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Abstract 
An Exploration of Regulatory T Cells in Transplantation: Cell Therapy Development and 

Immune Monitoring 

Alaa Alzhrani, St Catherine College & Nuffield Department of Surgical Sciences, University of Oxford, DPhil in 

Surgical Sciences.   

Regulatory T cells (Tregs) are powerful modulators of immune function, and are of increasing interest 

as an adoptive cellular therapy for the treatment of transplant rejection. In a number of early clinical 

trials, polyclonal Treg therapy has demonstrated efficacy in maintaining graft function. However, 

optimal Treg immunotherapy should employ alloantigen-reactive, rather than polyclonally-reactive 

Tregs to ensure specificity against transplant alloresponses. In the first part of this study, a method 

was developed to expand functional human alloantigen-reactive Tregs (arTregs). These arTregs have 

enhanced in vitro suppressive function and harbour more potent allospecific inhibition in comparison 

to polyclonally-expanded Tregs. An in-depth characterisation of arTregs is presented, providing a 

detailed immunophenotypic analysis. In the second part of this study, the phenotypical changes in 

peripheral immune cells in renal transplant patients receiving Treg therapy were assessed over time 

using standardised flow and mass cytometry panels. Immunophenotyping provided insights into the 

immune status of transplant recipients after Treg infusion. In the Treg therapy group, a distinct B cell 

signature of elevated transitional B cell numbers was identified. Mass cytometric characterisation of 

the peripheral Treg compartment in patients receiving Tregs identified an enrichment of Treg 

functional markers with notable changes in the expression of chemokine receptors on peripheral 

Tregs. In the final part of this study, cellular infiltrates in protocol renal biopsies of recipients who 

received Treg therapy were examined by spatial profiling and compared to rejection biopsies. This 

identified a unique signature of B cells, Tregs, and apoptotic regulators in the biopsies from Treg-

treated patients. Further analysis revealed interesting differences between the cellular infiltrates in 

FOXP3hi segments from cells therapy compared with rejection such as enrichment in regulatory 

molecules and anti-inflammatory proteins. The findings presented in this thesis demonstrate the 

phenotypical and molecular processes associated with stable renal allograft in patients receiving Treg 

therapy, which in turn may assist in understanding the mechanisms of therapeutic immune regulation 

and the optimal timing for immunosuppression minimisation.  
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Chapter 1: Introduction 
 

History of transplant immunology  

Organ transplantation has achieved remarkable success over the last five decades and 

remains the most successful treatment for end-stage organ failure. Around 4761 patients 

received transplant in the UK in the last year (2019/2020).1 The most common transplanted 

organ is the kidney, followed by the liver and pancreas.1 Kidney transplantation has been  

shown to reduce mortality and improve quality of life for most patients when compared with 

dialysis.2  

The cornea was the first successful transplanted tissue in humans, performed by Eduard Zirm 

in 1906.3 Subsequently, Alexis Carrel invented the vascular suture technique; this technique 

paved the way for organ transplantation to become a reality several years later.4 After several 

failed transplantation attempts in both animals and humans, Joseph Murray and colleagues 

finally performed the first successful human kidney transplant In 1954.5 Notably, the success 

behind these two transplantation cases (cornea and kidney) was a result of bypassing the 

alloimmune response, since the eyes are considered an immune-privileged organ,3 and the 

kidney transplant was between two identical twins, making rejection unlikely.5   

In the early 1940s, Peter Medawar, widely regarded as the άfather of transplantationέ, 

together with colleagues, observed in a rabbit model who received both allogeneic and 

autologous skin grafts, the allogeneic skin grafts were rapidly lost whereas autologous skin 

grafts were maintained, and the second attempt at allogeneic skin grafts from the same donor 

resulted in accelerated loss of the grafts.6, 7 This faster and more pronounced immune 

response following re-exposure to the same antigen is widely known nowadays as a 

άsecondary immune responseέΦ A further series of experiments by Billingham, Brent, and 

Medawar ǊŜǾŜŀƭŜŘ ǘƘŜ άŀŎǉǳƛǊŜŘ immunological ǘƻƭŜǊŀƴŎŜέ phenomenon, whereby 

immunological tolerance could be induced by exposing the recipients to the donor cells during 

the foetal period.8 This hypothesis was inspired by Ray OwenΩs studies reporting the presence 

of two types of erythrocytes in the blood of dizygotic cattle twins, whereby each twin had its 
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erythrocytes and cells that were acquired from the other twin through a shared placenta.9 

Owen emphasised that the twins must have exchanged the erythrocytes or their progenitors 

during the foetal stage and that the cells were maintained as the calves grew up. Indeed, the 

absence of an immune response to the foreign erythrocytes in OwenΩs study was a clear 

example of the immunological tolerance phenomenon. This led Burnet and Fenner to 

determine that the exposure to genetically different cells early in life would not trigger the 

immune response.10 These findings were fundamental for future advances in clinical 

transplantation.  

 

in 1955, John Main and Richmond Prehn showed in an experimental model that attenuating 

the immune system through irradiation allowed chimerism to be induced by inoculating 

donor-derived bone marrow.11 Skin grafts were then maintained if they came from the same 

bone marrow donor. This encouraged MurǊŀȅΩǎ ǘŜŀƳ, in 1958, to use the Main-Prehn strategy 

in kidney transplant patients. They bypassed the genetic barrier of human organ rejection and 

reported the first successful kidney transplant in non-identical twins, as they found that the 

irradiation strategy without the total chimerism was sufficient to slow down organ rejection 

in humans.12 However, the off-target side effects of total body irradiation carry a high risk of 

infection and mortality. Ultimately, total body irradiation was replaced by 

immunosuppressive treatments in the 1970s, which made transplantation a feasible 

procedure.   

 

Although tissue matching was proposed previously by Alexis Carrel and studied in 

experimental models by George Snell and Peter Gorer, it failed to emerge as a reality for 

human transplants13 until 1958, when Jean Dausset discovered the first human leukocyte 

antigens (HLA), which is a gene complex encoding the major histocompatibility complex 

(MHC), and was identified  as a leading target of the alloimmune response toward the graft.14 

Currently, the application of histocompatibility matching along with the use of 

immunosuppressive agents and improvement in tissue and organ preservation methods have 

made it possible to successfully engraft most types of organs in the human. The one-year 

transplant survival in the UK has exceeded 90% for most types of organs.15 However, serious 

limitations exist, as most of these transplanted organs failed within the first 20 years following 

transplantation as a result of rejection and the toxicity of life-long global pharmacological 
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immunosuppression.16, 17 This problem is exacerbated by the shortage of available human 

organs along with the higher risk of rejection in the second transplant. Therefore, the 

investigation of therapeutic strategies that promote graft survival without overly suppressing 

the immune system is of great importance.  

In 1971, Gershon and Kondo described a specialised subset of T cells that can inhibit 

alloimmune responses.18 Further studies by Bruce Hall and Shimon Sakaguchi determine these 

T suppressor cells as CD4+CD25+ T cells,19, 20 currently widely known as regulatory T cells 

(Tregs), which are thoroughly described in Section 1.3. Indeed, the discovery of Treg biology 

and function led to substantial interest in their therapeutic use as a cellular therapy for 

tolerance induction in transplantation. The balance between the inflammatory and regulatory 

immune response toward allografts can determine the long-term outcome of a transplanted 

organ. Regulation of the alloimmune response can extend transplant survival and therefore 

ensure success of transplantation.  
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Mechanisms of allograft rejection 
 
Allograft rejection is caused by a complex series of interactions between innate and adaptive 

immune responses. While innate immune responses act as the first line of immunological 

defence by providing a rapid and non-specific response, the adaptive immune response plays 

a significant role by providing a specific and potent response against donor-derived peptides. 

Although the innate immune response is rarely able to reject an allograft in the absence of 

adaptive immunity, it might initiate and amplify the adaptive immune response through the 

pro-inflammatory signals from monocytes, macrophages, and natural killer (NK) cells.21, 22 The 

recognition of allogeneic peptides by the innate cells is required to activate optimal T cell 

responses toward the allogeneic transplant.23  

The alloantigens that trigger the host immune responses toward the allograft are both major 

and minor histocompatibility antigens. The major histocompatibility complex (MHC), named 

Human Leukocyte Antigen (HLA), consists of class I (HLA-A, HLA-B, HLA-C) and class II (HLA-

DR, HLA-DP, HLA-DQ) molecules. The function of MHC molecules is to present foreign antigens 

to T cells. The T cell receptor (TCR) expressed on the surface of the T cells interacts with the 

donor MHC-peptide complex expressed by antigen-presenting cells (APCs). CD4+ T cells, 

usually associated with helper functions, recognise peptides presented by MHC class II 

molecules. In contrast, CD8+ T cells, usually associated with cytotoxic functions, will exercise 

their effector function only if they are interacting with peptides presented by MHC class I 

molecules. HLA is a highly polymorphic molecule and represents a leading target of the 

alloimmune response toward the graft. Therefore, HLA matching between recipients and 

donors is essential for a successful transplant outcome and can reduce the risk of allograft 

rejection. However, rejection might still occur even in recipients of transplants from HLA-

identical siblings as a result of mismatched minor histocompatibility antigen (miHs), such as 

HA-1, LRH1, ACC-1, and ACC-2.24, 25 There is also growing evidence of the presence of non-HLA 

antigens, including Angiotensin 1 receptor (anti-AT1R), Perlecan, and Collagen V, which can 

contribute to allograft rejection.26 Allograft destruction is carried out by antibodies produced 

by plasma cells and cytotoxic molecules produced by CD8+ T cells and NK cells, in addition to 

other molecules. In contrast, transplantation can also activate and generate CD4+ CD25+ 
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FOXP3+ regulatory T cells, which may regulate the allograft response by a wide array of 

molecular mechanisms (discussed in detail in Section 1.4.3). 

1.1.1 The role of innate immune response in graft rejection 

Several factors can stimulate the innate immune response toward tissue injury and affect the 

graft condition, including the surgical procedure to retrieve and re-implant the graft, 

ischaemia reperfusion injury (IRI), infection, coagulation, and other types of tissue damage.27 

Cells of the innate immune system express pattern recognition receptors (PRRs) such as Toll-

like receptors (TLRs), Nod-like receptors (NLRs), and Retonic acid-inducible gene I (RIG-I)-like 

receptors. TLRs are integral membrane glycoproteins expressed either on the external surface 

of the cell membrane or on endosomes; they are expressed by macrophages, NK cells, B cells, 

DCs, endothelial cells, and organ parenchymal cells.28, 29 TLRs are specialised in the recognition 

of certain molecules expressed by pathogens (Pathogen Associated Molecular Patterns; 

PAMPs) or by cells undergoing physiological stress (Damage Associated Molecular Patterns; 

DAMPs). The engagement of either PAMPs or DAMPs with TLRs permits the immune system 

to clear infected cells and damaged tissue but can contribute to graft rejection. When the TLRs 

sense and engage with PAMPs or DAMPs, they activate an intracellular cascade of kinases that 

lead to the production of transcription factors such as AP1, NF-ˁ., and IRF3. The activation of 

these factors regulates the transcription of many pro-inflammatory genes, including pro-

inflammatory cytokines, chemokines, and costimulatory molecules. The production of pro-

inflammatory molecules by activated leukocytes can trigger the migration of other leukocytes 

into the graft and promote graft damage.27 Moreover, the graft damage that might occur 

during ischemia contributes to the production of reactive oxygen species (ROS) by endothelial 

cells and lead to platelets aggregation and to increased expression of adhesion molecules, 

including P-selectin, E-selectin and ICAM-1, by endothelial cells.30 These molecules can 

activate and trigger the migration of macrophages, neutrophils, and other leukocytes into the 

graft, where they contribute to graft damage and subsequently activate the adaptive immune 

response (Figure 1).  

Besides these cellular receptors, innate immunity also includes humoral components such as 

complement. The complement system consists of more than 30 proteins and three distinct 

activation pathways, the classical, alternative, and mannose-binding lectin (MBL) pathway. In 
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IRI, the MBL pathway can be activated by renal tissue-expressed lectins.31, 32 Following 

activation, the release of C5a and C3a plays a critical role in organ damage and activates 

adaptive immunity.33, 34          

Research continues to improve strategies of organ preservation that aim to enhance the organ 

condition and reduce DAMP production, including the development of new technologies for 

organ reperfusion, complement inhibitors, gene therapy, and stem cell therapy.35, 36, 37 

Nevertheless, challenges remain for the prevention of tissue stress and damage created by 

the surgical procedure and ischemic reperfusion injury. 

NK cells are a major cell type in the innate immune system. These cells are programmed to 

recognise and kill cells that lack self-MHC class I molecules or cells that present a foreign 

antigen by MHC class I molecules, making them relevant during an allogeneic response to the 

allograft.38 Following activation, NK cells cause tissue damage in a perforin- and granzyme-

dependent manner and augment the adaptive immune response through IFN-y secretion. In 

addition, NK cells express the surface Fc gamma receptor (FCɹR), which can recognise the Fc 

portion on several IgG subclasses and mediate antibody-dependent cellular cytotoxicity.39  

Other innate lymphoid cells might also play a role in alloresponses following solid organ 

transplantation. NKT cells are a subset of lymphocytes that shares phenotypic and functional 

characteristics with NK cells. This subset can recognise glycolipids presented by the MHC class 

I-like molecule, CD1d. Their role in allograft responses has yet to be clarified, with evidence 

of both their detrimental and tolerogenic roles in the transplantation context.40, 41 The innate 

lymphoid cells including ILC1, ILC2, and ILC3, are lymphocytes that lack specific antigen 

receptors.42, 43 They have a diverse function with evidence of promoting host defence against 

infection and tissue repairs.44 These cells can be activated by microbial compounds, stress 

responses, and the inflammatory environment around the tissues. Recent studies suggested 

a major role for ILCs in allograft responses.45, 46, 47  In addition, ɹ ʵ ¢ ŎŜƭƭǎ ŀǊŜ ŀ ǎǳōǇƻǇǳƭŀǘƛƻƴ 

of lymphocytes expressing T-cell receptors (TCRs) composed oŦ ǘǊŀƴǎƳŜƳōǊŀƴŜ ʴ ŀƴŘ ʵ 

ŎƘŀƛƴǎΦ ¢ƘŜ ǎǇŜŎƛŦƛŎ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ǘƻǿŀǊŘǎ ŀƭƭƻƎǊŀŦǘǎ Ƙŀǎ ȅŜǘ ǘƻ ōŜ ŜƭǳŎƛŘŀǘŜŘΣ ǿƛǘƘ 

evidence of both their detrimental and tolerogenic roles in several settings.48, 49, 

50Furthermore, mucosal-associated invariant T (MAIT) cells are innate-like T cells that 

recognise bacterial metabolites bound to the MHC class I-related molecule (MR1). The 
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depletion of MAIT cells has been reported during liver,51 and kidney disease,52 indicating  their 

role in the host defence against bacterial infections. The MAIT cells might play a role during 

allogeneic responses, however, their specific contribution remains to be investigated.  

 

1.1.2 The role of adaptive immune response in graft rejection 

The interaction of innate and adaptive immunity mainly occurs through antigen presentation, 

which can be done by professional APCs including B cells, macrophages, and dendritic cells 

(DCs). Alloantigen recognition is initiated through three main pathways: direct, indirect, and 

semi-direct.53, 54 A direct alloresponse occurs when host T cells recognise allogeneic donor 

APCs presenting allogeneic MHC-peptide complexes.55 Indirect alloresponses involve the 

presentation of processed donor-derived peptides by host APCs via their own MHC to host T 

cells. Semi-direct presentation occurs when host T cells capture intact allogeneic MHC-

peptide complexes presented by host APCs.56 The role of direct recognition dominates early 

after transplantation and can lead to a vigorous immune response. However, the limited 

lifespan of allogeneic APCs within the transplanted graft results in a limited time frame for 

this pathway to occur. Indirect presentation has been suggested to be the major pathway 

underlying chronic transplant rejection.57, 58 Recently, studies in the mouse model have 

demonstrated that donor MHCs can exist on the surface of host APCs, and these known as 

"cross-dressed" APCs, which can present the allogeneic MHC molecules directly to host T 

cells.59, 60 Hughes et al. highlighted the role of cross-dressed host DCs in experimental 

transplant models.61 Semi-direct allorecognition was detected to stimulate the early 

alloresponses in secondary lymphoid organs and in the graft itself, indicating their role to 

mediate acute rejection within the first weeks post-transplantation. The studies above 

suggest a critical role of semi-direct allorecognition in driving acute T cell activation following 

transplantation. Figure 1 illustrates the mechanisms of allograft rejection. 

