity and 

concentration quantification in patient sera to improve immunological risk assessment. 

To be able to measure the affinity (KD) and concentration ([Ab]) of antibodies present in 

human-serum sample, a novel method called Microfluidic Antibody Affinity Profiling 

(MAAP) was developed. This method uses the principles of Microfluidic Diffusional Sizing 

(MDS) and Bayesian inference analysis to constrain both [Ab] and KD parameters 

simultaneously without the need for antibody purification steps. MAAP demonstrated the 

capability to quantify anti-HLA antibodies spiked into PBS and blank serum. After method 

validation, MAAP was successfully applied to quantify the fundamental properties of 

alloantibodies in transplant recipient sera, offering a more in-depth quantitative assessment of 

the patient’s humoral response that would otherwise be unattainable using the current 

immunoassays. This marked the first time these antibody properties could be obtained from 

clinical serum samples. In an exploratory study, an initial investigation was performed to assess 

the potential application of MAAP into the clinical setting. This preliminary data showed that 

the outputs of MAAP provided details about the affinity of recipient DSAs that was able to 

inform the interpretation of Luminex assays and offer data that may be used to determine 

antibody clinical significance. Overall, aim three of this thesis was achieved through the 

development of MAAP, where this method shows the potential to provide information that may 

enable better clinical decision-making during pre-transplant antibody-related immunological 

risk assessment and post-transplant immune monitoring. 
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6.2. Antibody Titre versus Affinity Assessment 

The most common way that transplant patients are assessed for the presence of DSA is via 

Luminex single antigen bead assay, which is commercialised by two main companies, 

OneLambda and Immucor [388]. During routine clinical assessment, patient sera is incubated 

with these antigen-expressing beads, where the MFI output is said to represent the amount of 

antibody that is bound to HLA to each bead [214]. Despite this, the ability to visualise the true 

effect of antibody binding to these beads may be limited by several factors, including the 

interference of naturally occurring molecules, such as complement, causing the prozone effect 

[254, 389] or underrepresentation of HLA-specific antibody on the beads when many of the 

multiplexed antigens are recognised by the antibody [390], to name a few. The effect of this is 

particularly prevalent in highly sensitised patients, where one study showed up to 70% of 

assessed sera demonstrate inhibition of DSA detection [235]. To avoid these issues, some 

laboratories use serial dilutions of patient sera to get a broader picture of their DSA profiles 

[254, 391, 392]. By titrating the sera, the antibody strength is assigned by the last dilution of 

antibody that can generate a ‘positive’ output. The logic behind this methodology is that 

stronger interactions are expected to sustain for greater dilutions than weaker interactions if 

they were to measure the same starting MFI. Although carrying out antibody titrations in these 

studies has enabled separation of interactions with similar, 'lower’ MFI outputs than when 

measured at neat [391], many questions still arise when it comes to evaluating these antibody 

titres. Firstly, consistent with multiple published studies and the experimental data presented 

in this thesis, titration does not enable interactions that are measured with higher MFIs, or 

higher affinities, to be distinguished from one another [233, 391]. Secondly, although titration 

aims to identify those stronger interaction which can sustain at a greater dilution, this output 

will still be heavily dependent on the initial antibody concentration within the serum. 

Furthermore, the threshold which defines a positive and negative interaction is often 

determined quite arbitrarily, meaning that the ability of an interaction to appear ‘positive’ will 

depend on where this threshold is manually set. Studies carried out to understand the 

significance of antibody titre in the clinical setting remain inconclusive, where the ability for 

antibody titre to offer a better indicator of graft loss or AMR than MFI is unclear [393]. From 

a more economic viewpoint, with the number of patients on the transplant list and the high cost 
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of commercial single antigen beads, the ability to assess the DSA titres of every patient is also 

not feasible. 

In terms of cell-based immunoassays, carrying out titration studies does not necessarily mean 

that any further useful information will be provided than what can be gathered from doing the 

assessment at neat serum concentrations. Whilst assessing interactions using antibody dilutions 

in FC crossmatch assays may give a better insight into the strength of antibodies against HLA 

targets, this MFI output is also semi-quantitative and will be dependent on not only the initial 

antibody concentration within the sample but also the variable HLA expression on the donor 

cells, which is also inducible in a physiological setting [59]. The purpose of assessment via 

CDC assays is to gain an insight into the antibody’s cytotoxic capacity to help understand its 

clinical significance. As documented in this study, the ability of an antibody to induce its 

cytotoxic effects is related to the affinity it has for its antigen. When carrying out CDC assays, 

if the antibody yields a positive result at any dilution then that is an automatic veto to transplant 

[394], regardless of what dilution this interaction would become negative. Besides, the limited 

sensitivity of CDC assays means that diluting the sera would only weaken the signal, opening 

the interaction up to misinterpretation which may prevent the true pathogenicity of the antibody 

from being obtained [259]. As documented throughout this thesis, the ability to measure the 

affinity that an antibody possesses for its antigen may not only enable you to gain a better 

insight into its ability to ligate with cell-expressed HLA, but it may also provide an insight into 

its fab-dependent complement fixing abilities. In contrast to carrying out titrations studies in 

immunoassays which only provide a limited insight into the strength of serum antibodies, 

assessments such as MAAP enables fully quantified determination of both antibody 

concentration and affinity in one experiment. Whilst higher outputs from the currently used 

immunoassays may be sufficient to assess the immunological risk associated with that specific 

DSA, it is the intermediate responses that are usually difficult to ascertain. In these scenarios 

it may be possible to use MAAP to quantify the affinity of the DSAs within the sample to 

provide additional information for immunological risk stratification. 

Overall, the ability to titrate serum in assays may provide a slightly improved insight into the 

antibody load [233], however little evidence is given to suggest this offers an improved 

assessment of DSAs over MFI alone. Using affinity analysis, it may be possible to quantify the 

parameters of detected antibodies, which may be used to gain a more informed interpretation 

of their clinical significance. 
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6.3. Limitations and Future Directions 
 

6.3.1. MDS and MAAP Assay Sensitivity 

In terms of MAAP, the current sensitivity limits of this assay are governed by the ability of the 

Fluidity One-W instrument to detect the fluorescent antigenic tag as well as the fluorescent 

background within the serum being assessed. Being able to detect fluorophore-labelled antigen 

at lower concentrations is crucial to enable efficient quantification of high affinity interactions. 

Due to the current instrument specifications, the minimal detectible fluorophore-labelled HLA 

concentration is generally in the single nanomolar range (Appendix 15), making it difficult to 

accurately quantify interactions of sub-nanomolar affinity. Additionally, the ability to detect a 

fluorescent protein becomes even more complex in the presence of human serum due to its 

natural autofluorescence which may interfere with the fluorescent signal of the detection 

protein [362, 363]. Although optimal selection of the AF647 fluorescent molecule as well as 

the inclusion of a background subtraction step may have ameliorated many of these background 

issues, samples that have a naturally higher background fluorescence will increase the signal 

to noise ratio, further limiting the degree of labelled protein detection. Whilst serum cleaning 

steps have been incorporated into many other serum analysis techniques to reduce the amount 

of background signal, being able to reduce this noise in samples with higher autofluorescence 

may be critical for their accurate analysis. Potential ways to improve on the sensitivity of 

MAAP would be to alter the fluorescent label to one which gives a brighter signal, or to 

increase the antigen labelling ratio so that there are more fluorescent molecules per protein 

(although this may hinder epitope accessibility). Although these approaches may improve the 

ability to detect signals to a small extent, the need for drastic sensitivity enhancement may 

require the need for an alternative method which can detect picomolar concentrations of 

fluorophore-labelled molecules and/or single molecule-level detection [395]. 

6.3.2. Affinity vs Avidity Assessment 

Interaction affinity is defined by the strength of a single protein-protein interaction that occurs 

between an antigen’s epitope and the antibody’s paratope, which is determined by the overall 

thermodynamic and electrochemical forces that occur at the binding interface [396]. In cases 

where proteins interact at multiple binding sites, the overall binding strength between the 
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molecules will be determined by three factors: the individual affinities of each binding site, the 

number of binding sites involved in the interaction (valency), and the accessibility of the 

binding sites due to each protein’s overall structure. This is known as the functional affinity, 

or avidity [397]. Physiologically speaking, this work provides evidence to suggest that the 

ability of an Ig molecule to form contacts with cell-surface HLA will depend on the 

concentration of antibodies circulating within the blood, the affinity these antibodies have for 

their HLA antigen(s), and the extent of antibody-reactive HLA expression at the cell-surface. 

Upon interaction establishment, this HLA-ligated antibody is then able to carry out its 

pathogenic function which will also be dependent on antibody class/subclass identity, effector 

cell properties etc [84, 86, 94]. Whilst affinity is known to be associated with the ability of an 

antibody to form an interaction with its HLA antigen, the physiological relevance of an 

antibody’s avidity against its target remains unexplored. By investigating the role of avidity in 

establishing/maintaining an alloantibody-HLA interaction and how this may also relate to the 

antibody’s effector function may also provide further insights into an antibody’s mechanism 

of action. 