The activation of T cells by professional APCs requires cell-to-cell contact leading to an 

immunological synapse, with activation through TCR and suitable costimulatory signals 

including cytokines to ensure the optimal delivery of signals for T cell activation and 

proliferation. Although costimulatory molecules and cytokines are not antigen-specific, these 

signals are important for the allograft response. Cytokines can influence the differentiation of 
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CD4+ T cells into specific T cell subsets including Th1, Th2, Th17, Th9, T follicular helpers, and 

Tregs. Each of these cells has distinct transcriptional factors with a distinct effector function 

that permits a specific immune response toward different pathologies.62, 63, 64 For instance, 

when IL-12, is produced by DCs, this cytokine activates the JAK/STAT pathway on the naive 

CD4+ T cells and leads to IFN-y production. IFN-y activates the STAT1 pathway, resulting in the 

skewing of naïve CD4+ T cells toward the Th1 lineage and the upregulation of the 

transcriptional factor T-bet.65 On the other hand, the expression of costimulatory and 

coinhibitory receptors and cytokines might limit T cell response and induce an exhaustion 

state in both CD4+ and CD8+ T cell subsets66, 67.  

B cells play a significant role in mediating alloresponses and promote graft rejection through 

the production of high-affinity antibodies to the donor-derived peptides. The binding of 

antibodies to the graft endothelium can trigger phagocytosis and initiate antibody-dependent 

cellular toxicity (ADCC).68, 69 In addition, the complement system can be activated through 

antigen-antibody complex results in complement-mediated cytolysis.70 Moreover, B cells act 

as professional APCs; when CD4+ T cells recognise donor-derived peptide presented by B cells 

through MHC class II molecules, this results in alloreactive T cell activation, in which activated 

T cells provide costimulatory signals to B cells through CD40-CD40L to further activate and 

differentiate B cells. In addition, activated CD4+ T cells will secrete pro-inflammatory cytokines 

such as IL-6, IFN- ,ɹ and TNF- .h These cytokines recruit other leukocytes, including NK cells, 

eosinophils, and macrophages, which may induce cell apoptosis through cytotoxic 

mechanisms including perforin, granzyme-B, and cytokines.70    

Patients who have donor-reactive antibodies at the time of transplantation can develop 

hyperacute rejection as a result of complement system activation after graft reperfusion.71 

However, several strategies are currently used to reduce antibody-mediated rejection and 

improve graft survival, including the identification of highly sensitized patients, improving 

desensitization protocols, monitoring de novo donor-specific antibodies (DSAs), and 

performing protocol biopsies.72, 73 B cells not only contribute to allograft rejection but also 

have a role in inducing tolerance; a subset of B cells that can exhibit immune-regulatory 

properties, known as B regulatory cells (Bregs), have been described in several studies.74, 75, 76 

These cells can modulate the immune response by directly inhibiting alloreactive T cells 
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through the production of the inhibitory cytokine IL-10 and may promote graft tolerance 

through induction of Tregs.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Mechanisms of allograft rejection. 
1. CD8+ cytotoxic T cells recognise donor-derived peptides presented on MHC class I molecules by APCs. Then 

activated CD8+ T cells migrate to the graft and kill target cells by apoptosis through the release of the 
cytotoxic granules perforin and granzyme B.  

2. CD4+ helper T cells recognise donor-derived peptides presented on MHC class II molecules by APCs. 
Additional co-stimulatory signals and cytokines are also provided by activated DCs. CD4+ helper T cells 
secrete pro-inflammatory cytokines such as IL-6, IFN- ,ɹ and TNF- ,h which activate macrophages and 
eosinophils, causing graft damage.  

3. B cells recognise donor-derived peptides presented on MHC class I molecules of donor cells or bind to 
unprocessed alloantigens in an MHC-independent manner. CD4+ helper T cells activate B cells, activated B 
cells produce antibodies. These antibodies bind to the graft and induce antibody-dependent cellular toxicity 
(ADCC) and activate the complement system, causing graft damage.  

 
APC, antigen presenting cells; DC, dendritic cell; MHC, major histocompatibility complex; TCR, T-cell receptor; 
FcR, Fc receptor; TNF- ,h Tumor Necrosis Factor alpha; IFN- ,ɹ Interferon gamma.   
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Current clinical immunosuppressive strategies to prevent graft rejection  

1.1.3 Immunosuppressive agents in transplantation 

Currently, the main strategy for suppressing alloimmune responses and avoiding organ 

rejection in solid organ transplantation is the use of pharmacological immunosuppression, 

which includes induction and maintenance agents. The goal of induction therapy is to induce 

strong immunosuppression for the short-term to reduce the risk of acute rejection, which 

might occur within three months following the transplant. Several immunosuppressive drugs 

are used for induction purposes, including anti-thymocyte globulin (ATG), CD52 antibodies 

(Alemtuzumab), and IL-2 receptor antagonists (such as basiliximab and daclizumab). Following 

alemtuzumab induction, an elevation in Treg and Breg frequencies has been reported in renal 

transplant patients; these results suggest that lymphocyte depletion with alemtuzumab might 

shift the in vivo balance toward a tolerogenic state.77, 78  

For the maintenance of immunosuppression, a combination of immunosuppressants is widely 

used. For example, renal transplant patients are usually treated with the anti-proliferative 

drug mycophenolate mofetil (MMF) combined with drugs that inhibit T cell activation, such 

as calcineurin inhibitors (tacrolimus or cyclosporin A) or mammalian target of rapamycin 

(mTOR) inhibitors. In addition, other agents including T-cell costimulation blockers are also 

used to inhibit the T cell proliferation.79 Notably, immunosuppressive regimens vary based on 

the transplanted organ and the transplant centreΩǎ protocol.   

These immunosuppressive regimens contribute to significant morbidity and mortality arising 

from their off-target effects, which include life-threatening infection, cardiovascular disease, 

metabolic disorders, and malignancy.80, 81 Moreover, immunosuppression itself may be 

directly toxic to the graft and therefore contribute to poor long-term outcomes. Additionally, 

while life-long global pharmacological immunosuppression has greatly reduced episodes of 

acute graft rejection leading to considerable success in short-term allograft outcomes, 

improvement is still necessary to avoid chronic allograft dysfunction. Therefore, there has 

been significant attention in the past few decades from the transplant community on 

developing novel therapeutic strategies to facilitate the minimisation or even cessation of 

pharmaceutical immunosuppression. In particular, the focus has been on the use of cellular 
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therapy, which could naturally and specifically regulate the alloimmune response and 

promote tolerance.   

 

1.1.4 Strategies to induce tolerance in allogenic transplantation  

A number of experimental and preclinical studies have provided convincing evidence that 

transplantation tolerance induction is feasible. Tolerance in organ transplant recipients is 

defined as stable graft function in patients receiving no immunosuppression for more than 

one year. Induction of tolerance in experimental models can be achieved by mediating central 

tolerance through induction of chimerism or intrathymic injection of alloantigens, and 

peripheral tolerance through modulation of T cell responses by costimulatory blockade or 

cellular therapy. 

Another strategy for tolerance induction is through combined kidney and hematopoietic stem 

cell transplantation into conditioned recipients. This strategy provides evidence that 

operational tolerance can be achieved in humans by mixed chimerism, defined as a state 

wherein donor and recipient leukocytes coexist. A study in patients with end-stage renal 

disease has reported that tolerance was achieved through a transient chimeric state in HLA-

mismatched renal transplant.82 Another study, confirmed that tolerance was achieved 

through a permanent mixed chimeric state in HLA-matched renal transplant patients.83 

However, the risk of graft versus host disease (GVHD) development in both full chimerism and 

permanent chimerism states along with the toxicity related to the use of myeloablative and 

nonmyeloablative therapy has limited the clinical application of this approach.84, 85  Studies in 

animal models have confirmed that intrathymic administration of alloantigens together with 

peripheral leukocyte depletion leads to induction of tolerance.86, 87 However, concerns about 

the feasibility and safety of such a strategy limits its translation to the clinic.88 

The discovery of therapeutic agents targeting costimulatory molecules has made it possible 

to control the peripheral alloresponse and mediate long-term graft survival. Engagement of 

the costimulatory molecule CD28 expressed by T cells with CD80/CD86 expressed by APCs at 

the time of allorecognition leads to alloreactive T cell activation and proliferation. CTLA-4 

(Cytotoxic T-Lymphocyte Associated Protein 4) (CD152), a co-inhibitory receptor that binds to 
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CD80/CD86 with higher affinity than CD28 and therefore prevents the CD28 co-stimulation to 

T cells and inhibits their activation. The costimulatory blockade therapy CTLA-4 Ig (Belatacept) 

has been tested in two large randomised,  phase III trials in renal transplant recipients and 

showed efficacy in preventing graft rejection in comparison to cyclosporine.89 Therefore, it 

was approved by the FDA as an immunosuppressive treatment in renal transplant patients.90 

Despite this success, some limitations on belatacept treatment still exist, including the high 

risk of developing cellular-mediated rejection.  

An alternative strategy is through blocking the CD40/CD154 (CD40 Ligand) co-stimulation 

pathway, which has shown encouraging results in nonhuman primate transplant models when 

used as monotherapy or together with CD28 antagonism.91 Although administration of anti-

CD154 antibodies in humans results in a higher incidence of thrombotic complications, 

research continues to modify and evaluate the optimal blocking CD40 antibodies.92  

The blockade of the ICOS-ICOSL co-stimulation pathway has been also proposed as a 

therapeutic strategy. ICOS is expressed by activated T cells and therefore it was hypothesised 

that blocking  ICOS-ICOSL might control some activated resistant T cell subsets.93 In a mouse 

model, ICOS-ICOSL blockade combined with a CD28 antagonist prevented allograft rejection. 

However, it failed to mediate renal graft survival when it was tested in a non-human primate 

(NHP) model.94 In contrast, blockade of the OX40-OX40L pathway has demonstrated 

interesting results. OX40 is also expressed by activated T cells. In the NHP model, the 

administration of an anti-CD40L antibody along with belatacept prolongs graft survival.95 The 

result of this study together with safety results from a phase II clinical trial testing OX40L 

antibody in asthmatic patients96 make OX40-OX40L blockade an attractive approach in 

transplantation.          

Another promising therapeutic strategy is cellular therapy, which could naturally and 

specifically regulate the alloimmune response and promote tolerance. Various regulatory 

cells, including regulatory T cells, type 1 regulatory cells (Tr1), regulatory macrophages 

(Mregs), myeloid-derived suppressor cells (MDSCs), and tolerogenic dendritic cells (DCs), are 

being explored for their modulation of the immune response in several immune pathologies 

including organ transplantation.97, 98, 99 The ONE Study, a multicentre phase I/IIa  clinical trial, 

assessed the safety of infusing regulatory cells including Treg, Tr1 cells, (Mregs) and 
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tolerogenic (DCs) in renal transplant patients.100 Table 1 summarises regulatory cell subtypes 

and their phenotypes. Among these, the canonical CD4+ Tregs are the best understood, and 

the focus in this project is given to this population. In a number of preclinical and early clinical 

trials, polyclonally-expanded Tregs (polyTregs) have demonstrated efficacy in inducing graft 

tolerance. However, attention is turning to alloantigen-reactive Tregs (arTregs), which may 

exhibit an enhanced capacity to ǎǳǇǇǊŜǎǎ ŀƭƭƻǊŜǎǇƻƴǎŜǎ ǿƛǘƘ ƭŜǎǎ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ΨƻŦŦ-ǘŀǊƎŜǘΩ 

immunosuppression.    
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   Table 1: Regulatory cell populations 

Cell 

population 

Phenotype 

(human) 

Regulatory mechanisms Trial ID Setting Ref 

CD4+ Tregs  CD4+CD25hi 

CD127lowFOXP3+ 

CD45RA+ 

(resting) or 

CD45RO+ 

(activated) 

 See Section 1.4.3 See Section 

1.5.5. Table 3 

GVHD 101, 

102, 103 

Solid organ 

transplantation 

104, 105 

Autoimmunity 106, 

107, 

108, 109 

Tr1 cells CD4+ FOXP3-

CD49b+LAG3+ 

CD45RO+ 

¶ IL-10 secretion  ALT-TEN trial, 

RN: 

IS/11/6172/830

9/8391 

GVHD 110 

CD8+ Tregs  CD8+CD25-CD28- 

or   

CD8+FOXP3+CCR

7+ CD39+ 

 

¶Inhibition of T cell 

proliferation through 

expression of CTLA-4 

and TGF-  ̡

¶Modulation of APC 

activation and secretion 

of IL-10 

  111 

CD4- CD8- T 

cells 

CD25lowCD28low 

CTLA-4-CD38low 

¶Inhibition of T cell 

proliferation 

¶Inhibition of APC-mediated 

T cell activation 

  112 

T follicular 

regulatory 

cells (TFR ) 

CD4+ CXCR5+ 

PD-1+ FOXP3+ 

¶ Regulating TFH cells 

¶ Preventing the 

development of 

autoreactive B cells 

  113 

NK T cells CD3+ 

¢/wό±ʰнпWʰму+ 

±ʲмм+) 

¶ Secretion of regulatory 

cytokines IL-10  

¶ Cytokine mediated-

induction of Treg and 

tolerogenic  DCs  

  114, 115 

¸ʵ ¢ ŎŜƭƭǎ CD3+ ¢/wό¸ʵύ  ¶ Secretion of regulatory 

cytokines (IL-10 and 

TGF-ʲύ 

¶ Expression of inhibitory 

molecules (PDL-1 and 

CTLA-4) 

  48, 116 
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Regulatory B 

cells (Bregs) 

CD19+CD20+CD2

4hiCD27ҍCD38hiI

gDhi IgMhi 

¶ Secretion of inhibitory 

cytokines (IL-10, TGF-ʲΣ 

IL-35) 

¶ Induction of Tregs  

¶ Inhibit the secretion of 

IFN-ʴ  

¶ Reduce accumulation of 

NK cells 

  117, 118 

Regulatory 

macrophages  

No stable, 

specific markers 

are yet defined; 

CD14ҍ/lowCD16ҍ 

CD64+CD80ҍ/low 

CD86+CD163ҍ/low 

HLA-DR+TLR2ҍ 

¶ IL-10 secretion 

¶ Inhibition of T cells 

proliferation  

¶ Induction of Tregs  

 

 NCT02085629* 

 

Living donor 

renal 

transplantation  

119, 120 

Tolerogenic 

DCs  

MHCII low CD86 

low CD80 low 

CD40 low 

¶ Expression of inhibitory 

molecules (PDL-1, FasL, 

IDO) 

¶ Secretion of inhibitory 

cytokines (IL-10, TGF-ʲΣ 

¶ Induction of Tregs      

¶ Induction of T cells 

unresponsiveness             

NCT02252055* Living donor 

renal 

transplantation  

121 

NCT00445913* Type 1 diabetes 122 

NCT00396812* 

NCT01352858* 

Rheumatoid 

arthritis 

123 

124 

2007-003469-

42**  

NCT02622763* 

Crohn disease 125 

NCT02283671* 

NCT02618902* 

Multiple 

sclerosis 

126 

Mesenchymal 

stromal cells 

(MSCs) 

CD34ҍCD45ҍCD7

3+ CD90+CD105+     

HLA-

DRҍ,CD11bҍ or 

CD14ҍ, CD19ҍ or 

/5тфʰҍ 

¶ Induction of Tregs    

¶ Modulation of APC 

activation 

¶ Promote differentiation of 

macrophages into M2 

macrophages 

¶ Control of memory CD8 

function 

¶   Secretion of cytokines, 

chemokines, growth 

factors and extracellular 

vesicles 

¶ Activation of (IDO) 

production by 

phagocytes 

NCT00658073* 

NCT00752479* 

NCT00734396* 

Renal 

transplantation 

 