6.3.3. Heterogenous Samples in MAAP: Binding Competition and Subtype 

Determination 

During development of the MAAP method, many of the assessed alloantibody-HLA 

interactions were carried out under controlled conditions in pure buffer, where the response 

observed was known to be exclusively due to the establishment of the interaction of interest. 

Whilst many other immunoassays use a secondary reporter to positively select for a target-

ligated antibody [198, 201, 218], MAAP does not incorporate this secondary selection and 

therefore assumes that any signal increase is due to the binding of the desired interaction. When 

using crude samples such as human serum, the complete repertoire of components that make 

up each sample is unknown and therefore there is the potential for any unwanted antigen-

reactive proteins present within a sample to interact with the target, which may be interpreted 

as positive binding. Additionally, the ability to detect and individually quantify each of the 

target-specific antibodies in heterogenous samples is not possible. At lower antigen 

concentrations, competition of antigen binding sites will conform to that of the strongest 

antibodies present [379]. Increasing the antigen concentration may result in saturation of these 

stronger antibodies, causing any free antigen binding sites to become occupied by weaker 
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binders. Quantification of such samples will result in measurements of affinity and antibody 

concentration that are convoluted outputs of both interacting species [379]. 

One potential avenue for further development of the MAAP assay is the ability to provide more 

information that reflects the pathogenic functionality of a detected antibody an HLA target. 

Whilst the current outputs of MAAP do not currently provide information on the Fc function 

of the detected antibodies [94, 117-138], there is scope to expand on this method so that this 

information can be obtainable. One way to do so would be to introduce a secondary analysis 

that can confirm the identity of the binding molecule and/or categorise the reactive antibody 

by its class/subclass, such as in the adapted Luminex assay [226, 398]. Exploiting this avenue 

may enable further information regarding the antibody effector function to become available, 

offering more in-depth profiling of antibodies which may help further understand their clinical 

significance. 

6.3.4. The Clinical Translation of MAAP 

In chapter six, two scenarios were presented that demonstrated how MAAP may provide 

further information that can be used to inform the currently employed immunoassays to 

improve clinical decision making. Although these cases provide good examples of how MAAP 

may be used in clinic, further studies would need to be carried out to truly understand the full 

potential of this method. Firstly, MAAP should be used to assess patients who have generated 

antibodies against HLA class II molecules. Recently, the occurrence of alloantibodies against 

HLA-DQ molecules has been linked to poor graft outcome after kidney transplantation [399, 

400]. Although this thesis provides a series of proof-of-principle experiments for the effective 

use of MAAP with class II molecules, whether data generated using these class II HLAs has 

any clinical validity is yet to be explored. One limitation to this investigation is that monomeric, 

recombinant class II HLA molecules, particularly HLA-DP and -DQ molecules, are 

notoriously difficult to produce [401]. The limited availability of HLA reagents would restrict 

the analysis that can be carried out to those patients who have developed antibodies against 

HLA antigens that are available in purified form. An alternative approach is to establish a 

method for production of recombinant HLA molecules in-house. Another avenue to be 

explored is the potential for data generated from MAAP to provide information with regards 

to an antibody’s priming event. The ability of an antibody to recognise non-priming HLA is 

dependent on the conservation of the priming epitope across different antigen species and/or 

the diversification of epitope specificity through B-cell “epitope spreading” [402-404]. Being 
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able to decipher whether a detected interaction is due to the recognition of a priming or cross-

reactive antigen epitope may provide further understanding with regards to immunological 

memory and/or the clinical significance of an interaction. This is especially important in cases 

that involve highly sensitised patients that have a broad sensitisation profile [205, 405, 406], 

where being able to differentiate clinically irrelevant interactions from those that have clinical 

significance may have a considerable impact on the highly sensitised individual’s capacity to 

access suitable donor organs. 

In terms of assessing the validity of MAAP data in the clinical setting, broader studies need to 

be carried out to investigate which stages of clinical assessment may benefit from having the 

antibody information provided by MAAP. To assess whether the information obtainable by 

MAAP can be useful at the time of transplant, a larger cohort of past transplant recipients who 

had a history of DSA prior to transplantation could be examined retrospectively. Observing 

whether the outputs of MAAP could’ve been used to inform the clinical decision made at the 

point of transplant and/or whether the output data can explain the observed clinical outcomes 

would offer a good insight into MAAP’s application. Another point at which data obtained 

from MAAP may be deemed clinically useful is during post-transplant immune monitoring. 

Being able to quantify the affinity and concentration of antibodies produced in response to graft 

introduction may offer a pre-requisite for antibody-mediated rejection diagnosis [407] and/or 

aid in the process of selecting suitable immunosuppression/therapeutics [408]. 
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6.4. Final Remarks 
 

This body of work highlights the influence of antibody concentration and interaction affinity 

when characterising HLA-specific antibodies in transplantation. By having this information 

available at the point of assessment, I have shown how this data may better the ability to 

interpret the outputs of immunoassays currently used for antibody assessment in clinic, 

enabling an improved understanding of antibody-related immunological risk to be attained. 

Through the development of MAAP, I have been able to introduce a novel method for the 

absolute quantification of these antibody parameters in human serum samples for the first time. 

I have also provided preliminary evidence of the ability to quantify these antibodies in real 

patient samples using this method, where the data acquired shows the potential to provide 

useful information further than what is currently obtainable, which may be used to make more 

informed clinical decisions. Overall, this thesis provides the groundwork for the molecular 

assessment of clinically relevant antibody-HLA interactions, whilst opening new avenues to 

seek explanations for the unanswered questions surrounding alloantibody significance and how 

clinical practice can be improved for maximal patient benefit. 
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Abstract

The detection and characterisation of antibodies in human blood is a key for clinical
diagnostics and risk assessment for autoimmunity, infectious diseases and transplanta-
tion. Antibody titre derived from immunoassays is a commonly used measure for anti-
body response, but this metric does not resolve readily the two fundamental properties of
antibodies in solution, namely their affinity and concentration. This difficulty originates
from the fact that the fundamental parameters describing the binding interaction, affin-
ity and ligand concentration, are convoluted into the titre measurement; moreover, the
difficulty of controlling the surface concentration and activity of the immobilised ligand
can make it challenging to distinguish between avidity and affinity. To address these
challenges, we developed microfluidic antibody affinity profiling, an assay which allows
the simultaneous determination of both affinity and antibody concentration, directly in
solution, without surface immobilisation or antibody purification. We demonstrate these
measurements in the context of alloantibody characterisation in organ transplantation,
using complex patient sera, and quantify the concentration and affinity of alloantibodies
against donor Human Leukocyte Antigens (HLA), an extensively used clinical biomarker
to access the risk of allograft rejection. These results outline a path towards detection
and in depth profiling of antibody response in patient sera.
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Introduction

Non-covalent protein-protein interactions underlie many biological and physiological

processes, including protein self-assembly,1–3 protein aggregation,4–6 antibody-antigen re-

cognition,7–9 muscle contraction,10 and cellular communication.11 One fundamental ap-

plication of measuring protein-protein interactions is based on immuno-assays for the

detection of biomarkers in body fluids, primarily human serum, related to various dis-

eases including cancer,12–15 protein misfolding diseases,16–21 auto-immune diseases,22 and

graft rejection.23 In the latter, detection of antibodies against donor Human Leukocyte

Antigens (HLA), termed alloantibodies, in patient serum serve as strong indicator for

potential rejection of transplants. The analysis and characterisation of these biomarkers

is essential for pre-transplant assessment and post-transplant immune monitoring.24–27

Current approaches for the detection and characterisation of antibodies, including

alloantibodies, rely mostly on surface immobilisation of one of the binding partners,

such as in enzyme-linked immunosorbant assays (ELISA),28–30 bead-based multiplex as-

says,31–34 and surface plasmon resonance (SPR) spectroscopy.35–37 The requirement for

protein immobilisation is associated with a number of challenges, such as non-specific

interactions with the surface or suppressed accessibility due to alterations of substrate

and ligand structures.38–40 Furthermore, avidity effects caused by dense substrate occupa-

tion are hard to control in surface based measurements.41 Additionally, the hook/prozone

effect, most prevalent in sandwich immunoassays or complement interference, can result

in false negative measurements.42–44 More generally, for measurements on surfaces, the

fundamental parameters of antibodies in solution, namely their affinity and concentra-

tion, are challenging to resolve due to the difficulty in controlling the concentration of

the surface-bound species. For instance, the commonly used EC50 value obtained in sur-

face measurements is only weakly dependent on the affinity of the interaction for strong

antibody binding, as illustrated in Fig.1a.