127, 128, 

129, 130, 

131 

2009-017795-

25**  

Liver 

transplantation  

NCT01429038* Liver or renal 

transplantation 

NCT01663116* Rheumatoid 

arthritis 

132 

NCT02923375*  GVHD 133 
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  Small bowel 

transplantation 

134, 135 

 Lung 

transplantation 

136, 137 

Myeloid-

derived 

suppressor 

cells (MDSCs) 

All subsets: 

CD11b+ CD33+ 

CD34+HLA-DR-

/low  

Granulocyte-like 

MDSC subset: 

CD15+CD33+HLA

-DR-/low  

Monocyte-like 

MDSC subset: 

CD14+CD33+HLA

-DR-/low 

¶ Nitric oxide and Arg-1 

dependent inhibition of 

T cells, B cells and NK 

cells  

¶ Inhibition of T cells 

through production of 

ROS and peroxynitrite 

¶ Induction of Treg 

¶ Secretion of IL-10 

¶ Inhibition of DC 

maturation by HO-1 

  138, 139, 

140 

 
 

Table 1: Regulatory immune cell populations. Clinicaltrials.gov* and EudraCT**were searched for the clinical trials. RN: 

Registration number; DC, dendritic cell; FOXP3, forkhead box P3; GVHD, graft-versus-host-disease; MDSC, myeloid-derived 

suppressor cell; MHC-II, MHC class II; TReg, regulatory T; TFR, T follicular regulatory cells; NK, natural killer; Arg-1, arginase-

1;ROS, reactive oxygen species; IDO, indoleamine 2,3-dioxygenase.    
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Regulatory T cells: an overview  
 

1.1.5 Development of Tregs 

Tregs are generated both in the thymus (tTregs), as a separate lineage from CD4+ T cells, and 

extrathymically in the periphery by induction of FOXP3 expression in naïve CD4+FOXP3neg T 

cells (pTregs). Both tTregs and pTregs are crucial for the maintenance of immune 

homeostasis.141 In the thymus, T cells are checked for their reactivity to self-peptides in a 

process known as thymic selection. T cells progenitors expressing TCR with high affinity to 

self-peptides presented by medullary thymic epithelial cells (mTEC) are selected as tTreg 

precursor, while those expressing TCR with low affinity to self-peptides are selected as T 

conventional cells.142 The Treg progenitor express CD25, then FOXP3 expression is induced 

upon TCR stimulation, CD28 co-stimulation, and cytokine signalling triggered by IL-2. The 

strength and duration of TCR signalling has been shown to play a critical role in Tregs 

development.143, 144 In addition, Xuguang et al. have demonstrated the requirement of 

costimulatory signal CD28 for effective Treg thymic development even if the TCR are engaged 

with high affinity to the peptides.145  

In the periphery, (pTregs) arise from naïve CD4+ cells and contribute to the homeostasis of the 

peripheral immune compartment. pTregs are generated under various conditions such as the 

presence of regulatory cytokines (TGF- )̡ and indoleamine 2,3-dioxygenase (IDO), which are 

secreted by tolerogenic DCs. Moreover, the presence of vitamin A metabolite (retinoic acid) 

can also promote the conversion of naïve T cells into pTregs.146  

The in vitro generated Tregs (termed induced Tregs (iTregs)), can arise from naïve CD4+ cells 

through co-culturing the CD4+ cells with TGF- ,̡ IL-2 along with TCR stimulation.147 Studies 

have also reported the development of iTreg cells in vivo in a tolerogenic setting and during 

inflammation.148 The iTregs do not recapitulate the phenotypical and molecular features of 

peripheral Tregs. For example, iTregs demonstrated less FOXP3 expression stability and 

suppressive potency compared to the pTregs. However, studies are ongoing to generate 

induced Tregs with a stabilise FOXP3 expression.149   
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Some phenotypic markers were initially reported as a marker to distinguish thymic-derived 

Tregs from those peripherally induced from the naïve T cells, including the Ikaros family 

member Helios, and the semaphorin receptor neuropilin-1 (Nrp1).150 However, later studies 

demonstrated that Helios may act as a marker to identify a subset of Tregs with potent 

suppressive activity that cannot be used to discriminate a thymic Treg subset151 τ similarly to 

the Nrp1, which does not seem to identify thymic Treg clones.152 

1.1.6 Identification and isolation of Tregs 

Tregs are heterogeneous in terms of surface marker expression and the question of which 

population would serve as an optimal cell product for adoptive transfer is a subject of ongoing 

ŘŜōŀǘŜΦ /5нр όǘƘŜ ʰ-subunit of the IL-2 receptor complex) is expressed at high levels on Tregs 

and can be utilised as an identification marker. However, activated effector T cells and in 

particular naïve T cells, which have a strict requirement for IL-2 for initial clonal expansion and 

differentiation, can also express CD25.153  

The role of the transcription factor FOXP3 (Forkhead-BOX-Protein P3) in regulating the 

immune response in mice and humans was identified in 2001.154 The identification of 

mutation of Foxp3 in scurfy mice that develop severe autoimmune diseases demonstrated 

the critical role of FOXP3 in maintaining immune homeostasis.154 Similarly, a mutation in 

human FOXP3 leads to the development of IPEX syndrome (Immunodysregulation 

Polyendocrinopathy Enteropathy X-linked).155, 156 Further studies by Khattri et al. on scurfy 

mice linked FOXP3 expression with Treg activity and phenotype.157 Subsequent work 

demonstrated that stable FOXP3 expression is required for Treg function.158, 159, 160, 161 The 

FOXP3 gene contains three conserved noncoding sequences (CNS1, CNS2, and CNS3), and a 

promoter region with binding sites for transcription factors including NFAT, c-Rel, and 

STAT5.162 Demethylation of the CNSs permits the binding of transcription factors that control 

FOXP3 expression during different stages of Tregs development. CNS3 appears to have a role 

in FOXP3 expression, possibly by opening the FOXP3 gene locus. A demethylated CNS1 is 

required for FOXP3 expression in peripheral Tregs but is not necessary during thymic-Treg 

development. Stable FOXP3 expression relies on CNS2 within the Foxp3 gene locus, termed 

the Treg-Specific Demethylated Region (TSDR). The TSDR is highly methylated in conventional 
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T cells and induced Tregs, whilst it is demethylated in thymically-derived Tregs.163, 164, 165 Both 

TSDR demethylation and FOXP3 expression are required for thymic Treg lineage commitment.  

Isolating Tregs for the therapeutic application can only be undertaken using cell surface 

markers, and therefore FOXP3 and the methylation status of the TSDR cannot be used to 

isolate Tregs in this setting. SurŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ /5мнт όǘƘŜ ʰ-chain of the IL-7 Receptor) on 

CD4+CD25hi cells inversely correlates with FOXP3 expression and assists in distinguishing Tregs 

from T effector cells. Thus, the inclusion of CD127 together with CD4 and CD25 facilitates the 

isolation of Tregs at relatively high purity, as confirmed using intracellular markers and 

functional testing.166, 167, 168  

Despite providing refinement in the identification of Tregs, studies indicate that ex vivo 

expanded CD4+CD25+CD127low Tregs are heterogeneous and contain subpopulations of Tregs 

with different properties. For example, CD4+CD25+CD127lowCD45RA+ refers to a 

subpopulation of Tregs with a stable TSDR status, higher FOXP3 expression, and greater 

suppressive function after ex vivo expansion in comparison to CD45RA- subpopulations.169, 170  

Using these cell surface markers, magnetic bead-based isolation of Tregs has largely been the 

choice for several reported protocols.171, 172, 173 .ŜŀŘǎ Ŏŀƴ ōŜ ǇǊƻŘǳŎŜŘ ǘƻ ΨDƻƻŘ 

aŀƴǳŦŀŎǘǳǊƛƴƎ tǊŀŎǘƛŎŜΩ όDatύ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ŀƭƭƻǿ ǘƘŜ ŘŜǇƭŜǘƛƻƴ ƻŦ /5у+ and CD19+ cells and 

enrichment of CD25+ cells.174 As an alternative strategy, fluorescence-activated cell sorting 

(FACS) offers superior purity compared to magnetic bead-enriched Tregs, as well as the 

possibility of selecting specific cell populations based on their expression levels of cell surface 

molecules such as CD25 and CD127. A number of proprietary GMP-compliant FACS-based 

sorting processes exist and are being assessed for the production of clinical therapeutics, but 

are not yet accepted by some regulatory agencies.   

1.1.7 Tregs suppression mechanisms  

Discoveries in basic research have enabled the identification of multiple mechanisms by which 

Tregs regulate immune responses. These include the release of regulatory cytokines and 

molecules, the disruption of effector cell metabolism, the modulation of dendritic cells (DCs) 

maturation or function, and production of cytolytic mediators.175 Figure 2 illustrates the 

suppressive mechanisms of human Tregs and their effects on various leukocytes.    
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One of the main mechanisms of Treg-mediated suppression is through the production of 

inhibitory cytokines, including interleukin (IL)-10, TGF-ß, and IL-35. These cytokines are 

involved in the direct suppression of effector cells and indirect suppression through inhibition 

of DC maturation.176 Moreover, these regulatory cytokines play a role in infectious tolerance 

not only through conversion of T effector cells into T cells with regulatory phenotype and 

function,177 but also through inducing B regulatory cells from B cells and promoting 

macrophage differentiation toward Mregs.178   

Tregs may disturb the metabolic function of effector cells through the expression of CD39 and 

CD73. These ectoenzymes lead to degradation of ATP to adenosine and AMP. Adenosine can 

directly bind to the A2a receptor on T effector cells and inhibit their activation, and can also 

inhibit the maturation of DCs.179 Another potent mechanism is through inhibitory cell surface 

signalling, such as through the cytotoxic T-lymphocytes antigen 4 (CTLA-4). Tregs may prevent 

the activation of effector T cells either through downregulating the B7 costimulatory 

molecules CD80 and CD86 on antigen-presenting cells (APC) in a CTLA-4-dependent manner 

or by the direct binding of CTLA-4 to CD80 and CD86 on naïve T cells.176 Other co-inhibitory 

molecules are found on the cell surface of Tregs, including T cell Ig and ITIM domain (TIGIT) 

and lymphocyte-activation gene 3 (LAG-3): these molecules may suppress the T cell activation 

through DC modulation.176 Moreover, multiple studies have demonstrated that Tregs may 

possibly regulate other cells of the innate immune system, such as NK cells, neutrophils, and 

type 2 innate lymphoid cells (ILC2).180  

In addition, Tregs may induce T cell apoptosis in a granzyme-B-dependent manner and induce 

cytolysis of other cells, including B cells and NK cells, in a perforin- and granzyme-B dependent 

manner.181, 182 Recent data suggest that Tregs may be able to inhibit T effector function 

through the release of extracellular vesicles including exosomes.183    
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Figure 2: Treg suppressive mechanisms. Solid arrows indicate direct inhibition of target cells or direct induction, 

while dashed arrows indicate another possible target of a specified inhibitory molecule. Treg, regulatory T cell; 

iTreg, inducible regulatory T cell; DC, dendritic cell; Teff, T effector cell; Breg, B regulatory cell; ILC-2, type 2 

innate lymphoid cell; M1 MQ, pro-inflammatory macrophage; M1 MQ, anti-inflammatory macrophage; IDO, 

Indoleamine 2,3-dioxygenase; MHC, major histocompatibility complex; TCR, T-cell receptor; CTLA-4, cytotoxic T-

lymphocyte-associated protein 4; LAG3, Lymphocyte-activation gene 3; TIGIT, T cell Ig and ITIM domain; PD-1, 

Programmed cell death-1; PDL-1, Programmed death-ligand 1; ICOS, Inducible T-cell costimulator; FAS, cell death 

surface receptor; LAP, latency-associated peptide; GARP, glycoprotein A repetitions predominant; ATP, 

adenosine triphosphate; ADP, Adenosine diphosphate; AMP, Adenosine monophosphate; A2aR, adenosine 

A2a receptor. 
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1.1.8 Application of Tregs as a cellular therapy  

Treg therapy now centres around two main methods: (I) the direct in vivo expansion of 

endogenous Tregs, and (II) the ex vivo expansion of Tregs. The only immunosuppressant 

consistently demonstrated to potentiate in vivo Treg expansion and survival is rapamycin.184, 

185 Hester et al. demonstrated the adjuvant effect of low-dose rapamycin in enhancing Tregs 

activity to inhibit transplant arteriosclerosis in a humanised mouse model.185 However, poor 

patient tolerance of rapamycin has led to a search for alternative strategies to expand in vivo 

Tregs. For instance, low dose IL-2 has shown efficacy in restoring Tregs numbers without 

concurrent expansion of effector T cell populations in patients with GVHD.186, 187 In 

experimental model, Pilat et al. demonstrated that low dose of IL-2 complex along with 

rapamycin and blockade of pro-inflammatory cytokine IL-6 prolonged survival of skin allograft, 

without need to immunosuppression.188 However, a phase IV clinical trial using low dose IL-2 

in liver transplant patients was terminated due to safety concerns (the LITE Trial 

[NCT02949492]). Improved IL-2 therapies might be possible using the anti-IL-2 complex with 

higher selectivity for Tregs than autoreactive effector T cells,189 or by engineering IL-2 

molecules so the modified IL-2 can selectively signal to Tregs.190 Indeed, further research is 

needed in experimental models and later in clinics to validate the safety of anti-IL-2 complex 

or IL-2 modification therapies in transplantation. Furthermore, IL-33 has shown efficacy in 

driving the production of mouse Tregs with enhanced suppressive activity in experimental 

skin transplant model.191 This study suggests an alternative approach for in vivo Tregs 

expansion.    

Alternatively, cell therapy may be performed by adoptive transfer of ex vivo expanded Tregs, 

which has several advantages over in vivo cell manipulation. Tregs are closely related to T 

effector cells, meaning that precisely targeting Tregs and not T conventional cells can be 

difficult. In addition, ex vivo expansion of Tregs provides an opportunity to manipulate them 

by the selection of more efficient cell populations,192 or by improving their suppressive 

properties using exogenous treatments or genetic modification technologies.  

The low precursor frequency of Tregs in the peripheral blood means that cells require 

extensive ex vivo expansion in order to obtain enough yield for clinical application. This 

extensive expansion may impact Tregs' suppressive function and increase the cost of cell 
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therapy. Protocols for ex vivo expansion according to good manufacturing practice (GMP) 

have been reported, which results in a good yield.193, 194, 195, 196 However the presence of 

contaminant T effector cells in the final cell product or conversion of Tregs into pathogenic T 

effector cells continues to be of concern. Thus new strategies are needed to enhance the 

purity and efficacy of ex vivo-expanded Tregs.      

A number of supplements can promote the ex vivo expansion of highly suppressive Tregs. For 

example, the addition of all-trans retinoic acid (ATRA), vitamin D, and TGF-ʲ during Treg 

culture197, 198 has been shown to stimulate the induction of induced Tregs (iTregs) from CD4+ 

naive T cells and enhance the suppressive capacity of Tregs. However, it is still unknown if the 

immunomodulatory effects of these supplements on Tregs will persist long-term.  

Recent advances in genetic modification technologies have opened the possibility to safely 

improve the potential therapeutic of Tregs. Recently, Eskandari et al. proposed a new 

methodology to improve the Tregs adoptive therapy through engineering Tregs with TCR 

signallingςresponsive IL-2 nanogels.199 Both murine and human nanogel-modified Tregs 

carrying an IL-2 cargo showed enhanced performance in suppressing alloimmunity in murine 

and humanised mouse allotransplantation models compared to non-modified Tregs. This 

proposed methodology may hold promise for the future of Tregs therapy, especially since the 

nanogel can be conjugated to antigen-reactive Tregs instead of polyTregs.  

Another important approach to expand Tregs with enhanced efficacy is through the 

generation of non-gene modified antigen-reactive Tregs (arTregs), which will be discussed in 

detail in the next section.   