To overcome the limitations of surface-based immunoassays, we demonstrate here an

in-solution Microfluidic Antibody Affinity Profiling (MAAP) apporach, allowing quantit-

ative measurement of biophysical parameters governing specific antibody-antigen interac-

tions in unpurified human serum and its complex background with more than 10 million

different proteins.45 Unlike existing microfluidic immunoassays, many of which rely on

surface immobilisation,46,47 the approach described in this paper operates fully in solu-

tion. We use a strategy based on microfluidic diffusional sizing, which tracks the spatial

and temporal evolution of a fluorescently labelled protein in a microfluidic channel under

laminar flow conditions to determine its hydrodynamic radius, Rh (Fig. 1) and hence

effective molecular weight. When an antigen molecule interacts with an antibody in solu-
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tion, its effective molecular weight increases to that of the antibody-antigen complex and

hence its diffusion coefficient decreases.

We focus here on humoral responses against HLA, also known as the human major

histocompatibility complex (MHC), a biomolecule of key clinical significance. The ex-

tensive polymorphism of the HLA system, evolved to enable immune protection against

an ever-changing environment of human pathogens, is a major barrier in organ and

cell transplantation.48 Exposure to donor HLA through pregnancy, transfusion and/or

transplantation leads to development of alloantibodies, principal mediators of acute and

chronic allograft loss.23,49 Detection and characterisation of alloantibodies is essential for

evaluation of donor-recipient compatibility and to facilitate post-transplant immune mon-

itoring and provide individual therapeutic intervention.50–52 In current clinical practice,

this is mainly performed using solid phase assays which suffer from the aforementioned

Figure 1: (a) Basic Principle of surface based antibody-binding measurements. In a strong binding
regime, the antibody concentration can be determined, in a weak binding regime the ratio between
antibody concentration and dissociation constant, Kd, can be determined only. (b) Basic principle of
applying MDS for clinical samples. (1) Patient-derived human serum (2) is incubated with different
concentrations of labelled HLA to allow binding. (3) The effective size of the complex is determined by
microfluidic diffusional sizing, from which (4) the dissociation constant Kd and the antibody concentra-
tion [Ab] are determined. As it is an in-solution approach, both Kd and antibody concentration become
accessible. The posterior shows the probability distribution, whereby yellow stands for high, blue for low
probability that the according parameters Kd and [Ab] are found at the respective values.
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disadvantages of surface-based techniques. Such semi-quantitative approaches do not al-

low the full characterisation of fundamental biophysical properties of the humoral allore-

sponse such as alloantibody levels (concentration) and the affinity of alloantibody-HLA

interaction.27,53–55 In the following, we show that MAAP is an advanced technique cap-

able of quantifying an analyte in human serum under native solution conditions to yield

physiologically relevant results and thus propose this platform as an additional procedure

for immuno-profiling in human serum.

Results and Discussion

Binding Interactions of Covalently Labelled HLA

In order to detect alloantibodies in solution using HLA, a microfluidic diffusional

sizing (MDS) platform was used that enables determination of binding parameters by

measuring the hydrodynamic radius, Rh, of a fluorescently labelled protein, as previously

described.56–59 We used a reliable and stable labelling strategy for fluorescence detec-

tion, relying on NHS-Chemistry (Fig. S1a) for N-terminal labelling, which yields highly

pure HLA with labelling stoichiometry of 0.33 to 1.55, depending on the variant (Fig.

S1c-f). This allows control of the stoichiometry of the binding interaction more accur-

ately than traditional strategies utilising biotin-streptavidin-HLA complexes which are

highly heterogeneous (Fig. S1b). A fluorophore in the far-red spectral region was chosen

(λem, max = 650 nm), since serum autofluorescence is minimised in this spectral region

(Fig. S2e).

Rapid and physiologically accurate investigation of antibodies in human samples is

crucial for clinical evaluation. Therefore, immunoassays must be able to cope with

untreated samples and not be influenced by non-specific binding to surfaces, by the

hook/prozone-effect, and by surface-mediated avidity effects.42–44 To validate the applic-

ability of the assay for quantification of alloantibody-HLA interactions, the binding of

the HLA variant A*03:01 to the mouse derived anti-human monoclonal antibody W6/32,

which specifically recognises a monomorphic epitope on all HLA class I molecules that

includes both the heavy chain and the β2-microglobulin chain,60 was investigated first in

pure buffer. The hydrodynamic radius, Rh, of pure HLA A*03:01 was determined to be

3.47 ± 0.13 nm (Fig. 2a), which is consistent with the expected radius for a natively

folded protein with a molecular weight of approximately 55 kDa (Fig. 2b). Upon addition

of a 380-fold excess of antibody W6/32, a significant increase of the hydrodynamic radius

to Rh = 5.01 ± 0.13 nm was observed, indicating an interaction between both species.

The hydrodynamic radius of 5.01 nm suggests that two antigens are bound per antibody,
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Figure 2: (a) Binding experiments of HLA A*03:01 using diffusional sizing. Bars show the average of
triplicate measurements with the error bars representing the standard deviation. A significant change
in hydrodynamic radius indicates binding of 5 nM HLA A*03:01 to 1.9 µM W6/32. In contrast, no
binding can be observed between HLA and OUW4F11 or BSA. (b) Correlation of hydrodynamic radii
with the number of residues.61,62 The radii determined for HLA both free and bound to the antibody
W6/32 agree well with the assumption of a folded protein. (c) Binding curve of 476 pM HLA A*03:01
with varying concentration of antibody W6/32. The blue points give the hydrodynamic radius of each
equilibrated sample, averaged over the data of at least three replicates, and the blue curve is the best fit
(see Materials and Methods for details). From the fit, the dissociation constant Kd = 0.7 [0.3, 1.6] nM
(95% confidence intervals given in square brackets) could be determined with a ratio of two antigens per
antibody.

which is expected for a bivalent IgG antibody which has two binding sites, and is con-

sistent with the expected size for a natively folded protein complex of 260 kDa (Fig. 2b).

Negative control experiments, including alloantibody against fluorescently labelled BSA

(Fig. S4a), OUW4F11 (an alloantibody specific to HLA B*08:01) against HLA A*03:01

(Fig. 2a), and human IgG binding against HLA A*03:01 (Fig. S4b), did not show an

increase in Rh and, therefore, confirmed that the complex formation is based only on

specific interactions.

We next explored whether this approach could yield both the dissociation constant of

the interaction and the concentration of the antibody. To this effect, an equilibrium bind-

ing curve for the interaction between HLA A*03:01 and antibody W6/32 was measured,

yielding a Kd = 0.7 [0.3, 1.6] nM (95% confidence intervals from Bayesian inference given

in square brackets) and consistent with a binding ratio of 1 to 2, i.e. a stoichiometry of

2 antigens per antibody (Fig. 2c and Fig. S5). Both cooperative and non-cooperative

binding of antibodies have previously been described.63 Thus, cooperativity was tested

by a Hill plot (Fig. S5),64 yielding a Hill parameter h = 1.01 ± 0.15. This shows that

the binding of the HLA and the antibody is non-cooperative, ergo binding events occur

independently.
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Characterisation of Alloantibody-HLA Interactions in Human

Serum

We next determined the applicability of MAAP for the absolute quantification and

characterisation of alloantibodies in human serum. We assayed two well-characterised,

human monoclonal antibodies, SN23OG6 and OUW4F11, which specifically recognise

HLA A*02:01 and HLA B*08:01, respectively,65 both in human serum of non-transfused,

healthy donors, which did not contain HLA-specific antibodies, and in buffer (PBS).

During data processing, we corrected for a weak autofluorescence background signal from

both the diffused and undiffused measurement channels. Serum autofluorescence has been

reported for human serum in the spectral region of interest (Fig. S2)66 and is likely to

arise from natural aromatic compounds including haem complexes, found in haemoglobin

or bilirubin, which are stabilised by human serum albumin.67

As shown in Fig. 3, the hydrodynamic radii of pure HLA obtained in human serum

(Rh = 3.27 ± 0.11 nm for HLA A*02:01 and Rh = 3.22 ± 0.19 nm for HLA B*08:01),

were found to be consistent with theoretical values for natively folded 50 kDa proteins, as

a b

c d

3.27 ± 0.11 nm 3.22 ± 0.10 nm

4.8 [2.0, 9.3] nM6.9 [2.3, 15.6] nM

Rh, unbound

Rh, complex 5.54 ± 0.06 nm 5.53 ± 0.10 nm
Kd 

Human Serum PBS

5.24 ± 0.39 nm 4.86 ± 0.06 nm
3.16 ± 0.07 nm

72 [33, 164] nM 89 [46, 174] nM

Rh, unbound

Rh, complex

Kd 

Human Serum PBS
3.22 ± 0.19 nm

SN23OG6 HLA A*02:01 OUW4F11 HLA B*08:01

Figure 3: (a) Binding curve of 5 nM HLA A*02:01 against antibody SN23OG6 in human serum (red)
and PBS (blue). The measurements in serum and PBS are in good agreement with each other, yielding
Kd values of 6.9 [2.3, 15.6] nM and 4.8 [2.0, 9.3] nM, respectively, with a binding ratio of 2 antigens per
antibody. (b) Binding curve of 1.2 nM HLA B*08:01 against antibody OUW4F11 in human serum (red)
and PBS (blue). Again, the Kd = 72.1 [32.9, 163.6] nM in serum and Kd = 89.1 [45.7, 173.8] nM in
PBS with a binding ratio of 1 to 2 are in good agreement. Summary of the hydrodynamic radii for the
fully unbound antigens and of the dissociation constants in human serum in comparison to their values
in pure buffer, demonstrating consistent values under both conditions (c) for SN23OG6 against HLA
A*02:01 and (d) for OUW4F11 against HLA B*08:01 (Fig. S6).
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well as with the radii obtained in buffer (Rh = 3.22 ± 0.10 nm for HLA A*02:01 and

Rh = 3.16 ± 0.07 nm for HLA B*08:01), demonstrating the applicability of MDS for

measurements in human serum. Importantly, this also shows that measurement in human

serum did not affect the antigen size compared to the measurements in PBS, suggesting

presence of serum proteins in the sample do not affect the measurements.

Assessment of these two alloantibody-HLA interactions showed that microfluidic af-

finity measurements were independent of the buffer conditions used (Fig. 3a-b). The

interaction between SN23OG6 against HLA A*02:01 yielded a dissociation constant of

Kd = 6.9 [2.3, 15.6] nM in human serum and was in good agreement with Kd = 4.8

[2.0, 9.3] nM in buffer. Similarly, for the interaction of antibody OUW4F11 against HLA

B*08:01, the Kd = 72.1 [32.9, 163.6] nM in human serum which was consistent with

Kd = 89.1 [45.7, 173.8] nM determined in buffer. The different saturation levels between

the two media conditions are within the CI and most likely reflect minor conformational

variations between individual antigens. Analysis of the above alloantibody-HLA inter-

actions in PBS using biolayer interferometry showed dissociation constants in a similar

order (Kd = 5.6 ± 0.03 nM for SN23OG6 vs. HLA A*02:01 and Kd = 314.9 ± 0.04 nM

for OUW4F11 against HLA B*08:01, Fig. S7).

Taken together, these data show the general feasibility of binding measurements

in complex media with diffusional sizing, with hydrodynamic radii, affinities and stoi-

chiometric parameters consistent with theoretical values and measurements under un-

perturbed (buffer) conditions. The results show that the binding of HLA, even in the

background of a complex solution such as human serum, is solely based on specific interac-

tions and not influenced by any other protein species that are abundant in human serum

including soluble HLA and β2- microglobulin.68 More generally, these results suggest that

MAAP can be used as a platform for molecular level characterisation of protein-protein

interactions in complex mixtures such as body fluids.

Quantification of Alloantibody-HLA Interactions in Human Serum

Simultaneous determination of both affinity and alloantibody concentration in patient

samples is a key advantage of our method compared to traditional assays. Through vary-

ing the concentration of both labelled (i.e. HLA) and unlabelled (i.e. alloantibodies in

human serum) species, it becomes possible to properly constrain the probability distri-

bution of unknown parameters for the interaction (Kd and antibody concentration) as

demonstrated by Bayesian inference analysis (see Methods). This is the key advance of

this technology as compared to similar assays previously used to describe affinity meas-

urements. In order to verify the robustness of our method for determination of absolute

parameters for reactive antibody species, we spiked human serum from non-sensitised
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a b c d

Figure 4: Binding curves (top row) of measured data and best fits for the interaction of A*02:01
against SN23OG6 antibody spiked into alloantibody-negative human serum at concentrations (a) 3
nM, (b) 10 nM, (c) 30 nM and (d) 100 nM. The analyses were performed assuming that both the
antibody concentration and affinity were unknown. In all four cases, the Kd determined through MAAP
is consistent with the Kd obtained through fitting all datasets combined, using the known concentrations;
probability distributions over Kd resulting from each dataset are shown alongside the 95% confidence
intervals (grey) obtained by considering all data (middle row). The experimentally determined antibody
concentrations are also in good agreement with the known concentration (bottom row), assuming a
binding stoichiometry of 1:2 antibody:HLA. Probability distributions over antibody concentration are
overlaid with the experimental error range (shaded region) for the known antibody concentrations.

donors with HLA-specific monoclonal antibody in a blinded manner, i.e. the final an-

tibody serum concentrations were not revealed to the person performing the analysis.

The interaction investigated was that between alloantibody SN23OG6 and HLA A*02:01

(Fig. 4). For antibody concentrations of 1 nM or above, we were able to determine

both the dissociation constant, Kd, and the concentration of specific antibody, [Ab]spec,

in doped serum simultaneously. The Kd determined in all cases was consistent with pre-

vious results for the interaction (as shown above), and the concentration determined was

in good agreement with the expected antibody concentration (Fig. 4). This was the case

even when the concentration of antibody binding sites was approximately equal to the

dissociation constant, Kd (Fig. 4a), demonstrating that our method enables accurate

determination of antibody concentrations around the Kd.

Quantification of Alloantibody-HLA Interactions in Patient Sera

We next investigated the ability of our immunoassay to quantify HLA-specific anti-

bodies in the serum of a kidney transplant patient. The patient became sensitised after
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Figure 5: Quantification of reactivity against different HLA variants in serum from a transplant patient.
(a) Antibody binding profile as detected on Luminex Single antigen beads for HLA A*01:01, HLA
A*02:01 and HLA A*24:02 (MFI: Mean Fluorescence Intensity). (b) Binding Curves for the interaction
of alloantibodies in patient serum against HLA A*02:01 and A*24:02, relating the hydrodynamic radius,
Rh, to the measured concentration of antibody. The individual data points represent the measured
data, the solid line the fit. The error bars report the standard deviation for triplicate measurements.
For HLA A*02:01 isoform, an antibody concentration [Ab]spec = 3.0[1.2, 5.8] nM and a dissociation
constant Kd = 0.13 [−, 1.38] nM were determined. For HLA A*24:02 isoform, we determined the
Kd = 1.3 [0.2, 9.7] nM and [Ab]spec19.3 = [10.8, 49.3] nM. (c) Titration Curve for the same patient
serum against 1 nM HLA A*01:01, with different serum concentration. As can be seen, no binding is
detected.

transplantation with a kidney allograft expressing the HLA A*24:02 alloantigen. Analysis

of post-transplant sera using the Luminex single antigen bead assay (standard of care in

the clinical setting) showed a complex profile with reactivity against the priming antigen

(A*24:02), cross-reactivity against A*02:01 (A*24:02 and A*02:01 are part of a common

serological cross-reactive HLA epitope group), and additional reactivity to A*01:01 (no

known serological cross-reactivity to A*24:02 and A*02:0169). The mean fluorescence in-

tensity values detected by Luminex were 19314 a.u. for A*24:02, 18653 a.u. for A*02:01

and 7810 a.u. for A*01:01 (Fig. 5a). As shown in Fig. 5b, for the serum interaction with

HLA A*02:01, we determined a concentration of alloantibody of [Ab]spec = 3.0 [1.2, 5.8]

nM and a Kd = 0.13 [0.01, 1.38] nM, assuming a binding ratio of 1 to 2. Similarly, for

the same patient serum interaction with A*24:02, we detected an antibody concentration

of, [Ab]spec = 19.3 [10.8, 49.3] nM and an affinity of Kd = 1.3 [0.2, 9.7] nM. Thus, we were

able to deconvolute the fundamental biophysical properties (affinity and alloantibody

concentration) of the humoral response in a complex patient serum and differentiate

the reactivity against the priming alloantigen (A*24:02) and a cross-reactive alloantigen

(A*02:01) demonstrating higher antibody concentration against the priming HLA. Im-

portantly, we could not demonstrate an interaction between HLA A*01:01 and the patient

serum, despite a relatively high MFI value of 7810 a.u. from the Luminex assay. Output

from the Luminex assay is avidity driven and is considered semi-quantitative;40 accord-

ingly, an interaction at the MFI level showed here against A*01:01 would be considered

as clinically significant (e.g. potential donors expressing A*01:01 would typically be ex-
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cluded for a patient with similar levels of reactivity on Luminex). Taken together, the

data highlight the potential of MAAP to provide immunologically relevant information

not attainable by currently available techniques and to quantify antibody interactions

against proteins that share highly similar structures, such as the HLA system.

Conclusion

In this study, we have shown for the first time that, using an in-solution technique,

namely Microfluidic Antibody Affinity Profiling (MAAP), it is possible to determine both

dissociation constant, Kd, and the absolute concentration of antibody binding sites, which

may manifest as the binding stoichiometry in samples of known antibody concentrations,

or the total antibody concentration in unknown samples, through a measurement of ef-

fective hydrodynamic radii at different antibody and antigen concentrations. By applying

this platform to measure immunologically-relevant interactions between specific antibod-

ies and HLA, we were able to determine quantitative biophysical parameters describing

the binding event fully, even in such a complex medium as human serum. The determ-

ined dissociation constants range between 10−10 M and 10−8 M and are consistent with

previous work.70 However, our in-solution approach avoids the commonly reported disad-

vantages of surface-based assays and does not require serum preparation to reduce non-

specific binding thereby enabling determination of fundamental parameters of humoral

responses under physiological conditions.