Alloantigen-reactive Tregs (arTregs) 

Ex vivo expansion of freshly isolated Tregs from peripheral blood is generally performed by 

stimulation of magnetic-bead-isolated or flow-sorted cells with anti-CD3/anti-CD28 beads in 

the presence of recombinant human IL-2 with rapamycin.200 This leads to non-specific TCR 

stimulation and proliferation of polyclonally-reactive Tregs (polyTregs). This approach is able 

to generate significant numbers of CD4+FOXP3+ cells with a purity that is often improved to 

over 80% with the use of rapamycin to reduce T effector contaminant proliferation.200 

However, several theoretical drawbacks exist with polyTregs therapy, including the potential 
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for indiscriminate immune suppression.103 In addition, animal studies suggest that high 

numbers of polyTregs (1:1 to 1:5 Treg to Teff) are required in order to achieve tolerance.201 

The use of an enriched population of arTregs may overcome these problems as these cells 

offer targeted regulation of a specific undesired immune response. In in vitro suppression 

studies, arTregs are 5- to 25-fold more potent at suppressing effector T cells in co-culture than 

polyTregs.171, 202, 203  

In humanised mouse models, the adoptive transfer of ex vivo-expanded human polyTregs can 

prevent skin, vessel, and islet allograft rejection.204, 205, 206, 207 However, arTregs produced 

through the co-culture of Tregs with allogeneic DCs or B cells are more effective than 

polyTregs at preventing human skin allograft rejection and may demonstrate superior 

migration and accumulation in the allograft.208, 209, 210, 211 These Tregs migrate to and 

accumulate in the allograft, an effect that may contribute to their superior suppressive 

function. Using a different manufacturing process with allogeneic  B cells instead of DCs as a 

stimulator, human arTregs infused at a 1:5 ratio of Tregs to responders are able to prevent 

skin allograft rejection, whereas polyTregs fail to be protective at this ratio.211 These results 

suggest that infusion of alloantigen-reactive Tregs may facilitate a reduction in the total cell 

number needed for therapeutic efficacy.    

1.1.9  Strategies to expand human arTregs ex vivo 

In healthy individuals, Tregs represent approximately 5-10% of the CD4+ T cell population,212, 

213, 214 of which only 5-10% are alloantigen-reactive.215, 216 This low precursor frequency means 

that cells require extensive ex vivo expansion to obtain enough numbers for clinical 

application. Stimulator populations for arTreg production include peripheral blood 

mononuclear cells (PBMCs),171 dendritic cells (DCs),217 or B cells.218, 219 Table 2 summarises the 

current approaches used in expanding human arTregs.  

Peter et al. demonstrated that irradiated donor-derived PBMCs used as stimulators for Tregs 

sorted by FACS yield a low expansion rate over a two-week period, although interestingly this 

expansion improves when Tregs were isolated using magnetic beads (cliniMACS) instead.171  

This suggests that residual antibody binding may subsequently impair Treg expansion. The 

activation of Tregs requires cell-to-cell contact leading to an immunological synapse, with 

activation through the TCR and suitable costimulatory signals.173 Therefore, most protocols 
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rely on the use of purified B cells or DCs as professional APCs to ensure optimal delivery of 

signals for Treg activation and proliferation. 

The use of B cells for Treg allostimulation requires a preliminary B cell expansion and 

activation step. As B cells need a CD40/CD40L co-stimulatory signal to proliferate, CD40L-

expressing fibroblasts have been used as feeder cells to expand B cells. Immortalised B cell 

lines from HLA-matched donors have been used to offer a direct expansion of alloantigen 

Tregs from a readily available allogeneic B cell bank.220 However, this bank may not cover all 

HLA-donor/recipient combinations and also has the potential for cellular contamination in the 

final cell product. Soluble 4-trimer CD40L fusion proteins may represent an alternative to 

feeder cells and appear to be efficacious in generating arTregs.172 Recently, B cells were 

successfully expanded using a soluble 4-trimer CD40L fusion protein as a replacement for 

CD40 feeder cells. This molecule contains four CD40L trimers per molecule and has been 

found to be more effective at activating B cells than single CD40L trimers.221 ArTregs 

generated by this protocol expanded up to 20-fold with no cellular contamination reported in 

the final product.222   

DCs provide potent allo-stimulatory signals to expand Tregs with a low risk of persistence 

within the culture, especially when irradiated. Tregs selected using magnetic beads and 

primed twice by allogenic monocyte-derived DCs (mDCs) cultured with rapamycin, IL-2 and IL-

15 have been shown to be functional both in vitro and in vivo, controlling GVHD in a mouse 

model.173 These arTregs expand eight-fold and display a fully demethylated TSDR with high 

expression of FOXP3 and Helios. The most efficient method for generating arTregs remains 

unclear, with no studies to date directly comparing expansion using alternative stimulatory 

cell populations from the same donor. This would provide a useful comparison in terms of the 

cellular phenotype and suppressive capability of expanded arTregs. 
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Table 2: Approaches for ex vivo expansion of human alloantigen-reactive Tregs 

Starting population Stimulator Ratio Growth factors Expansion 

duration 

Expansion 

fold 

Reference 

CD4+CD25+Treg 

isolated by 

magnetic beads   

Donor derived 

PBMCs 

4:1 

PBMCs: Tregs 

rhIL-2 +rh IL-15 20 days 780 171 

CD4+CD25+CD127-

Treg isolated by 

magnetic beads   

UltraCD40L-

activated donor B 

cells 

1:1 

B cells: Tregs 

rhIL-2+TGF-

ʲҌ{ƛǊƻƭƛƳǳǎ 

SRL-7days only 

28 days ~20 172 

CD4+CD25+CD127- 

Treg isolated by 

FACS 

CD40L-activated 

donor B cells 

4:1 

B cells: Tregs 

rhIL-2 16 days 50-300 218 

CD4+CD25+Treg 

isolated by 

magnetic beads   

Allogeneic mature 

DCs 

1:10 

mDCs: Tregs 

rhIL-2 +rh IL-

15+Rapamycin 

21 days 8.3 173 

CD4+CD25+CD127- 

Treg isolated by 

FACS 

Blood or dermal 

donor-derived 

mature CD1c+ DCs 

 

Not reported 

 

rhIL-2 

 

4-6 weeks 

 

Mean 

numbers 

~2.8x107 

 

223 

 

CD4+CD25+Treg 

isolated by 

magnetic beads   

CD40L-expanded B 

cell lines 

10:1 

B cells: Tregs 

rhIL-2 

 

2-3 weeks 80-120 220 

CD4+CD25+CD127-

Treg isolated by 

magnetic beads   

Allogeneic  

monocyte-derived 

DCs 

1:10 

DCs: Tregs 

rhIL-2 +rh IL-15+ 

Rapamycin 

12 days 8 224 

APC, antigen presenting cell; DC, dendritic cell; PBMC, peripheral blood mononuclear cell; Treg, regulatory T cell; 
rh, recombinant human. 
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1.1.10   TCR transgenic Tregs  

The recent success of specific T-cell receptor (TCR) gene therapy in the cancer setting offers 

the opportunity to redirect the Treg specificity as desired through TCR transgenesis. Brusko 

et al. reported a methodology to generate human transgenic Tregs with a class I-specific TCR 

in which they recognise melanoma antigen tyrosinase.225 This study demonstrated that the 

viral transduction of a specific TCR into in vitro expanded CD4+CD25+CD127-CD45RA+Tregs 

could enrich their specificity, therefore generating antigen-specific Tregs. These TCR Tregs 

maintained a high expression of FOXP3 after in vitro expansion. Moreover, these cells 

suppressed antigen-specific effector T cell activity both in vitro and in a mouse tumour model 

more effectively than poly-expanded Tregs.  

Another study by Kim et al. reported the generation of engineered antigen-specific Tregs 

which were created by the transduction of TCR from T cell clones obtained from patients with 

hemophilia A into in vitro expanded human Tregs.226 These engineered Factor VIII-specific 

Tregs suppressed the proliferation of FVIII-specific T cells in both in vitro and in a humanised 

hemophilia A mouse model. However, there are several potential risks associated with the 

use of TCR transgenic Tregs, including the risk of lentiviral or retroviral vector-related toxicity 

following the infusion of TCR Tregs, in addition, to the risk of toxicity that may result from 

mispairing with endogenous TCR.227 Therefore a long-term safety assessment is necessary 

before TCR Tregs can be used clinically.  

1.1.11   CAR Tregs 

Recent advances in chimeric antigen receptor (CAR) technologies have opened the possibility 

of being able to redirect the specificity of human Tregs as desired.225, 228 CAR Tregs have shown 

promise in early experimental models in transplantation229, 230, 231 and autoimmunity.232, 233 

CAR Tregs specific for MHC-I molecules are superior to polyTregs at preventing xenogeneic 

GVHD and skin graft rejection in humanised mouse models.229, 230 However, there are some 

differences between CAR Tregs and arTregs and challenges that it must be highlighted. CAR 

Tregs are produced using a viral vector, in contrast to arTregs which are produced using a 

simple method of co-culture with donor antigen. Therefore, the safety of CAR Tregs in solid 

organ transplantation needs to be confirmed, as clinical experience of the adoptive transfer 
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of CAR T cells directed against tumour antigens shows that it can result in adverse effects 

related to cytokine storms and cytotoxicity.234, 235  

CAR Tregs are able to inhibit direct allorecognition and consequently acute cellular rejection, 

229, 231 but their effect on the indirect allorecognition and humoral responses remain to be 

investigated. For instance, Levings et al. investigated CAR efficacy at regulating in vivo memory 

responses and found that CAR Tregs were unable to regulate memory T or B cell responses in 

pre-sensitised mice.236 Furthermore, alloreactivity may be driven by a broad array of antigens, 

and therefore a specificity toward several peptides might be preferable in the generated 

antigen-reactive Tregs. Notably, the assessment of the T cell receptor repertoire of arTregs 

revealed that they respond to several clones.172 This wider clonality allows arTregs to react 

with multiple donor antigens, unlike CAR Tregs, which are very restrictive in their 

responsiveness to a single antigen.    

The exhaustion of CAR Tregs is another concern. Some studies indicate that CAR T cells 

incorporating the CD28 costimulatory domain have limited in vivo expansion and anti-tumour 

efficacy, which is avoided with the 4-1BB costimulatory domain.237 For CAR Tregs, studies used 

second-generation CAR Tregs with a CD28 domain and demonstrated suppressive efficacy.238, 

239 Research is still ongoing to determine the optimal CAR-encoded costimulatory signals and 

specificity,240 to reduce immunogenicity,241 and to improve CAR Tregs manufacturing 

frameworks.242 A phase I clinical trial of autologous CAR Tregs directed against HLA-A2 is now 

ongoing (NCT04817774). These CAR Tregs can be administrated to HLA-A2-negative recipients 

of an HLA-A2-positive living donor renal transplant. This study aims to assess the safety and 

tolerability of these CAR Tregs in patients undergoing living donor renal transplantation.  

1.1.12   Direct vs indirect allospecificity  

It is also important to note experimental evidence suggesting that indirect presentation is the 

major pathway underlying chronic transplant rejection;57, 58 thus attention is now turning to 

arTregs populations with indirect allospecificity to regulate this response.  

Indirect allospecificity can be enriched in Tregs through repetitive stimulation with autologous 

DCs pulsed with donor peptides. Generated arTregs are able to suppress both the indirect and 

direct alloresponse of naïve CD4+CD25- T cells in vitro.243 Another approach used in murine 
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models to generate Tregs with indirect allospecificity is through TCR transduction.244, 245 In 

one example, the TCR specific to the H-2Kd peptide presented by an MHC class II molecule 

(H2Ab) was retrovirally transduced into Tregs. These TCR-transduced Tregs (TCR-Tregs) which 

indirectly recognise allogeneic MHC class II molecules induced long-term survival of MHC-

mismatched heart grafts.245 Moreover, TCR-Tregs with indirect allospecificity showed 

superiority in inducing graft tolerance in comparison to Tregs with direct allospecificity. This 

indicates that arTregs with indirect allospecificity might be more potent than direct Tregs. 

However, the major drawback of transgenic TCR-Tregs is the concern of mispairing with 

endogenous TCRs which could lead to off-target reactivity.         

1.1.13   Trials of arTregs 

So far only a single clinical trial, in a liver transplantation setting, has tested the adoptive 

transfer of ex vivo arTregs, examining 10 adult liver transplant recipients.246 The arTregs were 

generated using irradiated donor peripheral blood lymphocytes cocultured with unselected 

ǊŜŎƛǇƛŜƴǘ ǎǇƭŜƴƻŎȅǘŜǎ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴǘƛπ/5улκус ƳƻƴƻŎƭƻƴŀƭ ŀƴǘƛōƻŘƛŜǎ. The protocol 

generated CD4+CD127lowFOXP3+ Tregs with a relatively low purity within the CD4+ population 

averaging less than 25%. The infused cell product was heterogeneous, with expanded CD19+ 

and CD8+ cells also infused. Participants underwent a regimen of splenectomy and 

cyclophosphamide administration before Treg infusion. Acute rejection upon per-protocol 

weaning of immunosuppression was shown to be limited to participants with a history of 

autoimmune liver disease, with the remaining participants all demonstrating stable graft 

function up to three years after drug withdrawal. In vitro functional assays indicated that 

PBMCs from many participants demonstrated reduced proliferative activity in response to 

allo-stimulation to a greater degree than seen with third-party stimulation, even after drug 

withdrawal. Unfortunately, the immunological picture did not clearly correspond to the 

clinical one, with a degree of allo-specific hyporesponsiveness seen even in participants who 

developed acute rejection. However, there are several limitations in this study including the 

lack of a prospectively recruited control arm and the small number of patients with a  limited 

ŦƻƭƭƻǿπǳǇ ǇŜǊƛƻŘ. In addition, the protocol used to generate ex vivo arTregs resulted in low-

purity Tregs. Nevertheless, a number of early-phase clinical trials of arTregs and polyTregs in 

the setting of solid organ transplantation are currently ongoing and will report in the coming 

years (Table 3).
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Table 3: Ongoing trials of polyclonal and alloreactive Tregs. 
 

Table 3: Ongoing trials of polyclonal and alloreactive Tregs. Clinicaltrials.gov* and EudraCT** were searched 
ǳǎƛƴƎ ǘƘŜ ƪŜȅǿƻǊŘǎ άǊŜƎǳƭŀǘƻǊȅ ¢ ŎŜƭƭǎέ ƻǊ ά¢ǊŜƎǎέ ƛƴ ǘƘŜ ŘƛǎŜŀǎŜ ŀǊŜŀ άǘǊŀƴǎǇƭŀƴǘŀǘƛƻƴέΦ wŜǎǳƭǘǎ ǿŜǊŜ ŦƛƭǘŜǊŜŘ ōȅ 
ǎǘǳŘƛŜǎ ǿƛǘƘ ǎǘŀǘǳǎ άƻƴƎƻƛƴƎέΣ άǊŜŎǊǳƛǘƛƴƎέΣ άŀŎǘƛǾŜΣ ƴƻǘ ȅŜǘ ǊŜŎǊǳƛǘƛƴƎέ ŀƴŘ άŜƴǊƻƭƭƛƴƎ ōȅ ƛƴǾƛǘŀǘƛƻƴέΦ {ŜŀǊŎƘ ŘŀǘŜΥ 
15 December 2020

Trial ID Phase Tregs Dose Design Setting n 
(Tr
eg 
ar
m) 

Start Date Primary 
Completio
n Date 

Status 

NCT046612
54* 

N/A PolyTregs Not 
specified 

Open label, 
randomise
d 

Living donor renal 
and liver 
transplantation 

4 December 
2020 

April  
2021 

Not yet 
recruiting 

NCT036540
40* 

I/IIa arTregs 100- 500 x 
106 -30-
1006 cells 
(single 
dose) 

Open label Living donor liver 
transplantation 

9 January 
2021 

April  
2027 

Not yet 
recruiting 

NCT032842
42* 

N/A PolyTregs Not 
specified 

Open label Renal 
transplantation 
with everolimus 
immunosuppressio
n 

12 March 2019 March 
2021 

Recruiting 

NCT039432
38* 

I Not 
specified 

25 x106 
cells 
(single 
dose) 

Non-
randomise
d 

Living donor renal 
transplantation, 
with donor BM 
infusion 

22 February 
2020 

August 
2024 

Recruiting 

NCT035774
31* 

I/IIa arTregs 2.5 - 125 x 
106 cells 
(single 
dose) 

Non-
randomise
d 

Liver 
transplantation, 
with subsequent 
immunosuppressio
n withdrawal 

9 March 2019 March 
2025 

Recruiting 

NCT024741
99* 

I/IIa arTregs 400 x 106 
cells 
(single 
dose) 

Non-
randomise
d 

Living donor liver 
transplantation, 
with subsequent 
immunosuppressio
n withdrawal 

14 June 2016 Decembe
r 2019 

complete
d 

NCT038676
17*        
2018-
003142-
16**  

I/IIa Not 
specified 

10 x 106 
cells 
(single 
dose) 

Non-
randomise
d 

Renal 
transplantation, 
with donor BM 
infusion & 
tocilizumab 

12 August 
2019 

April 
2023 

Recruiting 

NCT027118
26* 

I/IIa PolyTregs >300 x 106 
cells 
(single 
dose) 

Open label, 
randomise
d 

Renal 
transplantation 
with subclinical 
inflammation on 
protocol biopsy 
>5m post 
transplant 

30 May 2016 October 
2021 

Recruiting 

2017-
001421-
41**  

IIb PolyTregs 5-10 x 106 
cells/kg 
(single 
dose) 

Open label, 
randomise
d 

Living donor renal 
transplant with 
immunosuppressio
n minimisation 

68 Feb 2018 Feb 2022 Recruiting 
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Phenotypic and molecular analysis of the peripheral blood mononuclear 

cell compartment and graft biopsy in advanced cellular therapy in 

transplantation  

1.1.14   Immune monitoring strategies in clinical trials of cell therapy  

Immune monitoring can be defined as an approach to assess the immune response by 

measuring cellular, molecular, and functional changes that correlate with the immune system. 

There has been a strong interest from transplant researchers in developing and validating 

assays that provide in-depth information about the efficacy of cellular therapy in solid organ 

transplantation. These assays have several advantages, as they provide insight about the 

immunological status of transplant recipients and measure alloreactivity response at multiple 

time-points post-transplantation, thus allowing physicians to assess the safety of withdrawing 

or even minimising the immunosuppressant drugs, and to determine not only the safety but 

also the efficacy of cellular therapy.   

Clinical studies with cellular therapy in a transplantation setting aim to perform immune 

monitoring assays during the follow-up period for the enrolled participants. The ONE Study 

consortium, which works to assess the potential of infusing different regulatory cells in renal 

transplant recipients and compare their immunological effects between closely related 

trials,100, 247 designed a standardised immune monitoring assay for all the participating centres 

to ensure that results from one trial can be accurately and fairly compared to those in other 

trials.  

Currently, several technologies are available for immune monitoring in the cellular therapy 

context including (I) the use of multiparameter flow cytometry and mass cytometry (CyTOF) 

to assess the phenotypical changes in peripheral immune cell compartments following the cell 

therapy; (II) the use of multiplexed probe-based RNA analysis, bulk sequencing, and single cell 

sequencing to investigate the transcriptional changes in the peripheral blood mononuclear 

cells and matched renal biopsies; (III) viral testing by PCR to determine susceptibility for viral 

infection (CMV, EBK, and BK virus); (IV) assays to examine cytokines and metabolites in the 

serum of transplanted recipients; and (V) an in vitro functional assay to assess the enrichment 
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of antigen reactive T cells. Our group has recently commenced recruitment for the TWO Study 

in the UK, which is a single-centre phase IIb randomised trial of expanded polyclonal 

autologous Tregs in renal transplantation. The aim of the TWO Study is to assess the ability of 

Tregs to facilitate immunosuppression reduction in living donor kidney recipients. Various 

immune monitoring techniques are used in the study aiming to understand alterations in the 

immune cells of patients receiving Treg therapy (Figure 3). The following sections describe in 

more detail flow cytometry and mass cytometry (CyTOF), quantification of arTregs and T 

conventional cells through CD137/CD154 assays, and spatial transcriptomic technologies.  

  

 

Figure 3: Overview of immune monitoring techniques in the TWO Study trial.  Peripheral blood and serum 
samples are obtained from renal transplant patients during the 13 immune monitoring visits. These visits start 
at two weeks pre-transplantation and end at 72 weeks post-transplantation. Peripheral blood mononuclear cells 
(PBMCs) are isolated from the blood and cryopreserved for later analysis. Immune monitoring of transplanted 
patients combines several assays including molecular analysis, metabolic profiling, functional assays, serum 
cytokine analysis, spatial profiling, and phenotypical analysis. The phenotypical analysis covers a wide range of 
immune cells populations including T cells, B cells, Tregs, monocytes and granulocytes acquired by flow 
cytometry and mass cytometry (CyTOF). Tregs, T regulatory cells; TCR, T cell repertoire analysis; TSDR, Treg-
specific demethylated region; Elispot, enzyme-linked immunospot. 
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1.1.14.1 Flow cytometry and mass cytometry (CyTOF) 

For many years, immune monitoring has relied on conventional flow cytometry (FACS) to 

analyse and study phenotypical changes in leukocytes and their relationship to pathologies. 

FACS can analyse around several parameters in parallel and provide rapid assessment of the 

target populations. This technology has been used to investigate the efficacy of cell therapy 

in a number of clinical trials by measuring the cells frequency and number at different time-

points pre- and post-transplantation.  

In a study in renal transplant recipients receiving polyTregs, FACS was used as a key 

assessment method for immunophenotyping of recipients after Tregs infusion.248 An elevation 

in CD4+CD25hiCD127-FOXP3+ cells was seen for the remainder of the follow-up period (one 

year) post-infusion. This elevation was not seen in the control group receiving the same 

immunosuppressive protocol. Another study used FACS, to measure the changes in the 

phenotype of leukocytes among type 1 diabetic patients treated with Tregs.109 An increase in 

the percentage of CCR7+ Tregs was reported and continued to remain elevated for over three 

months after cell infusion compared to the pre-infusion time-point. There was also a 

significant decrease in CD56hiCD16lo natural killer (NK) cells early after polyTreg infusion in all 

the participants.  

Recently, Sawitzki et al. reported the findings of the ONE Study clinical trials (seven non-

randomised, single-arm, phase 1/2A trials) in renal transplant recipients receiving different 

regulatory cells, in which standardised multiparameter FACS analysis of various immune cell 

subsets was employed for immune monitoring of participants in cell therapy and in reference 

group.105 A significant increase in the absolute numbers of CD8+CD45RA+CCR7ҍ and 

CD8+CD57+ chronically activated T cells were observed in patients in the reference group trials 

but not in patients in the cell therapy trials. They also found a normalisation of marginal zone-

like B-cell numbers and a significant reduction of CD14highCD16+ monocytes only in patients in 

the cell therapy trials. In addition, Roemhild et al. reported their immunophenotyping 

monitoring by FACS of patients receiving Treg therapy compared to control group.249 An 

elevation in Treg proportions in the peripheral blood was observed for eight weeks after 

infusion; this phenomenon was not seen in the control group. Additionally, fewer activated 
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HLA-DR+ CD4+ conventional T cells together with fewer CD56high NK cells were seen in Treg-

treated patients compared to the reference group.  

Although several clinical trials have employed FACS as a potential technology for 

immunophenotyping, the relatively low number of parameters that can be analysed 

simultaneously results in a limited analysis. To examine several cells simultaneously by FACS, 

several panels need to be designed, which means more clinical materials (for example: 

peripheral blood or PBMCs) are needed. The development of mass cytometry or cytometry by 

time-of-flight  (CyTOF) has opened the possibility to increase the parameters, therefore 

allowing for a comprehensive analysis of a wide array of immune populations. Moreover, this 

high dimensional technology allows for in-depth examination of peripheral blood leukocytes 

from small sample quantities. The designed antibody panels can be selected to cover cellular 

and intracellular markers to identify immune cell lineages and define their activation or 

maturation stages. Table 4 compares the main features of conventional FACS and CyTOF. 

To date, few studies have employed CyTOF for deep immunophenotyping of multiple immune 

cell subsets in transplantation. Fribourg et al. monitored the phenotypic changes of PBMCs 

from 26 renal transplant recipients over 6 months post-transplantation using CyTOF.250 The 

unbiased cluster analysis revealed an increase in PD-1+CD57- expression in both CD4+ and CD8+ 

T cells. Their findings suggest that exhausted T cells correlate with improved allograft function. 

Recently, Kowli et al. analysed the phenotypic changes in the peripheral blood of renal 

transplant recipients compared to age-matched healthy donors over 6 months using CyTOF.251 

An elevation of CD57+CD8+ T cells together with an increase of granzyme B and CD107a 

expression in CD8+ T cells and CD56hi NK cells were observed only in renal transplant patients. 

This analysis of Tregs by CyTOF demonstrated a decrease in the IL-10 production in renal 

transplant patients compared to healthy donors.  
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Table 4: Comparison of flow cytometry and (CyTOF) mass cytometry 

Aspect 

 

Flow cytometry  Mass cytometry (CyTOF) 

Type of antibody  Antibodies conjugated to 

fluorescent probes  

Antibodies conjugated to stable 

metal isotope probes 

Number of parameters 

 

Depends on the machine, a 

range of 8- 30 markers per cell 

Up to 40 markers per cell 

Source of nonspecific 

signal 

¶ Spectral overlap (5-100%)  

¶ Autofluorescence 

¶ Fluorophore degradation 

¶ Spectral overlap (>2%) 

¶ Metal oxidation 

¶ Metal isotopes impurity 

Minimum cells needed at 

start of protocol 

1x105 cells  50000 cells 

Number of cells acquired 

per second 

(500ς40,000 cells/s) (50ς1,000 cells/s) 

Cell state after 

measurement 

Cells can be sorted by cell sorter 

for functional assays 

Cells are destroyed during 

ionization 

Data analysis methods 

 

Manual analysis ōȅ CƭƻǿƧƻϰ ŀƴŘ 

FACSDiva 

Manual and automated analysis 

by Cytobank software 

Single cell events gating  Forward versus side scatter (FSC 

vs SSC)  

DNA intercalator labelled to 

iridium isotopes (191Ir and 193Ir)  

Advantages/disadvantages 

of analysis methods 
¶ Subjective 

¶ Discovery of new 

population is difficult 

¶ Unbiased 

¶ Considers multiple 

dimensions at a time 

¶ Easier identification of 

novel populations 

¶ More consistent and  

reproducible 

CyTOF; Cytometry by time of flight. Ref 252, 253, 254 
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1.1.14.2 Quantification of alloantigen reactive Tregs and T conventional cells 

through CD137/CD154 assay  

CD137 (4-1BB) is a member of the tumour necrosis factor receptor family (TNFR). This co-

stimulatory molecule is expressed on activated CD4+ and CD8+ T cells following an antigen 

encounter.255, 256 Schoenbrunn et al. demonstrated that CD137 is a very suitable activation 

marker for CD4+ CD25+ FOXP3+ human Tregs, which is upregulated rapidly following short 

stimulation (16-24 hours).257 This upregulation, allows the detection of in vivo development 

of alloantigen-reactive Tregs.  

CD154 (CD40L) is a member of the TNF superfamily. It is expressed by CD4+ naïve and memory 

T cells, and by a subset of CD8+ T cells after stimulation.258, 259 It has been shown that 

engagement of CD154 with its receptor on antigen-presenting cells (APCs) or B cells in both 

cases results in expansion and activation of antigen-specific T cells.259, 260, 261 In the liver 

transplantation setting, the proportion of alloreactive CD8+ memory T cells was assessed in 

recipients receiving Tregs therapy through CD154 expression.262 A trend towards a reduction 

in CD154 upregulation in memory CD8+ T cells upon stimulation with donor PBMCs was 

reported in recipients receiving 4.5 x106 Treg/kg. This trend was not seen in those receiving a 

lower dose of Treg (1x106 Treg/kg), or in response to third-party PBMC or CMV antigens. 

CD154 is therefore a specific marker of activated T cells. Hence, the use of CD137 in 

conjunction with CD154 may help strike a balance between antigen-reactive Tregs and 

effector T cells. The use of this analysis in TWO Study patients will help to determine the 

impact of Tregs infusion on the activated T cells and whether these patients develop 

alloantigen-reactive Tregs after cellular therapy infusion. 

 

1.1.14.3 GeoMx Digital Spatial Profiling (DSP) 

In several studies, standard immunohistochemistry (IHC) and immunofluorescence have  been 

used to identify types of cells present in fixed tissue (biopsy) samples.263, 264 However, these 

techniques offer limited information about cellular function or gene and protein signatures in 

respect to their spatial location. NanoString GeoMx is a novel technology that provides 

morphological context with a high profiling of proteins and gene expressions using 
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oligonucleotide tags.265, 266 These tags are attached to antibodies and RNA probes through a 

light-sensitive linker. A photocleaving light is projected onto the tissue sample to release 

photocleavable oligonucleotides within specific regions of interest covering up to 5,000 cells 

and 22,000 transcripts. These features make the DSP technology well-suited to the discovery 

of single biomarkers or proteins or the development of genes signatures where target 

localisation is important.  

The DSP platform has been widely used in the field of cancer immunotherapy.  Jeyasekharan 

et al. used this technology to study the immune microenvironment of patients with diffuse 

large B-cell lymphoma who received chemotherapy.267 Using a panel of 36 immune markers, 

they found that tumour infiltration by M2 macrophages that express CD163 and CD68 had a 

significant negative impact on prognosis. This result suggests the need for treatments 

targeting tumour-infiltrating macrophages. Toki et al. used this technology to identify 

biomarkers associated with response to immunotherapy in melanoma.268 They searched for 

biomarkers in a cohort of 60 immunotherapy-treated melanoma patients by measuring 44 

immune markers in macrophages (CD68), leukocytes (CD45), and tumour compartments. They 

found that CD3 and CD8 expressions within the macrophage compartment were associated 

with better outcomes in immunotherapy-treated melanoma patients, while no clinical 

significance was found for CD8 expression within the CD45+ compartment. This finding 

represents a potential new finding that needs further validation, as it suggests that CD8 close 

to macrophages is more important than total CD8 T cells. Another notable finding was that 

PD-L1 expression in macrophages, but not in melanocytes, demonstrated an association with 

a better response to immunotherapy.  

In another example, Merritt et al. described the capability of GeoMx technology in analysing 

colorectal tumour tissue.269 Two regions of tumour tissue were selected to assess their 

proteins expression, tumour cells (TC) and the tumour microenvironment (TM). The analysis 

revealed two distinct expression profiles with a strong enrichment of immune markers within 

the TM compared to TC. This enrichment of immune markers likely indicates a high prevalence 

of immune infiltrates within the TM. They also used GeoMx to characterise macrophages (MQ) 

and regions near to MQ in the inflammatory bowel disease (IBD) tissue. To identify regions 

containing concentrated MQ populations, they stained six different IBD tissue samples for MQ 

(CD68), T cells (CD3), epithelium (PanCK), and nuclei, along with the cocktail of 44 oligo-
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conjugated antibodies. The profiling of MQ in IBD showed that some samples had higher 

expression of markers of wound healing such as CD163 and B7-H3, while other samples had 

higher expression of CD11c. They also identified three distinct clusters of leukocytes on the 

basis of proximity to MQ-enriched regions in all tissue samples; these unique clusters might 

participate in the dysregulated immune response of IBD. GeoMx therefore presents a 

potentially useful technique for analysing transplant biopsies in greater depth.  