Our results suggest applicability of this method in a wide range of investigations aim-

ing to understand the role of both abundance and dissociation constants implicated in

clinically relevant immune responses. For example, further insights into the complex pro-

cess of graft rejection may be obtained through investigations of the correlation of the

concentration and affinity to the occurrence of an immune response. Finally, our results

indicate that the platform can be of general use for diagnostics beyond histocompatibility

testing, such as immuno-profiling in auto-immunity, in infectious diseases, and to mon-

itor immune responses after vaccination, or the detection of biomarker levels for various

diseases in human serum.15,16
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Materials and Methods

Materials

HLA monomers were obtained through the NIH Tetramer Core Facility in Emory,
Atlanta, US, in PBS. PBS and Alexa Fluor 647 was purchased from Thermo Fisher
Scientific Inc., Waltham, US. Human IgG ab205198 was from Abcam, Cambridge, UK.
All other chemicals were from Sigma Aldrich. All PBS was supplemented with NaN3

(0.02 % (w/v)).
Plate reader experiments were performed on a Clariostar BMG Labtech, Ortenberg,

DE instrument. Size exclusion chromatography was performed on a Superdex 200 increase
10/300 gL column (GE Healthcare, Chicago, US) on an AKTA Pure protein purification
system (GE Healthcare, Chicago, US). All microfluidic experiments were performed on a
Fluidity One-W Serum instrument(Fluidic Analytics, Cambridge, UK). The basic prin-
ciple of MDS has been described before.1 In brief, labelled protein and auxiliary buffer
are introduced alongside one another at the beginning of an extended diffusion chamber.
Due to the small channel size, laminar flow can be assumed, meaning that the particles
can move into the buffer stream by diffusion only, whereby the rate depends on the size
of the molecular complex (Fig. 1). At the end of the diffusion chamber, the stream is
split and the fluorescence of both the diffused and the undiffused material is measured.
From the ratio between the fluorescence in both chambers, the hydrodynamic radius, Rh,
of the protein can be determined.

Determination of Autofluorescence in Human Serum

Human serum from non-sensitised volunteers (not containing HLA-specific antibodies)
was supplemented with PBS and the fluorophore Alexa FluorTM 647 to yield fluorophore
concentrations between 10 pM and 1 µM in serum. Similar dilutions of fluorophore in
buffer were prepared for comparison. Subsequently, both absorption spectra (Fig. S2
a-b) and the emission spectra upon excitation at two wavelengths λex,1 = 481 nm and
λex,2 = 632 nm (Fig. S2 c-d)were recorded on a plate reader.

Labelling of HLA with Alexa Fluor 647 fluorophore

To HLA (typically 1 nmol, 1 equiv.) in 0.1 M NaHCO3 (pH = 8), Alexa Fluor 647
N -hydroxysuccinimide ester (in DMSO, 3 equiv.) was added. The reaction mixture was
incubated for 1 h at ca. 20 ◦C, protected from light. The sample was purified by size
exclusion chromatography with a flow rate of 0.5 mL/min and PBS as eluent buffer, to
yield labelled HLA (typically around 0.8 nmol, DOL between 0.33 and 1.55).

MAAP measurements in PBS

Labelled HLA, together with a varying concentration of the antibody of interest,
were added and diluted in PBS (supplemented with 0.02 % Tween-20). The samples
were incubated at room temperature for approximately 30 minutes. Subsequently, the
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size was determined by MDS. The same protocol was followed for negative controls with
fluorescently labelled BSA.

Binding Experiments in Human Serum

All binding experiments in human serum were carried out using human serum from
non-sensitised volunteers (not containng HLA-specific antibodies) or from a kidney trans-
plant patient. For all binding experiments in human serum, HLA (typically at a total
concentration of 5 nM) was incubated with a varying concentration of specific antibodies
or serum fractions at room temperature for 30 minutes in human serum and measured by
MAAP. When fitting the data, the background fluorescence intensity of both the diffused
and the undiffused channel was subtracted from the sample values at the relevant serum
concentration.

Bayesian Analysis

The dissociation constant, Kd = [Ab][H]
[AbH]

, and where necessary the antibody binding site

concentration, [Ab]0, were determined through Bayesian inference. The hydrodynamic
radii were measured based on the amount of protein that diffuses into the distal channel; in
order to relate the measurements, we introduce the parameters ρf and ρb as the fractions
of free and antibody-bound HLA, respectively, that diffuse into the distal channel. We
can therefore express the fraction of HLA that diffuses into the distal channel, fd, as:

fd =
([AbH]ρb + ([H]0 − [AbH])ρf )

[H]0
(1)

where [AbH] denotes the equilibrium concentration of antibody-HLA complex, and [H]0
the total HLA concentration. Considering mass-balance, we express [AbH] as:

[AbH] =
[Ab]0 + [H]0 +Kd −

√
([Ab]0 + [H]0 +Kd)2 − 4[Ab]0[H]0

2
(2)

In the experiments where the total antibody concentration was unknown, we substitute
[Ab]0 for α[Ab]tot, where α is the fraction of serum used in the measurement, and [Ab]tot is
the total concentration of antibody binding sites in the stock solution. Assuming a bind-
ing stoichiometry of 1:2 antibody:HLA, we therefore obtain the antibody concentration,
[Ab]tot

2
. All confidence intervals used were 95% confidence intervals, corresponding to the

standard derivation.
The priors used for ρf and ρb were flat in linear space, while flat priors in logarithmic

space were used for Kd and antibody concentration, where applicable, where employed.

Luminex Single Antigen Beads

HLA-specific antibody reactivity in the patient serum was detected using LabScreen
single antigen HLA class I detection beads (One Lambda, Canoga Park, CA), as previ-
ously described2. HLA single antigen bead-defined Ab reactivity was determined using
a mean fluorescence intensity (MFI) cut-off threshold of 2000 (MFI cut-off level used
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clinically in our center and elsewhere to define a positive alloantibody response to a given
HLA).

Bio-Layer Interferometry

Monoclonal antibody affinity of binding to HLA was determined by bio-layer interfer-
ometry (BLI) using the Octet RED96 system (ForteBio, Fremont, California). Antibody
was immobilised to anit-human IgG Fc kinetic biosensors. To determine the association
phase, sensors were dipped into wells containing soluble, recombinant HLA in a 2-fold
titration for 300 seconds so an equilibrium was reached. Next, sensors were placed into
buffer alone-containing wells for further 1000 seconds to determine the dissociation phase.
Affinity values (Kd) were calculated via steady-state analysis as the ratio of on- and off-

rate constants (
koff
kon

. All experiments were carried out using standard kinetic buffer (PBS,
0.1% (w/v) bovine serum albumin, 0.02% Tween-20), at a temperature of 30◦C and a
constant plate shake speed of 1000 rpm.
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Figure 1: Strategy of Covalent labelling. (A) Reaction Mechanism of Linking an amine on a protein to
Alexa Fluor 647, using an amide coupling. (B) Chromatogram for the purification of the streptavidin-
HLA complex mixture. The blue circles represent different sizes of different streptavidin-HLA complexes;
the green borders represent the Alexa FluorTM 488 label used in the mixture. (C) Chromatogram of
the purification of Alexa Fluor 647 labelled HLA A*02:01 (degree of labelling (DOL) 1.22), (D) HLA
A*03:01 (DOL 0.33), (E) HLA B*24:02 (DOL 0.96) and (F) HLA B*08:01 (DOL 1.55) after labelling,
showing the elution of HLA (blue cartoon with red fluorophore) in one fraction around 14 mL and the
excess fluorophore (red star) around 20 mL. The degree of labelling refers to the number of fluorophore
per protein molecule.
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Figure 2: (A) Determination of the absorbance of varying concentration of Alexa Fluor 647 in human
serum and (B) in buffer, showing no background absorbance around 663 nm in human serum. (C) Fluor-
escence emission of Alexa Fluor 647 in human serum and (D) in PBS. (E) Comparison of fluorescence
emission of both human serum and PBS show no difference. (F) Signal to noise aspect ratios in human
serum and in PBS. The signal-to-noise ratio is slightly reduced in human serum compared to PBS.
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Figure 3: Fluorescence Emission of human serum, measured by microfluidic diffusional sizing. (A)
Auto-fluorescence of human serum as a function of serum proportion for two different patients, showing
that the behaviour varies among different individuals. (B) Increase in background intensity over time.
As shown here, the background fluorescence increases linearly. The apparent hydrodynamic radius, Rh,
remains unchanged. (C) Structure of bilirubin. The red arrow indicates the rotation which is hindered
by complexation of bilirubin to HSA, a possible source of the fluorescence of the human serum.
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Figure 4: Control experiments testing specificity of binding interactions. (A) Comparison of hydro-
dynamic radii of Alexa Fluor 647 labelled BSA, both pure and after incubation with different antibodies.
This demonstrates that the HLA specific antibodies do not recognise the fluorophore, thus, every binding
interaction determined can be assumed to be specific. (B) Hydrodynamic radii of different HLA variants
determined purely or after incubation with 200 nM IgG (ab205198), showing no size increase and, thus,
suggesting selective interaction between these HLA variants and specific alloantibodies.
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h = 1.01 ± 0.15