 

1.1.15   Biomarker signature for stable graft function in renal 

transplantation  

As stated by the National Institutes of Health (NIH) Biomarker Definition Working Group, a 

biomarker is άŀ characteristic that is objectively measured and evaluated as an indicator of 

normal biological processes, pathogenic responses, or pharmacological responses to a 

ǘƘŜǊŀǇŜǳǘƛŎ ƛƴǘŜǊǾŜƴǘƛƻƴέ.270, 271  

To date, renal function after transplantation is  evaluated by measuring serum creatinine level 

and examining a renal biopsy using the Banff criteria,272, 273 which is considered the gold 

standard in transplant evaluation. However, both approaches have several limitations 

including that elevation in serum creatinine level is not specific to the type of graft injury, and 

an alteration in the level might indicate acute rejection, renal artery stenosis, chronic allograft 

injury, or calcineurin inhibitor toxicity.274, 275 Similarly, renal biopsies are invasive and cannot 

be performed serially. Moreover, there is a problem  of subjective variation in the evaluation 

of biopsies by histopathologists. Therefore, advancing non-invasive, reliable, and predictive 

biomarkers that could help transplant clinicians to estimate the risk of graft rejection and 

predict graft outcomes for the transplant recipients would have potential clinical value.275 

These biomarkers may allow early intervention in acute rejection, and minimise the 

immunosuppressant drugs in a tolerogenic state, therefore reducing the risks of morbidity and 

promoting long-term allograft survival. These non-invasive biomarkers can be found in the 

peripheral blood, serum, and urine of transplant recipients,276, 277 and may include gene 

expression, leukocyte phenotype markers, chemokines and cytokines, microRNAs, and donor-

specific antibodies (DSA).  
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One of the earliest studies identifying the molecular signature of tolerance in the peripheral 

blood of renal transplant recipients was reported as part of collaborative work between a 

group in France (University of Nantes) and the USA (Stanford University).278 In this study, they 

identified a set of 33 genes that could distinguish operationally tolerant renal transplant 

recipients from patients with allograft rejection. A downregulation of co-stimulatory signals 

and memory T cell allo-responses along with upregulation of many of TGF-ʲ ǊŜƎǳƭŀǘŜŘ ƎŜƴŜǎ 

was observed in tolerant patients compared to patients with graft rejection. Another study 

examined cell phenotypes and transcriptional patterns in the peripheral blood of tolerant 

transplant patients and chronic rejection patients.279 They observed a reduction in CD4+CD25hi 

FOXP3 transcript in chronic rejection patients in comparison to tolerant patients.  Sagoo et al. 

searched for a tolerance signature in renal recipients with operational tolerance.280 Less 

activated CD4+ T cells were reported in the peripheral blood of tolerant transplant recipients 

compared to recipients undergoing chronic rejection. In addition, elevated numbers of naive 

and transitional B cells were observed in the peripheral blood of tolerant participants 

compared with those receiving immunosuppression.280, 281 These results revealed an 

unexpected association of B cells with immune tolerance.   

Other biomarkers for renal graft function include the chemokines CXCL9 and CXCL10.282 These 

chemokines are secreted by endothelial cells and can bind to CXCR3 on the surface of 

activated T cells, therefore recruiting T cells to the site of inflammation.283 Rabant and 

colleagues showed that elevated levels of urinary CXCL9 was a strong predictor of T cells-

mediated rejection (TCMR), while elevation in CXCL10 showed a better performance in 

predicting antibody-mediated rejection (ABMR) within the first year post-transplantation.284 

This study suggests that low chemokine levels predict immunological tolerance.  

A panel of genes and chemokines (Granzyme B, Perforin, Fas-ligand, FOXP3, CXCL10) in the 

peripheral blood and urine of renal transplant recipients was identified as a potential 

biomarker for acute rejection.285, 286, 287 However, alteration in a single gene has some 

limitations including the lack of sensitivity and specificity. Sarwal's group developed the kSORT 

test (kidney solid organ response test) to assess acute rejection in renal transplant patients.288 

They identified 17 genes, including IFNGR1 and GZMK, to distinguish acute rejection from non-

acute rejection in both adult and paediatric renal transplant recipients. This test was able to 

predict the acute rejection three months before the detection in renal biopsies in 64% of cases 
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at the time of stable graft function. However, the validation of the KSORT test has yet to be 

determined. Recently, Christakoudi et al. identified seven genes signatures, including IFNG, 

IP-10, ITGA4, MARCH8, RORc, SEMA7A, and WDR40A, which were associated with cellular-

mediated rejection.289 These genes were elevated in the peripheral blood before histological 

diagnosis and decreased after immunosuppression treatment. However, further studies are 

needed to assess the specificity and sensitivity of the identified biomarker. 

 

Hypothesis and aims of the project 

The use of immunosuppressants has led to a significant improvement in the short-term graft 

survival in organ transplantation. However, the toxicity of life-long use of immunosuppressive 

agents and chronic graft rejection hinder long-term graft survival. Therefore, the investigation 

of cellular therapies that promote graft survival without over-suppressing the immune system 

is of great importance.  

Treg therapy has shown promise in maintaining graft survival and permitting a reduction of 

immunosuppressive drugs in early clinical trials of solid organ transplantation. One of the 

strategies to using Tregs in clinical transplantation is to isolate Tregs from a prospective 

transplant recipient, expand them ex vivo polyclonally under a good manufacturing practice 

(GMP), and then reintroduce them in to the recipient after transplantation.290, 291 The adoptive 

transfer of ex vivo-expanded Tregs may supress the T effector cells that might otherwise cause 

graft rejection. Tregs may also exploit their natural suppressive mechanisms and induce a 

tolerogenic phenotype on other T cells, a process known as infectious tolerance.292 In addition, 

Tregs may possibly regulate other immune cells, which can also suppress allogeneic immune 

responses.97, 293 An understanding of alterations in the immune compartment following Tregs 

therapy is important. Therefore, the immune monitoring of transplant recipients receiving 

advanced cellular therapy might be able to determine whether the infusion of Tregs modifies 

the cellular makeup and activation status towards a tolerance phenotype.  

While progress has been made in isolating and generating polyclonally-expanded Tregs, the 

theoretical risk that polyclonally-reactive Tregs may cause over-immunosuppression still 

remains. Alloantigen-reactive Tregs have shown the potential to induce tolerance to only 
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specific undesired immuneresponses. Research on Treg cellular therapy is therefore now 

focusing on the development of strategies to isolate and expand alloantigen-reactive Tregs.  

 

 

1.1.16   Hypotheses 

 

Given previous studies showing the superiority and specificity of alloantigen-reactive Tregs,294, 

295, 296, 297 more allo-specific Tregs are likely to be preferable in terms of both off-target effects 

and immunological effects. The major challenge is their low precursor frequency and the need 

for repeated allostimulation as well as the subsequent selection of those that are alloreactive. 

We therefore hypothesised that antigen-reactive Tregs may be expanded and subsequently 

isolated through the use of activation markers CD137.  

 

Early phase trials of polyTregs have provided a solid grounding for conducting a trial of a cell 

therapy in transplantation.100, 248, 298 However, the identification of Treg efficacy has been 

more challenging. Therefore, understanding the impact of Treg therapeutics in vivo is 

necessary. We therefore hypothesised that immunophenotyping will provide an insight 

about the immune status of transplant recipients receiving Treg cellular therapy.  

 

Moreover, assessing and identifying cells present in the biopsies of renal transplant patients 

to understand the mechanisms of tolerance or acute and chronic rejection is important. We 

hypothesised that in-depth examination of leukocytes that have infiltrate d the transplant 

tissue by spatial profiling will  provide in depth leukocyte phenotyping that facilitates the 

identification of mechanistic markers of the immune response.  
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1.1.17   Aims 

¶ To develop a simple and effective method to isolate and expand functional human arTregs 

(Chapter 3). 

¶ To explore the functionality and specificity of arTregs  

(Chapter 3). 

¶ To develop a method for the assessment of alloantigen-reactive Tregs.  

(Chapter 3). 

¶ To implement a clinically-based flow cytometric and mass cytometry (CyTOF) protocol for 

assessment of the immune phenotype of peripheral leukocytes in patients receiving Treg 

cellular therapy (Chapter 4). 

¶ To investigate the phenotypic and functional changes in peripheral Tregs after cellular 

therapy using mass cytometry (CyTOF) (Chapter 4). 

¶ To explore the application of Digital Spatial Profiling technology in analysing cellular 

infiltrates in renal biopsies (Chapter 5).   
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Chapter 2: Materials and methods 

2.1 Isolation and in vitro culture of human leukocytes from healthy donors 

2.1.1 Human participants/ethics 

Peripheral blood mononuclear cells (PBMCs) were isolated from blood cones obtained from 

healthy donors (NHS Blood and transplant {NHSBT} UK). Ethical approval for research using 

PBMCs was obtained from the Oxfordshire Research Ethics Committee (REC B), study number 

07/H0605/130. 

2.1.2 Isolation of PBMCs by density gradient centrifugation 

PBMCs were isolated from blood cones using a lymphocyte separation medium (LSM), (25-

072-CV, Corning) for density gradient centrifugation at 2200rpm, at room temperature, for 

30mins. Buffy coats were collected and washed with PBS buffer. Erythrocytes were lysed by 

incubating the PBMCs for 5mins in PharmLyse lysing buffer (BD biosciences, Franklin Lakes, 

NJ, USA). PBMCs were counted and subsequently used in PBMCs-based assays or 

cryopreserved for later use.     

2.1.3 Generation of human monocytes-derived dendritic cells (moDCs)  

CD14+ monocytes were isolated from PBMCs using MACS microbeads and columns (Magnetic 

Cell Separation, Miltenyi Biotech). PBMCs were incubated with CD14 microbeads (130-050-

201, Miltenyi Biotec) for 15mins at 4°C, and isolated following Miltenyi protocol. CD14+ 

enriched cells were incubated for 5 days in 6 well plates at 1x106 cells/ml in the presence of 

100 U/ml IL-4 (200-4, Peprotech) and 50ng/ml GM-CSF (300-3, Peprotech) in a complete 

media RPMI supplemented with 10% Foetal Calf Serum (FCS) (heat-inactivated for 20 min at 

56°C).  Incubations were performed at 37°C, 5% CO2 and > 80% humidity. After 5 days of 

incubation, monocytes-derived DCs (moDCs) were harvested, then cryopreserved and stored 

in liquid nitrogen for later use. To check their phenotypes, aliquots of cells were stained with 

viability dye 7-AAD (eBiosciense), anti-CD11c APC (BD Biosciences), anti-CD86 PE (BD 

Biosciences), anti-CD83 PeCy7 (eBioscience), anti-CD80 FITC (BD Biosciences), anti-HLA-DR 

ECD (Beckman Coulter), anti-CD14 APC-Cy7 (BD Biosciences), and anti-CD3 eF450 

(eBioscience). Cells were incubated for 20-30mins at 4°C in the dark, then washed in PBS or 
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FACS buffer to remove unbound antibodies. Cells were fixed in 200µl of 1% paraformaldehyde 

(PFA) and acquired using a BD FACS Canto II (BD Biosciences).  

2.1.4 Human Treg flow sorting method 

PBMCs were isolated from blood cones by density gradient centrifugation using a lymphocyte 

separation medium (25-072-CV, Corning). CD25+ cells were isolated from PBMCs by incubating 

PBMCs with Miltenyi CD25 microbeads (130-092-983, Miltenyi Biotec, Bergisch Gladbach, 

Germany), for 15mins at 4°C, cell suspension was washed and applied to Miltenyi LS column 

on a MAC{ ƳŀƎƴŜǘ όaƛǘŜƴȅƛύΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ /5нр+ cells were stained 

with 7-aminoactinomycin D (7AAD) viability dye (00-6993, eBioscience), anti-CD4 PE-eFluor 

647 (eBioscience), anti-CD25 PE-Cy7 (BD Biosciences), anti-CD127 PE (BD Biosciences) and 

anti-CD8 APC-Cy7(BD Biosciences). Cells were incubated for 30mins at 4°C, then washed in 

MACS buffer to remove unbound antibodies. Cells were resuspended in complete RPMI, and 

filtered using sterile green filter (BD). Then, CD4+CD25+CD127low Treg cells were FACS-sorted 

from CD25+-enriched PBMCs by BD FACSAria II cell sorter (BD). Cells were sorted to greater 

than 94% purity and subsequently expanded in vitro either polyclonally or by allo-stimulation.   

2.1.5 In vitro expansion of human polyclonal Tregs 

The Treg expansion was performed according to established protocols 299. Sorted Tregs (1x105 

Treg/well) were cultured with Dynabeads Human T-activator anti-CD3/anti-CD28 beads 

(11132D, Thermo Fisher Scientific, MA, USA) at a cell-to-bead ratio of 1:3 in expansion 

medium. Expansion medium consisted of RPMI 1640 media (R0883, Sigma-Aldrich Co Ltd) 

supplemented with 100U/ml penicillin and 10mg/ml streptomycin (P4333, Sigma-Aldrich), L-

glutamine (G7513, Sigma-Aldrich), sodium pyruvate (11360-070, Sigma-Aldrich), 10% of 

human pooled serum (S-101, Life Science Production) heat-inactivated for 20mins at 56°C, and 

Recombinant human IL-2 (rhIL-2) (Proleukin, Novartis Pharmaceuticals, Frimley, UK) was 

added to the medium at a concentration of 1000U/ml. Every two days cultures were split and 

a fresh medium was added. On day 7 or 8 Tregs were collected, beads were removed, and 

cells were counted and re-stimulated with beads at 1:1 Tregs to beads ratio. Every two days 

cultures were split and a fresh medium was added if necessary. On day 14 cultures were 

collected, beads were removed and cells were counted then rested for 48hrs in complete 

media supplemented with 200U/ml of rhIL-2. After resting, expanded cells were harvested, 
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counted and cryopreserved for later use.   

2.1.6 In vitro expansion of human arTregs 

Sorted Tregs (1x105 Treg/well) were resuspended in 100ml in 10% of human serum expansion 

medium with 1000U/ml of rhIL-2 and cultured with irradiated allo immature DCs (iDCs) at 4:1 

Treg:iDCs ratio in a round-bottomed 96-well plate (giving 1x105 Tregs + 2.5x104 allo-DCs per 

well). Cell cultures were examined daily. On day 4 or 5 cells were split and fed with irradiated 

allo-iDCs (primary stimulator) at the same ratio used before. If the cells proliferated rapidly, 

cells were split every day and topped up with medium containing rhIL-2, and cells were fed 

with allogeneic iDCs only when needed. If the cells proliferated slowly, cells were split every 

second day. On day 10, cells were collected, counted, and resuspended to give a final 

concentration of 0.5x106cells/500ml. Cells were plated in a 24-well plate and re-stimulated 

with irradiated allo-iDCs (4:1 ratio). Expansion medium was adjusted to have 1ml/well. Cells 

continued to be split when needed. On day 15, Treg culture was collected, counted, and 

restimulated polyclonally with Dynabeads Human T-activator anti-CD3/anti-CD28 beads 

(11132D, Thermo Fisher Scientific, MA, USA) at 1:1 bead:cell ratio. Cells were split and the 

medium was added when needed. On day 21, cultures were collected, beads were removed, 

and cells were counted and rested for 48hrs in the presence of 200U/ml of rhIL-2. After 

resting, expanded cells were harvested, counted and cryopreserved for later use.    

2.1.7 CD137(4-1BB) expression time course 

After allo-stimulation of expanded Tregs, aliquots of cells were stained with viability dye 7-

AAD (eBiosciense), anti-CD137 PE (BD Biosciences), and anti-CD4 PE-Cy7 (BD Biosciences), on 

days 4, 5, 6, 8 and 11 of culture. The expression of CD137 by Tregs was analysed by flow 

cytometry.  
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2.1.8 CD137 enrichment of in vitro expanded arTregs 

On day 6, after allostimulation of Tregs, CD137+ cells were isolated from the culture and 

stained with anti-CD137 PE, followed by incubation with anti-PE Microbeads (Miltenyi Biotec). 

Cells were enriched according to the beads manufacturer's protocol. CD137+
 

Tregs and 

CD137neg
 

Tregs were cultured in a 96-well plate in the expansion medium with 1000U/ml of 

rhIL-2 and restimulated with irradiated allogeneic iDCs, from the same donor used in the first 

week of Tregs expansion (primary stimulator) at 4:1 Treg:iDCs ratio. Every three days cells 

were split and allo-iDCs were added if necessary. On day 14, CD137+ Tregs and CD137neg were 

collected, counted and restimulated polyclonally with Dynabeads Human T-activator anti-

CD3/anti-CD28 beads at a bead:cell ratio of 1:1. On day 21, cultures were collected, beads 

were removed, and cells were counted and rested for 48hrs in the presence of 200U/ml of 

rhIL-2. After resting, cells were harvested, counted and cryopreserved for later use.    