Figure 5: Binding curve of 25 nM HLA A*03:01 with varying concentration of antibody W6/32. The
blue points are averages ofthree replicates, and the red line is the fit according to a Hill equation. From
this data, the Hill coefficient h = 1.01 ± 0.15 could be determined.
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Figure 6: Hydroydnamic radii measured for (A) the interaction between 5 nM HLA A*02:01 and 1µM
SN23OG6 and (B) the interaction between 5 nM HLA B*08:01 and 1µM OUW4F11, as shown in Fig.
3C-D. The data here, in comparison to the binding curves, were recorded on the same day, reducing
batch-to-batch variability.
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Figure 7: Biolayer Interferometry Curves for (A) the interaction between SN23OG6 vs. HLA A*02:01
([HLA] = 100 nM, 50 nM, 25 nM, 12.5 nM, 6.25 nM and 3.125 nM) and (B) the interaction between
OUW4F11 and HLA B*08:01 ([HLA] = 4000 nM, 2000 nM, 1000 nM, 500 nM).
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In the field of transplantation, the humoural immune response against mismatched

HLA antigens of the donor is associated with inferior graft survival, but not in

every patient. Donor-specific HLA antibodies (DSA) of different immunoglobulin

G (IgG) subclasses may have differential effects on the transplanted organ. Recom-

binant technology allows for the generation of IgG subclasses of a human monoclo-

nal antibody (mAb), while retaining its epitope specificity. In order to enable

studies on the biological function of IgG subclass HLA antibodies, we used recom-

binant technology to generate recombinant human HLA mAbs from established

heterohybridomas. We generated all four IgG subclasses of a human HLA class I

and class II mAb and showed that the different subclasses had a comparable affin-

ity, normal human Fc glycosylation, and retained HLA epitope specificity. For both

mAbs, the IgG1 and IgG3 isotypes were capable of binding complement compo-

nent 3d (C3d) and efficient in complement-dependent cell lysis against their spe-

cific targets, while the IgG2 and IgG4 subclasses were not able to induce

cytotoxicity. Considering the fact that the antibody-binding site and properties
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remained unaffected, these IgG subclass HLA mAbs are excellent tools to study

the function of individual IgG subclass HLA class I and class II-specific antibodies

in a controlled fashion.

KEYWORD S

affinity, glycosylation, human leukocyte antigen, IgG subclass, monoclonal antibody, transplantation

1 | INTRODUCTION

In the field of transplantation, the induction of a humoural
immune response to mismatched HLA antigens on the donor
kidney is associated with graft rejection and inferior graft
survival, but only in a subpopulation of patients.1-3 The vari-
ous clinical effects may be caused by the (mixture of) immu-
noglobulin G (IgG) subclass of produced donor-specific
antibodies (DSA).4-7 Indeed, various patterns of IgG sub-
classes have been observed in sera of transplanted patients
that developed de novo DSA. However, their relative contri-
bution to graft damage remains elusive, due to conflicting
results on their clinical significance.7,8

The pathogenicity of an HLA antibody is determined by
both the affinity for the HLA epitope recognised by the Fab
part and the effector function of the antibody, defined by the
Fc part. Indeed, the degree of complement activation and the
binding capacity to Fc gamma receptors (FcγR) differs per
IgG subclass.9-11 In renal transplantation, DSA capable of
complement activation, for example, IgG1 and IgG3, are
associated with allograft loss.7,12-14 However, other studies
have implied that the presence of IgG2 and IgG4 can act
either synergistically or inhibitory on complement activa-
tion, depending on the epitopes recognised.15,16 Addition-
ally, HLA IgG antibodies have been associated with graft
damage independent of the complement cascade.17-19 Bind-
ing of DSA to endothelial cells can lead to infiltration of
macrophages causing antibody-mediated rejection, of which
the severity is increased in case of IgG1 and IgG3 anti-
bodies, due to their capacity to bind FcγR.19 Furthermore,
binding and crosslinking of HLA targets on endothelial cells
can result in intracellular signalling, resulting in cell prolifer-
ation and initiation of coagulation.18,20,21

Thus, understanding the underlying mechanisms of IgG
HLA antibody-mediated graft damage can contribute to the
establishment of risk factors associated with antibody-
mediated rejection. Several methodological studies on the
effect of HLA antibodies in renal transplantation have been
performed using human HLA monoclonal antibodies
(mAbs).16,19,22-25 However, these studies are restricted to the
available human HLA mAbs, which are mainly of the IgG1
subclass. Therefore, we adapted a method to recombinantly
generate and produce human mAbs of all four IgG

subclasses, with the aim to generate HLA class I and class
II-specific mAbs of all IgG subclasses recognising the same
HLA epitope with the same affinity.

2 | MATERIALS AND METHODS

2.1 | B-cell heterohybridomas

Human B-cell heterohybridomas WIM8E5 (IgG1, κ) and
RTLK1E2 (IgG1, κ), that had been established from two
women who had been immunised during pregnancy by mis-
matched HLA-A*11:01 and HLA-DRB1*03:01, respectively,
were used to generate recombinant human HLA class I and
class II-specific mAbs.25 Heterohybridoma cells were cul-
tured in Iscove's modified Dulbecco's medium supplemented
with 100 μ/mL penicillin, 100 μg/mL streptomycin, 10%
foetal bovine serum, 200 mM L-glutamine (all Gibco, Invi-
trogen, Paisley, UK), 50 μM 2 mercapto-ethanol (Sigma-
Aldrich, Zwijndrecht, the Netherlands).

2.2 | Generation of human recombinant IgG1
HLA mAbs

RNA was isolated from heterohybridoma cells using
RNeasy mini kit (Qiagen, Hilden, Germany). Next, SMART
cDNA synthesis was performed using PrimeScript Reverse
Transcriptase (Takara, Saint-Germain-en-Laye, France), and
variable heavy chain (VH) IgG1, and variable light chain
(VL) kappa (κ) or lambda (λ) gene products were amplified
by 50-RACE polymerase chain reaction (PCR). The VH and
VL PCR products were purified with QIAquick gel extrac-
tion kit (Qiagen) and treated with T4 DNA polymerase
(Bioké, Leiden, the Netherlands). Subsequently, the VH and
VL products were ligation-independently cloned into
pcDNA3.3 expression vectors26 with the constant domains
of the human IgG1 (IGHG1*03), κ (IGKC), or λ
(IGLC2*01). The vectors were used for transformation of
One Shot MAX Efficiency DH5α-T1R competent cells
(ThermoFisher Scientific, Waltham, Massachusetts) by heat
shock. The transformed cells were cultured on LB-agar
plates supplemented with 50 μg/mL ampicillin (Sigma-
Aldrich) and after overnight incubation at 37�C, multiple
single colonies were picked and grown overnight in LB
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medium containing ampicillin. From the cultures, plasmids
were isolated using either QIAprep Spin Miniprep kit
(Qiagen) or NucleoBond Xtra Midi EF (Bioké). The plas-
mids were sequenced by Sanger sequencing (Macrogen,
Amsterdam, the Netherlands) to verify the hybridisation of
VH and VL products with the expression vector. All kits
were used according to manufacturer's instructions.

2.3 | Generation of human recombinant IgG
subclass HLA mAbs

To generate recombinant IgG subclass HLA mAbs, the IgG1
plasmid was double digested with the appropriate restriction
enzymes (Bioké). Simultaneously, pMK vectors containing
IgG2 (IGHG2*02), IgG3 (IGHG3*01), or IgG4
(IGHG4*01) constant domains (ThermoFisher Scientific)
were double digested the same way to obtain the constant
domains. Next, the IgG subclass constant domain was
ligated with the digested vector by T4 DNA ligase (Bioké).
Subsequently, plasmids were generated as described above.
Plasmids were sequenced to verify ligation of constant
domain with the vector and to check if any mutations had
occurred. No adaptation was made to the light chain.

2.4 | Production of human recombinant IgG
HLA mAbs

For recombinant mAb production, heavy and light chain
containing vectors were used for transient co-transfection of
Expi293F cells with ExpiFectamine, Opti-MEM, and
Expi293 expression medium (ThermoFisher Scientific)
according to the instructions provided by the manufacturer.
After 5 days of culture, supernatants containing the recombi-
nant mAbs were harvested and filtered. The presence of IgG
was determined by total IgG enzyme-linked immunosorbent
assay (ELISA), as previously described.27 IgG specificity of
the different subclasses was confirmed by a human IgG sub-
class ELISA kit (ThermoFisher Scientific).

2.5 | Purification of recombinant IgG
HLA mAbs

The recombinant mAbs were purified using Amicon
ProAffinity Concentration Kit Protein G (Merck Millipore,
Burlington, Massachusetts). A maximum of 1000 μg mAb
was loaded onto 200 μL Protein G resin and incubated for
60 minutes at room temperature on a roller bench. After
wash steps, mAb was eluted and neutralised. Next, the
buffer was exchanged with phosphate-buffered saline (PBS,
B Braun, Melsungen, Germany) using a Slide-a-lyzer
0.5-3 mL dialysis cassette (ThermoFisher Scientific) by
incubating the cassette in beaker with PBS for 21 hours at

4�C, PBS was refreshed a couple of times during incubation.
The concentrations of purified mAbs were measured using
the protein A280 protocol of NanoDrop2000 (ThermoFisher
Scientific), and molar concentration were calculated for
each mAb.

2.6 | HLA antibody detection

For verification of the IgG subclasses, the supernatants were
screened with Lifecodes Lifescreen Deluxe screening kit
(Immucor Transplant Diagnostics, Stamford, Connecticut)
modified by using anti-IgG1 (10 μg/mL; HP6001), anti-
IgG2 (2.5 μg/mL; HP6002), anti-IgG3 (10 μg/mL; HP6050),
and anti-IgG4 (2.5 μg/mL; HP6025) PE-conjugated detec-
tion antibodies (Southern Biotech, Birmingham, Alabama).

The HLA specificities of the recombinant mAbs were
determined by screening the recombinant mAbs with
Lifecodes HLA class I or II single antigen beads (SAB)
using goat anti-human Pan-IgG PE-conjugated on a
Luminex platform (Immucor). The ability of recombinant
mAbs to bind complement component 3d (C3d) was tested
with Lifedcodes C3d detection (Immucor). Both Lifecodes
kits were used according to manufacturer's instructions. The
data were analysed with Match It! Antibody software ver-
sion 1.3.0 (Immucor).

2.7 | Bio-layer interferometry

Affinity of antibody to antigen was determined via bio-layer
interferometry (BLI) using the Octet RED96 system
(FortéBio, Fremont, California). HLA IgG subclasses from
WIM8E5 were immobilised to anti-human IgG Fc kinetic
biosensors with a response threshold of 0.6 nm. To deter-
mine the association phase, parallel sensors were dipped into
wells containing soluble, recombinant HLA-A*11:01 in a
2-fold titration from 200 to 6.25 nM for 300 seconds so an
equilibrium could be reached. Next, sensors were placed into
buffer alone-containing wells for a further 1000 seconds to
determine the dissociation phase. Affinity values (KD) were
calculated via steady-state analysis, where the response equi-
librium (Req) was plotted against the HLA analyte concentra-
tion for each sensor and KD values were measured as the
HLA concentration of 50% of the overall calculated maxi-
mum response (Rmax). All experiments were carried out
using standard kinetic buffer (1× PBS, 0.1% bovine serum
albumin, 0.02% Tween-20), at a temperature of 30�C and a
constant plate shake speed of 1000 rpm.

2.8 | Fc domain glycosylation profiling

Of WIM8E5 and RTLK1E2 IgG subclasses, 2 μg sample
was added to a final volume of 20 μL PBS and affinity
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captured with ProtG beads. After desalting, the mAbs were
eluted with 100 μL 100 mM formic acid and subsequently
vacuum dried at 60�C. The dried samples were resuspended
in 40 μL digestion solution consisting of 25 mM ammo-
nium bicarbonate and 5 ng/μL sequencing grade trypsin
and followed by overnight digestion at 37�C to obtain tryp-
tic glycopeptides. Fc glycosylation was measured by nano
liquid chromatography-mass spectrometry of glycopeptides
followed by data processing using LaCyTools as previ-
ously described.28 From the relative abundances of the gly-
copeptides, the levels hybrid-type, high-mannose, and
complex-type Fc N-glycans as well as the level of
galactosylation, fucosylation, bisection, and sialylation
were calculated.

2.9 | Cells

HLA-typed peripheral blood mononuclear cells (PBMCs)
were isolated from buffy coats obtained from healthy donors
after informed consent (Sanquin Blood Supply, Amsterdam,
the Netherlands). PBMCs were isolated by Ficoll-Hypaque
density gradient centrifugation and cryopreserved until fur-
ther use. For the cytotoxicity experiment with RTLK1E2
mAbs, B cells were magnetically isolated from PBMCs
using EasySep direct HLA cross-match B-cell isolation kit
(Stemcell Technologies, Köln, Germany) with a purity
of >90%.

2.10 | Complement-dependent cytotoxicity
assay

Terasaki plates (Greiner) were oiled and filled with 1 μL of
supernatant containing the mAb of interest in triplicate.
Then, 3000 HLA typed PBMCs or B cells were added to
each well and incubated for 60 minutes at 20�C. Next, 5 μL
rabbit complement (Inno-train, Kronberg, Germany) was
added and incubated for 60 minutes at 20�C. To visualise
cytotoxicity, 5 μL propidium iodide ink was added to each
well, and after 15 minutes incubation in the dark the plates
were analysed with Patimed (Leica Microsystems, Amster-
dam, the Netherlands).

2.11 | Statistical analysis

The Kruskal-Wallis test was used for unpaired analysis and
the Friedman test was used for paired analysis. Statistical
level of significance was defined as P < .05, and analyses
were performed with GraphPad Prism, version 7.02
(GraphPad Software, La Jolla, California).

3 | RESULTS

3.1 | Recombinant human IgG subclass
HLA mAbs

Genes encoding the variable heavy chain and light chain
domains were cloned into expression vectors, after which
recombinant antibodies can be expressed by transient co-
transfection of both vectors.29-31 Here, we generated recom-
binant human HLA class I and class II mAbs, WIM8E5, and
RTLK1E2, respectively, of all four IgG subclasses. To ver-
ify IgG subclass, the supernatant of all four IgG subclass
mAbs were screened with IgG subclass ELISA and a modi-
fied Luminex screening assay using detection antibodies
specific for each IgG subclass. As shown in Figure 1, the
specific IgG constant domains were recognised by the cor-
rect detection antibody, indicating that mAbs of all four IgG
subclasses were produced.

To corroborate that HLA specificities remained unaf-
fected by the recombinant technology, original hybridoma-
generated mAbs and recombinant human IgG subclass
mAbs were screened with HLA class I or II SAB Luminex
assay. Upon comparison of the background corrected mean
fluorescence intensity (BCM) values of both WIM8E5
(Figure 2A) and RTLK1E2 (Figure 2B) mAbs, no difference
in HLA specificities was observed with the original
hybridoma-generated mAb for both recombinant IgG sub-
class HLA mAbs.

3.2 | Affinity and Fc domain glycosylation is
similar between IgG subclasses

As the recombinant IgG subclass HLA mAbs have the same
HLA specificity, we next questioned whether these mAbs
have the same affinity for the immunising HLA allele.
Therefore, the recombinant IgG subclass WIM8E5 mAbs
were tested with bio-layer interferometry (BLI). The affinity
values (KD) observed for the target HLA-A*11:01 were in
the range of 25 to 32 nM for all four IgG subclass WIM8E5
mAbs (Figure 3).

For mAb production Expi293F cells are used, so we
wanted to determine if the correct human glycosylation was
present on the Fc part of the generated mAbs. The glycosyla-
tion characterisation of the generated recombinant IgG sub-
class HLA class I and class II mAbs showed that the IgG
subclasses have a similar profile (Figure 4). In addition, the
observed glycosylation traits of the mAbs are in accordance
with those found on IgG in human serum using the same
method.32 However, the relative levels of bisection (the pres-
ence of a bisecting N-acetylglucosamine) and sialylation are
lower on the mAbs, as compared to what is generally found
on IgG in human serum, while the abundance of high
mannose-type species is higher.32 For IgG3, we detected
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(A)

(C)

(B)

FIGURE 1 Recombinant IgG subclass HLA monoclonal antibodies (mAbs) could be detected by the corresponding IgG-specific detection
antibody. IgG subclass could be detected with IgG subclass enzyme-linked immunosorbent assay (ELISA) kit for both WIM8E5rec-IgG mAbs
(A) and RLTK1E2rec-IgG mAbs (B). Positive control is a human serum. (C) Similar findings were observed when screening recombinant WIM8E5
IgG subclass mAbs with Lifecodes Lifescreen Deluxe kit. The kit contains seven groups of HLA class I beads and each data point represents a
single bead group. Kruskal-Wallis test was used to compare median of all four detection antibodies per IgG subclass mAb. Error bars represent
median ± interquartile range. MFI is mean fluorescence intensity. OD is optical density. ***P < .001, ****P < .0001
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FIGURE 2 The same HLA epitope is recognised by the recombinant IgG subclass HLA monoclonal antibodies (mAbs). HLA specificities of
recombinant IgG1, IgG2, IgG3, and IgG4 of WIM8E5 mAb (A) and RTLK1E2 mAb (B, only DRB1/3/4/5 beads are shown as all other loci were
negative) as detected by Luminex SAB assay. Purified recombinant mAb concentration tested was 62.5 nM. BCM is background corrected mean
fluorescence intensity
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partial occupancy of the O-glycosylation sites in the hinge
region (data not shown), which is in line with the hinge
region O-glycosylation of IgG3 from the human
circulation.33

3.3 | Cytotoxicity of recombinant human IgG
subclass HLA mAbs

To determine whether the recombinantly generated IgG sub-
class HLA-specific mAbs showed the anticipated cytotoxic-
ity patterns, we performed complement-dependent

cytotoxicity (CDC) assays. Incubation of WIM8E5 recombi-
nant IgG subclass mAbs with PBMCs expressing HLA anti-
gens recognised by WIM8E5 (HLA-A11, -A1) showed that
WIM8E5rec-IgG1 and -IgG3 mAbs were highly cytotoxic in
a dose-dependent manner (Figure 5A). Both IgG2 and IgG4
subclasses did not show cytotoxicity. For the HLA class II
mAb RTLK1E2, a CDC using purified B cells (HLA-DR17,
-DR13) was performed. Both RTLK1E2rec-IgG1 and -IgG3
were highly cytotoxic (Figure 5B). While CDC with rabbit
complement is standard practice in transplantation, it does
not show if mAbs can also activate human complement.
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Testing the recombinant IgG subclass HLA mAbs with C3d
SAB assay showed that only IgG1 and IgG3 mAbs are capa-
ble of binding human C3d (Figure S1), suggesting that these
mAbs can activate human complement.