 

2.1.9 Cryopreservation and thawing of human leukocytes 

Cells were resuspended in a freezing medium composed of 45% RPMI, 45% Foetal Calf 

Serum(FCS), 10% DMSO at 50-100x106cell/mL for PBMCs or 2-10x106/mL for Tregs. Cells were 

frozen in 2ml cryovials as 500µl aliquots in freezing boxes at -80°C for 48 hours, before being 

transferred to liquid nitrogen (-160°) for long-term storage. For thawing cells, frozen vials were 

transferred to -80°C for at least one hour before thawing at 37°C. Thawed cells were 

immediately washed in 10ml RPMI, added dropwise.   

 

2.2 In vitro functional assays  

2.2.2 CD137/CD154 assay 

To examine the expression of CD137 and CD154 by Tregs and T conventional cells, 2µL of FcR 

binding inhibitor (BD Bioscience) was added to 107 PBMCs. Cells were incubated for 15mins at 

4-8°C, then washed in MACS buffer. Cells were centrifuged at 300xg for 10mins and 

resuspended in MACS buffer. CD4+ T cells were isolated from PBMCs of Donor (A) using MACS 

CD4 microbeads (Cat:130-045-101, Miltenyi Biotec) following the Miltenyi protocol. CD19+ 

cells were isolated from PBMCs of donor (B) using MACS CD19 microbeads (Cat:130-050-301, 



Chapter 2: Materials and methods 

47 
 

Miltenyi Biotec) following the Miltenyi protocol. The purity of isolated CD4+ T cells and CD19+ 

cells was checked by BD FACS Canto II, and was found to be over 95%. CD4+ T cells were plated 

at 2x105 with 2x105 of CD19+ cells in a 96-well plate in a complete media. Anti-CD40 

(BioXCell,Clone:G28.5, Cat:BE0189) and anti-CD28 (BD Biosciences, Cat:555725) were added 

to the cultures. Then cells were incubated at 37°C for 16 hours. CD4+ T cells were cultured 

alone as a negative control. CD4+ T cells were cultured with autologous CD4neg T cells and 

stimulated by SEB (Superantigen, Sigma:S-4881), and were used as a positive control. All 

experimental conditions were performed in 3-4 replicates. After incubation, cells were 

collected, washed, and stained with anti-CD4 PE-Cy7 (BD Biosciences), anti-CD3 APC-H7 (BD 

Biosciences), anti-FOXP3 Alexa-Fluor488 (eBiosciences), anti-Helios Alexa-Fluor647 

(Biolegend), anti-CD19 PE-CF594 (BD Biosciences), anti-CD137 PE (BD Biosciences) and anti-

CD154 Brilliant-Violet421 (Biolegend). Cells were incubated for 20-30mins at 4°C in the dark, 

then washed in PBS or FACS buffer to remove unbound antibodies. Cells were fixed in 200µl 

of 1% paraformaldehyde (PFA), acquired using a BD FACS Canto II (BD Biosciences), and 

analysed using FlowJo software. For this assay leukocytes were cultured in complete medium, 

composed of RPMI 1640 media (R0883, Sigma-Aldrich Co Ltd) supplemented with 100U/ml 

penicillin and 10mg/ml streptomycin (P4333, Sigma-Aldrich), L-glutamine (G7513, Sigma-

Aldrich) and 10% Foetal Calf Serum (FCS) (heat-inactivated for 20mins at 56°C). 

2.2.2 In vitro suppression assay driven by allogenic or third party immature dendritic cells 

(iDCs) 

To assess TregsΩ suppressive capacity, autologous PBMCs (responders) were plated at 1×105 

with 2×104 irradiated allogeneic iDCs, from the same donor used in the Tregs expansion  

(primary stimulator) or irrelevant third party stimulator and co-cultured with a decreasing 

number of Tregs in a 96-well sterile cell culture plate. Cells were incubated for 7 days; 

incubation was performed at 37°C, 5% CO2 and > 80% humidity. Responders cultured alone 

were used as a negative control for proliferation. Responders cultured with allogeneic iDCs 

were used as a positive control for proliferation. 3H-thymidine (Perkin Elmer) was added for 

the last 16-18 hours of the 7 days of incubation. 18-24 hours later, plates were harvested with 

a Skatron cell harvester onto labelled filter paper (PerkinElmer). The filter paper was allowed 

to dry in a drying oven for 2 hours at 60°C before being placed into a laminated cover with 

scintillation buffer and the thymidine incorporation into proliferating cells was measured 
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using a beta-scintillation counter (BD). All experimental conditions were done in 4-6 

replications. Results were obtained from the beta-plate counter as cpm (counts per minute) 

and normalized to the positive control, with positive control values set up as maximum (100%) 

proliferation and all other values re-calculated accordingly. Cpm values over 10,000 for 

positive control were required to classify the test as passing quality control for proliferation. 

The 3H-thymidƛƴŜ ŀǎǎŀȅ ǿŀǎ ǎŜƭŜŎǘŜŘ ǘƻ ŀǎǎŜǎǎ ¢ǊŜƎǎΩ ǎǳǇǇǊŜǎǎƛǾŜ ŎŀǇŀŎƛǘȅ ŀǎ ƛǘ has been 

demonstrated enhanced sensitivity in detecting cell proliferation over VPD-based cell 

proliferation assay using FACS.   

 

2.3. Flow cytometry analysis 

Flow cytometric data were acquired using BD FACSAria II or BD canto II (BD Biosciences, UK) 

and analysed using FlowJo software (FlowJo Enterprise, USA).Automated flow cytometry 

calibration was performed before all assays ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŜ ōŜŀŘǎΩ ƳŜŀƴ Ŧƭǳƻrescence 

intensity falls within the correct target range for each laser in the instrument. Colour 

compensation was performed to eliminate the spectral overlap or spill over. A live-dead dye 

7-AAD (eBiosciense) was used  to limit the analysis to live cells and exclude dead cells from 

the analysis. All fluorochrome-coupled mAbs used in this project are listed in Table 2-2. 

 

2.3.1 Cell surface staining  

Cells were washed using PBS or FACS buffer, then plated onto 96-well v-bottomed plates 

at 1×105 cells per well. Then, appropriate fluorochrome-conjugated Ab mAbs were added to 

the cells and incubated for 20-30mins at 4°C in the dark. Cells were washed in PBS or FACS 

buffer to remove unbound antibodies. All washes were performed by adding PBS or FACS 

buffer to each well and centrifuging samples at 1500rpm for 5mins at 4°C, then tipping off the 

supernatant. After washing, cells were fixed in 200µl of 1% paraformaldehyde (PFA) before 

flow cytometry analysis in a FACS Canto II instrument (BD). The viability dye 7-AAD 

(eBiosciense) was used in all flow cytometry assays to determine the live population. 

Unstained and fluorescence minus one (FMO) controls were used as a control to permit 

accurate gating of positive and negative populations during flow cytometry analysis.      
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2.3.2 Intracellular immunostaining 

Cells were stained for the surface markers as described above. Cells were fixed and 

permeabilised using FixPerm FOXP3 staining buffer (eBiosciences, UK, 00-5523-00) for 1 hour 

or overnight at 4°C following manufactureǊΩǎ guidelines. Cells were washed twice with Perm 

buffer (eBiosciences, UK, 00-5523-00). 2% mouse or rat serum (eBioscience) was added to the 

cells for 15mins at 4°C. Cells were stained with antibodies at 1-н˃[ ǇŜǊ ǿŜƭƭ ƻǊ ŀǇǇǊƻǇǊƛŀǘŜ 

fluorescence minus one (FMO) control and washed out after 45mins incubation at 4°C in the 

dark. Cells were subsequently washed and fixed in 1%PFA as for cell surface staining (section 

2.3.1)  

 

2.3.3 Intracellular cytokine staining  

Frozen poly-expanded Tregs and arTregs were thawed and stimulated with Dynabeads Human 

T-activator anti-CD3/anti-CD28 beads at a cell-to-bead ratio of 1:1 in expansion medium with  

1000U/ml rhIL-2 for 3-4 days. After stimulation, expanded polyTregs and arTregs were 

collected, beads were removed, and cells were stimulated with 100 ng/ml phorbol myristate 

acetate (PMA) (P1585, Sigma Aldrich), 1µg/ml Ionomycin (1063, Sigma Aldrich), and 1µl/ml 

Golgi protein inhibitor (55029, BD Biosciences or 00-4505-51, eBioscience) for 5 hours at 37°C.  

Cells were washed, stained, and permeabilised using FOXP3 staining kit (eBioscience) as 

described in section 2.3.2. Cells were stained with IL-17 PE and IFN-Y FITC (eBioscience) for 

45mins at 4°C in the dark. Cells were then washed and resuspended in 1%PFA. The expression 

of IL-17 and IFN-Y were assessed by flow cytometry.   

 

2.3.4 ¢/w ±ʲ ǊŜǇŜǊǘƻƛǊŜ ǎǘŀƛƴƛƴƎ   

T cell receptor diversity of alloantigen and poly-ŜȄǇŀƴŘŜŘ ¢ǊŜƎǎ ǿŀǎ ŀǎǎŜǎǎŜŘ ŀǘ ǘƘŜ ±ʲ ƭŜǾŜƭ 

ōȅ Ŧƭƻǿ ŎȅǘƻƳŜǘǊȅ ǳǎƛƴƎ ǘƘŜ Lh¢Ŝǎǘ .Ŝǘŀ aŀǊƪ ¢/w ±ʲ wŜǇŜǊǘƻƛǊŜ ƪƛǘ ό.ŜŎƪƳan Coulter, PN 

IM3497). The kit consists of fluorochrome conjugated monoclonal antibodies that identify the 

following TCR-±ʲ ŎƘŀƛƴǎΥ ±ʲмΣ ±ʲнΣ ±ʲоΣ ±ʲпΣ ±ʲрΦмΣ ±ʲрΦнΣ ±ʲрΦоΣ ±ʲтΦмΣ ±ʲтΦнΣ ±ʲуΣ ±ʲфΣ 

±ʲммΣ ±ʲмнΣ ±ʲмоΦмΣ ±ʲмоΦнΣ ±ʲмоΦсΣ ±ʲмпΣ ±ʲмсΣ ±ʲмтΣ ±ʲмуΣ ±ʲнлΣ ±ʲнмΦоΣ ±ʲннΣ ±ʲноΦ 
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¢ƘŜǎŜ нп ±ʲ ŎƘŀƛƴǎ ŎƻǾŜǊ тл҈ ƻŦ ǘƘŜ ¢-lymphocyte TCR-±ʲ ǊŜǇŜǊǘƻƛǊŜ ƛƴ ŀ ƴƻǊƳŀƭ ƛƴŘƛǾƛŘǳŀƭΦ 

Expanded arTregs and polyTregs were washed by FACS buffer, then plated onto 96-well v-

bottomed plates at 1×105 cells per well. Cells were stained with viability dye 7-AAD 

(eBiosciense), anti-CD4 PE-/ȅтΣ ŀƴŘ ŜƛƎƘǘ ±ʲ ŀƴǘƛōƻŘȅ ŎƻŎƪǘŀƛƭǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Cells were washed in FACS buffer and resuspended in 200µl of 1%PFA. The 

ŦǊŜǉǳŜƴŎȅ ƻŦ ŜŀŎƘ ƻŦ ǘƘŜ ǘŀǊƎŜǘŜŘ ±ʲ ǎǇŜŎƛŦƛcities was assessed by BD Canto II (BD Biosciences, 

UK) and analysed using FlowJo software.  

 

2.4. Analysis of the immune monitoring clinical samples from the cell therapy trials 
(ONE Study and TWO Study) 

2.4.1 Study design and approvals 

The ONE Study (REC ref: 13/SC/0568, Eudract number 2013-002099-42) and The TWO Study 

(REC ref: 18/SC/0054, Eudract number 2017-001421-41) were both approved by the South 

Central ς Oxford A Research Ethics Committee.  All procedures followed were in accordance 

with the ethical standards of the responsible committee on human experimentation. 

Informed consent was obtained for all subjects.  Majority of assays were performed using the 

TWO Study samples; Treg panel CyTOF staining and Digital Spatial Profiling of kidney biopsies 

were performed on samples from the ONE Study.  Briefly, the ONE Study was a multicentre, 

international study investigating immunoregulatory cell-based therapies in living donor 

kidney transplantation.  The UK part (Oxford and London) of the study investigated autologous 

regulatory T cell product (1-10 million cells/kg) infused 5 days post renal transplantation, with 

treatment with prednisolone, mycophenolate mofetil, and tacrolimus.300 The TWO Study is a 

single centre randomised-controlled phase II trial of autologous poly-expanded Tregs in renal 

transplant patients. Living donor renal transplant recipients are randomised either to the cell 

therapy arm or to standard of care immunosuppression. A schematic of the clinical protocol 

is shown in (Chapter 4, Figure 4.1). Immunosuppression used included the use of induction 

antibody therapy in the form of alemtuzumab (Campath). Recipients enrolled in the cell 

therapy arm received autologous polyTregs (infused at 6 months post-transplantation) in 

conjunction with tacrolimus as a maintenance immunosuppression. Recipients enrolled in the 

control arm received MMF and Tacrolimus. The follow-up in the trial is scheduled for 78 weeks 

post-transplantation. PBMC samples from the TWO study have been analysed by flow 
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cytometry (see Chapter 2.4.3) and CyTOF (see Chapter 2.5.1) for composition of the immune 

cell populations. Beads enriched CD4+ T cells from the ONE Study have been analysed for Treg-

focused CyTOF panel to assess Treg subpopulations in vivo (see Chapter 2.5.2); kidney biopsies 

from the ONE Study have been analysed by the Digital Spatial Profiling (GeoMx, NanoString) 

to access cellular composition of the graft immune infiltrates (see Chapter 2.6). 

 

2.4.2 Sampling for immune-monitoring   

Peripheral blood was collected from eligible patients in Oxford Transplant Centre, Churchill 

Hospital, Oxford (UK) following the ethical guidelines. Blood samples were collected in 

sodium-EDTA vacutainer tubes. The collected products were sent to our lab, TRIG lab 

(Transplantation Research and Immunology Group), for immediate immune-phenotyping 

staining and analysis.  

 

2.4.3 Staining of unfractionated blood using DuraClone antibody cocktail tubes  

Fresh blood was stained for various markers in tubes containing dry or liquid antibodies 

cocktails (DuraClone panels, Beckman Coulter). DuraClone panels are designed to include 

markers for T cell subsets, B cell subsets, Tregs, monocytes.  Additionally, a custom panel to 

detect T follicular helper cells (Tfh) has been designed. Table 2-3 shows the list of markers in 

each panel. 50 orмлл ˃ƭ ƻŦ ŦǊŜǎƘ ōƭƻƻŘ ǿŀǎ ŀŘŘŜŘ ƛƴǘƻ ŜŀŎƘ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘǳōŜǎΥ Basic, IM 

TCR, IM T cell subset, IM Treg and IM B cell tube. The surface and intracellular staining were 

performed according tƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭǎΦ /Ŝƭƭ ǇŜƭƭŜǘs were suspended in PBS 

containing IO fixation solution. The frequency of leukocytes was assessed by Navios flow 

cytometer (Beckman Coulter) and analysed using Kaluza 1.2 software (Beckman Coulter). 
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Table 0-1: TWO Study Monitoring visits decoded with time  

V02 V04 V05 V07 V08 V09 V10 V11 V12 V13 V17 V18 V19 

Pre-
transplant 

Weeks post transplant 

2-4 4  12 22 24 26 27 28 30 38 44 52 72 

 
 
 

 

2.5. Single cell analysis by mass cytometry (CyTOF)  

 

All surface and intracellular antibodies and their heavy metal conjugates used in this project 

are listed in Tables 2-4 and 2-5. 