4 | DISCUSSION

In this study, we show the generation and production of
recombinant human HLA class I and class II-specific mAbs
of all four IgG subclasses from established B-cell hetero-
hybridomas. The generated recombinant HLA mAbs of all
four IgG subclasses recognise the same HLA epitope with
the same binding affinity. Currently, we were only able to
determine the affinity for the HLA class I mAbs, due to lack
of recombinant HLA class II. Furthermore, we show that all
recombinant IgG subclass HLA mAbs have human-type Fc
glycosylation and the glycosylation profiles were similar
between the mAbs. The conserved N-glycans located at
asparagine 297 of the Fc part play a role in the function of
an antibody and the different levels of specific glycosylation
traits could have pronounced effects on complement activa-
tion and FcγR binding.34,35 Both IgG1 and IgG3 HLA class
I and class II mAbs are capable of complement activation,
while a weak or no cytotoxicity was observed for the IgG2
and IgG4 mAbs. Preliminary data suggest that IgG1 and
IgG3 can induce antibody-dependent cell-mediated cytotox-
icity (ADCC), but only a low percentage of cell lysis was
observed (Figure S2). This can be explained by the high
levels of fucosylation (>96%) on the recombinant IgG

subclass HLA mAbs, as it has been shown that high levels
of fucosylation on IgG negatively influences ADCC activ-
ity.36 Glyco-engineering of our recombinant IgG subclass
HLA mAbs may further allow altering their functional
properties.37

Currently available human HLA mAbs are mainly
derived from multiparous women by Epstein-Barr virus
transformation and electrofusion using mouse myeloma cell
line, are primarily directed against HLA class I, and are
restricted to an IgM or IgG1 isotype.25,38,39 These human
HLA mAbs have been widely used in various applications,
such as flow cytometry assays,40-42 B-cell ELISPOT
assays,43-45 blocking assays,46 assays to determine HLA
expression levels,47-49 or functional assays of HLA anti-
bodies.16,19,22-24 Commercial chimeric IgG subclass HLA
mAbs are available, but those have a mouse variable part,
while W6/32 and F3.3 recognise all HLA class I molecules
and majority of HLA class II molecules, respectively.50

Recently, Gu et al51 elegantly characterised an HLA class
I mAb generated by a germline phage display from a non-
sensitised individual, resulting in an antibody that likely can
be generated during an alloimmune response. In contrast, we
have produced human recombinant HLA mAbs generated
from heterohybridomas that were derived from B cells of
immunised individuals. Therefore, the mAbs we produced
are truly representative of HLA antibodies produced through
alloimmunisation. In addition, we generated both human
HLA class I and class II mAbs of all four IgG subclasses.
Especially the latter is unique, as there are only a limited
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number of HLA class II mAbs available and those are
mainly IgG1.

Antibody effector function is determined by its isotype.
As mentioned, complement binding HLA DSA is associated
with graft loss, but in sera of renal transplant patients both
complement binding, IgG1 and IgG3, as well as non-
complement binding, IgG2 and IgG4 HLA antibodies are
observed.8,12-14 Previous studies have shown by mixing IgG
subclass mAbs that IgG2 and/or IgG4 can inhibit comple-
ment activation of IgG1 and/or IgG3 when recognising the
same epitope.15,51 Others performed mixing experiments
with human HLA mAbs directed against different epitopes
of same HLA antigens and showed that combining these
HLA mAbs promote complement activation, while individu-
ally the mAbs had no effect.16 Additional mixture studies
with human mAbs directed to HLA class I and class II mole-
cules of different IgG subclasses, comparing different speci-
ficities and avidities, should be performed as this will allow
greater understanding of the interaction of antibodies of dif-
ferent IgG subclasses recognising different epitopes on the
same HLA molecules.

In addition, HLA mAbs have been used for functional
assays to study HLA-antibody-induced graft damage inde-
pendent of the complement cascade. HLA class I antibodies
can cause crosslinking on endothelial and smooth muscle
cells inducing intracellular signalling, resulting in inflamma-
tory activation, and leukocyte recruitment such as P-selectin-
induced monocyte adhesion.17-19,52-54 Although crosslinking
is irrespective of the IgG subclass, the level of P-selectin on
endothelial cells and the monocyte recruitment via FcγR
mechanism are increased with IgG1 and IgG3 antibodies.
The levels of P-selectin and FcγR-dependent monocyte
recruitment have been well studied with human IgG1 HLA
mAb,19 but due to lack of IgG3, IgG2, and IgG4 HLA
mAbs, the exact influence of antibodies with these isotypes,
especially the latter two, is not fully clear.

Human HLA mAb do not represent the polyclonal
response observed in sera. However, due to the mixture of
antibody specificities, concentrations and isotypes of HLA
antibodies present in sera it is difficult to study the role and
function of HLA antibodies. By using human HLA mAbs,
mixture experiments can be performed in a controlled man-
ner, even with normal human serum as matrix. For future
studies, it is essential to extend the specificities of the avail-
able mAbs, since especially mAbs for HLA class II are cur-
rently lacking.

In conclusion, we show here that recombinant human
HLA class I and class II mAbs of all four IgG subclasses
recognising the same HLA epitope can be generated from
established B-cell heterohybridomas. This method enables
us to generate more IgG subclass HLA mAbs recognising
different epitopes on the same HLA antigen, which can be

used in mixing experiments to study the role and function of
HLA DSA of different IgG subclasses in a controlled fash-
ion. These IgG subclass HLA class I and class II mAbs can
provide mechanistic insights into the role of DSA in renal
transplantation and in other clinical settings.
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FIGURE S1 Human recombinant IgG1 and IgG3 HLA monoclonal antibodies (mAbs) can bind to human 
complement component 3d (C3d). Recombinant IgG subclass WIM8E5 mAbs (A) and RTLK1E2 mAbs (B, only 
DRB beads shown as all other loci were negative) were screened with Lifecodes C3d detection assay 
according to manufacturer's instructions. Purified recombinant mAb was tested with concentration of 
62.5 nM. BCM is background corrected mean fluorescence intensity 
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FIGURE S2 Human recombinant IgG1 and IgG3 HLA monoclonal antibodies (mAbs) can induce antibody-
dependent cell lysis. HLA-typed phytohemagglutinin (PHA) blast cells expressing HLA-A11, −A24, -B35, -B40, 
-Cw10, and -Cw4 were generated by culturing peripheral blood mononuclear cells (PBMCs) for 7 days in 
RPMI 1640 medium (Gibco) containing 10% human serum S357, 200 mM L-glutamine, 10 CU/mL IL-2 
(Proleukin Novartis, Arnhem, the Netherlands), and 4 μg/mL PHA (ThermoFisher Scientific). These PHA 
blasts were labelled with chromium-51 (51Cr), and incubated with different concentrations non-purified 
WIM8E5rec-IgG1, -IgG2, -IgG3, and -IgG4 for 30 minutes at 37°C. Next, the effector cells, the HLA-typed 
PBMCs, were added and after 4 hours of incubation at 37°C, 51Cr release was measured with γ-counter 
(PerkinElmer, Waltham, Massachusetts). The percentage of cell lysis was calculated by the following 
formula: (experimental 51Cr release - spontaneous 51Cr release)/(maximum 51Cr release - spontaneous 51Cr 
release) x 100. 51Cr-labelled PHA blasts incubated with medium alone gave spontaneous 51Cr release and 
maximum 51Cr release was determined by adding TritonX100. Experiment was performed at different 
effector: target (E:T) ratios. Cell lysis was only observed with WIM8E5rec-IgG1 and -IgG3 induced cell lysis. 
Per mAb concentration the Friedman test paired for E:T ratio was performed to indicate difference between 
the four IgG subclass mAbs. Error bars represent the mean ± SD of triplicate wells. ND is not determined. 
***P < .001, **P < .01, *P < .05 
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