2.5.1 Cell surface staining of peripheral blood for mass cytometry  

All buffers, reagents and antibodies labelled with metal-tag which used in this section were 

purchased from Fluidigm, unless otherwise stated. Heparin sodium salt was diluted as a 10 KU 

ml stock in PBS and stored at 4°C. Then 10µL of 10KU/ml heparin was added to 600µL of whole 

blood to block Fc receptors of cells. This was followed by incubation with a surface marker 

staining cocktail for 30mins at 4°C. Erythrocytes were lysed by incubating the stained blood in 

нƳƭ ƻŦ DƛōŎƻϰ !/Y [ȅǎƛƴƎ ōǳŦŦŜǊ ŦƻǊ н-3mins at room temperature. Cells were washed by 

Maxpar cell staining buffer several times to remove unbound antibodies. Cells were fixed in 

1.6% formaldehyde solution. After fixation, cells were cryopreserved in a freezing medium 

composed of 45% FSC, 45% RPMI, and 10% DMSO for 48 hours at -80°C, then transferred to 

liquid nitrogen for a later run. For CyTOF data acquisition, samples were transferred frozen to 

the Mass Cytometry Facility at the Kennedy Institute of Rheumatology to be acquired on a 

third-generation Helios mass cytometer (Fluidigm). Samples were thawed and cells were 

ǿŀǎƘŜŘ ǘǿƛŎŜ ƛƴ aŀȄtŀǊ ǎǘŀƛƴƛƴƎ ōǳŦŦŜǊ ŀƴŘ ǎǘƻǊŜŘ ƛƴ м Ƴƭ ƻŦ aŀȄtŀǊ CƛȄ ŀƴŘ tŜǊƳ .ǳŦŦŜǊ 

ŎƻƴǘŀƛƴƛƴƎ мнр ƴa aŀȄtŀǊ LƴǘŜǊŎŀƭŀǘƻǊ-Ir (191Ir and 193Ir) at 4°C. After 12 hours, cells were 
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washed in MaxPar staining buffer and re-ǎǳǎǇŜƴŘŜŘ ƛƴ aŀȄtŀǊ ǿŀǘŜǊ ŎƻƴǘŀƛƴƛƴƎ мл҈ 9vϰ 

four element calibration beads, followed by acquisition on third-generation Helios mass 

cytometer (Fluidigm). Acquired raw FCS files were normalised with the preloaded normaliser 

algorithm on CyTOF software version 6.7. Normalized CyTOF FCS files were analysed using 

Cytobank 6.2 (Cytobank, Inc) to manually gate different populations. To minimise the batch 

effect, samples were stained, cryopreserved then thawed and acquired by CyTOF in one or 

two batches over two sequential days. CyTOF data acquisition was performed by Dr David 

Ahern at the Kennedy Institute, University of Oxford.  In this study, the CyTOF was adjusted to 

run the lysed whole blood samples at rate 250 events/sec.  

 

2.2.3 Cell surface and intracellular staining of CD4+ T cells for mass cytometry using 

dedicated Tregs panel 

Peripheral blood mononuclear cells (PBMCs) were isolated and cryopreserved from ONE Study 

(six renal transplant patients) who received a single dose of up to 10x106/kg autologous 

polyclonally-expanded Tregs shortly after transplantation, followed by standard maintenance 

immunosuppression. PBMCs were  collected at three different time-points (V01, pre-

transplantation; V03, 2 weeks post-transplantation; and V10, 60 weeks post-transplantation). 

CD4+ cells were isolated by MACS and multiplexed for processing by cytometry time of flight 

mass spectrometry (CyTOF). Cell staining and CyTOF data acquisition were performed by Dr 

David Ahern at the Kennedy Institute, University of Oxford.  The phenotype and composition 

of peripheral Tregs were examined using a dedicated 36-antigen panel (Table 2-5). 

 

2.5.2 Mass cytometry analysis  

FCS files from CyTOF were normalised with calibration beads by Helios software. Then manual 

gating of FCS files was performed using the Cytobank platform. Calibration beads and cell 

aggregates were excluded through the manual gating, then the population of interest was 

gated and exported in a new FCS file. CD45+ CD66b+/- populations were used for visualization 

stochastic neighbour embedding algorithm (viSNE) analysis using default settings and all 

markers were selected to visualize their phenotypic expression. FCS files of CD45+ CD66b+/-
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ǇƻǇǳƭŀǘƛƻƴǎ ǿŜǊŜ ŜȄǇƻǊǘŜŘ ŦǊƻƳ /ȅǘƻōŀƴƪ ŀƴŘ ǎǳōƳƛǘǘŜŘ ǘƻ ǘƘŜ άŎȅǘƻŦƪƛǘέ w ǇŀŎƪŀƎŜ ǘƻ 

generate RphenoGraph. Resulting clusters were imported back into Cytobank for further 

examination and detection of spurious clusters. All the markers (CD markers, chemokines, and 

transcription factors) were used for the generation of viSNE maps. Heatmaps were performed 

by the Cytobank platform to show the median expression of individual cellular markers 

expressed in all clusters identified previously by RphenoGraph. The statistical differences of 

marker expressions were analysed in GraphPad Prism software using the unpaired test. p < 

0.05 was considered significant. 

 

2.6. GeoMx Digital spatial profiling (DSP) 

All antibodies used in this project are listed in Tables 2-5. 

 

2.6.1 Tissue processing  

Kidney Biopsies obtained from three patients from ONE Study, and tow patients with 

confirmed rejection from biobank. Kidney tissues were obtained at 9 months post 

transplantation. Tissue were fixed in formalin then paraffin-embedded. The (FFPE) tissue 

sections on slides were sent to NanoString technologies, Seattle, USA to perform the 

technique. A schematic of the DSP technique is shown in (Chapter 5, Figure 5.1). FFPE tissue 

sections on slides were stained with four-colour fluorescence of CD4 , CD3 , FOXP3, nuclei, 

and a mix of 43 oligo-conjugated antibodies. Tissue sections were loaded into the GeoMx 

platform and scanned for immunofluorescence signals. The regions of interest (ROIs) that 

represented a spectrum of immune composition were selected by a nephrologist, Dr Matthew 

Brook, for detailed proteins profiling.  

2.2.2 DSP analysis, optimisation and visualization 

Quality control and initial data exploration was conducted using GeoMx DSP analysis suite. 

The assay included a set of six positive (POS-A to POS-F) and six negative (NEG-A to NEG-F) 

hybridization control probes to measure hybridization efficiency, and ensure the quality of the 

performed assay. Geomean probes combined to generate a single (post biological probe QC) 

expression value per protein target per ROIs. Digital counts from barcodes corresponding to 
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protein probes were first normalized to internal spike-in controls (ERCC) to account for system 

variation. The Histone (H3) and (S6) ribosomal protein were included in the panel as 

housekeeper proteins. The normalised housekeeping counts were calculated by multiplying 

the ERCC count with normalization factor of housekeeping proteins. The normalised 

housekeeping counts were used for the clustered heatmaps and principal component analysis 

which were created in Qlucore Omics Explorer version 3.7. The Qlucore normalize the 

housekeeping counts and scaled the data from -2 to 2 to generate the heatmap. The exact P 

value was mentioned in the figure legend of each analysis. To compare the expression level of 

proteins between cell therapy and rejection across the sampled regions we used house 

keeping count normalized by CD3 counts to effectively compare ǘƘŜ ǇǊƻǘŜƛƴǎΩ ŜȄǇǊŜǎǎƛƻƴ 

between the different regions. For volcano plots, The p-value, fold change, negative log10 p-

value and log10 fold change of proteins in rejection and cell therapy were calculated by R 

Studio using the ggplot2 package 301, and graphs were performed in Prism version 8.0.2.   

 

3.3 Data analysis and statistics 

Graphs were produced and statistical analysis was performed using Graph Prism software 

version 7 or 8 (GraphPad Software, San Diego, CA, USA). Statistical analysis was determined 

as indicated in the figure legends. (SD) standard deviation is represented in the graphs with 

data from multiple donors, when each data point displays the data of one donor, or in graphs 

showing replicate samples from one representative donor. The standard error of mean (SEM) 

is used in graphs with data from multiple donors, with each data point showing the average 

of replicates for each donor. Functional assays were set up with  at least three replicates for 

each condition or sample. Unpaired tests were used to compare between cell populations, 

paired tests were used when comparing a specific cell population over time and p values under 

0.05 were considered significant.    
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3.4 Lists of antibodies  

All antibodies for flow cytometry are reactive against human antigens, unless otherwise 

stated.  

 

Table 0-2: Flow cytometry antibodies  

Antigen Fluorochrome Clone Species of 
origin 

Supplier Catalog 

number 

4-1BB PE 4B4-1 mouse BD 
Biosciences 

5555956 

CD154 BV 421 24-31 mouse Biolegend 310823 

FOXP3 FITC PCH101 rat eBioscience 11-4776 

Helios Alexa Fluor 647 22F6 hamster Biolegend 137218 

CD19 PE-CF594 HIB19 mouse BD 
Biosciences 

562294 

CD4 PE-Cy7 SK3 mouse BD 
Biosciences 

557852 

CD3 APC-Cy7 SK7 mouse BD 
Biosciences 

560176 

CD3 eFluor 450 OKT3 mouse eBioscience 48-0037 

CD14 APC-Cy7 a˒tф mouse BD 
Biosciences 

557831 

HLA-DR ECD Immu-357 mouse Beckman 
Coulter 

IM3636 

CD83 PE-Cy7 HB15e mouse eBiosciences 25-0839 

CD86 PE 2331 mouse BD 
Biosciences 

555858 

CD80 FITC L307.4 mouse BD 
Biosciences 

557226 

CD11c APC B-ly6 mouse BD 
Biosciences 

559877 
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CD4 PeFluor 610 RPA-T4 mouse eBioscience 61-0049-42 

CD25 PE-Cy7 M-A251 mouse BD 
Biosciences 

557741 

CD25 APC-Cy7 M-A251 mouse BD 
Biosciences 

557753 

CD127 PE HIL-7R-M21 mouse BD 
Biosciences 

557938 

CD8 APC-Cy7 SK1 mouse BD 
Biosciences 

557834 

ICOS FITC ISA-3 mouse eBioscience 11-9948 

PD-1 FITC EH12.2H7 mouse Biolegend 329904 

CTLA-4 PE BNI3 mouse BD 
Biosciences 

555853 

CD39 PE eBioA1 mouse eBioscience 12-0399-42 

Ki67 

 

Alexa Fluor 647 B56 mouse BD 
Biosciences 

558615 

TIGIT PE MBSA43 mouse eBioscience 12-9500 

CD27 eFluor 450 O323 mouse eBioscience 40-0279 

IL-17A PE eBio4CAP17 mouse eBioscience 12-7178 

IFN-Y FITC 4S.B3 mouse eBioscience 11-7319 
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Table 0-3: Flow cytometry panels for clinical trial (TWO Study) immune phenotyping 

DURAclone panels (basic phenotype, B cells, TCR, T cell subsets, Treg) and in-house 

design (Tfh). 

Fluorochrome FITC PE EDC PC5.5 PC7 APC APC- 

AF700 

APC-
AF750 

Pacific 
blue 

Krome 
orange 

Basic 
Phenotype 

CD16 CD56 CD19 - CD14 CD4 CD8 CD3 - CD45 

B cell IgD CD21 CD19 - CD27 CD24 - CD38 IgM CD45 

TCR TCR 

y‏ 

TCR 
ʰ  ̡

HLA-
DR 

- TCR-
VD1 

CD4 CD8 CD3 TCR 
VD2 

CD45 

T cell subsets CD45RA CCR7 CD28 PD-1 CD27 CD4 CD8 CD3 CD57 CD45 

Treg CD45RA CD25 - CD39 CD4 FOXP3 - CD3 Helios CD45 

Tfh CD45RO CXCR5 CXCR3 PD-1 CCR6 ICOS CD25 CD3 FOXP3 CD45 

 

 

Table 0-4: Metal-conjugated antibodies provided in the Human Immune Monitoring 

Panel Kit designed by Fluidigm for CyTOF mass cytometry 

Antigen Clone Mass Catalog number 

CD45 (HI30) 89Y S3089003C 

CD19 (HIB19) 142Nd S3142001C 

CD127/IL-7Ra (A019D5) 143Nd S3143012C 

CD38 (HIT2) 144Nd S3144014C 

IgD (IA6-2) 146Nd S3146005C 

CD11c (Bu15) 147Sm S3147008C 

CD16 (3G8) 148Nd S3148004C 

CD194/CCR4 (L291H4) 149Sm S3149029C 

CD123/IL-3R (6H6) 151Eu S3151001C 
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TCRgd (11F2) 152Sm S3152008C 

CD185/CXCR5 (RF8B2) 153Eu S3153020C 

CD3 (UCHT1) 154Sm S3154003C 

CD45RA (HI100) 155Gd S3155011C 

CD27 (L128) 158Gd S3158010C 

CD28 (CD28.2) 160Gd S3160003C 

CD66b (80H3) 162Dy S3162023C 

CD183/CXCR3 (G025H7) 163Dy S3163004C 

CD161 (HP-3G10) 164Dy S3164009C 

CD45RO (UCHL1) 165Ho S3165011C 

CD24 (ML5) 166Er S3166007C 

CD197/CCR7 (G043H7) 167Er S3167009C 

CD8 (SK1) 168Er S3168002C 

CD25 (2A3) 169Tm S3169003C 

CD20 (2H7) 171Yb S3171012C 

HLA-DR (L243) 173Yb S3173005C 

CD4 (SK3) 174Yb S3174004C 

CD56 (NCAM16.2) 176Yb S3176008C 

CD196/CCR6 (G034E3) 141Pr S3141003C 

CD14 (M5E2) 175Lu S3175015C 
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Table 0-5: Metal-conjugated antibodies used for surface and intracellular staining 

of Tregs for CyTOF mass cytometry analysis 

Antigen Mass Antigen Mass 

CLA 176Yb CD45RA 143Nd 

ICOS 148Nd CD95 152Sm 

CCR4 158Gd FOXP3 162Dy 

GATA3 167Er CTLA-4 171Yb 

CD45 89Y CD38 144Nd 

CD127 149Sm TIGIT 153Eu 

CD7 147Sm CD15s 163Dy 

CD73 168Er Ki-67 172Yb 

CCR6 141Pr CD4 145Nd 

OX40 150Nd CD3 154Sm 

CD39 160Gd CD161 164Dy 

CD25 169Tm CD137 173Yb 

CD57 142Nd CD8 146Nd 

CD103 151Eu CD27 155Gd 

TBET 161Dy LAG3 165Ho 

HLA-DR 170Er PD-1 174Yb 

CCR7 159Tb HELIOS 166Er 

CD147 156Gd CD71 175Lu 
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Table 0-6: Oligo-conjugated antibodies  panel  for multiplexed digital spatial 

profiling (DSP) designed by NanoString  

AKT Beta-Catenin CD3 CD56 

B7-H3 CD11c CD44 CD66B 

B7-H4 (VTCN1) CD14 CD45 CD68 

Bcl-2 CD163 CD45RO CD8A 

Beta-2-
macroglobulin 

CD20  VISTA CTLA-4 

CXCL9 ICOS (CD278) Mouse IgG PD-L1 

FOXP3 IDO-1  OX40L(CD252) 
TXGP1 

PTEN 

GZMB IFNằ p-ATK Rabbit IgG 

Histone H3 IL-6 PanCK S6 

HLA-DR Ki-67 PD-1 STAT3 

pSTAT3 STING (TMEM173)   
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Chapter 3: Generation and characterization of human ex vivo-
expanded alloantigen-reactive Tregs 

 

3.1 Introduction  

Treg immunotherapy should ideally employ alloantigen-reactive rather than polyclonal-

reactive Tregs to ensure both safety and enhanced specificity. As discussed in Chapter 1 

(Section 1.5), there is evidence from animal models that alloantigen-reactive Tregs (arTregs) 

have enhanced therapeutic potential compared to polyTregs. Research into strategies to 

isolate and expand human arTregs is ongoing. The major challenges to be overcome are the 

low frequency of their precursors, the need for repeated allostimulation and the subsequent 

selection of those that are alloreactive.  

There is no definitive method for determining which cells within Treg pools are alloreactive. 

However, some have proposed the use of Treg-specific activation markers for the selection 

and identification of antigen-reactive Tregs in MLR cultures. A number of Treg-specific or Treg-

associated activation markers have been described, including LAP,302 GARP,303, 304 CD27,305 

CD69 and CD71,203 and CD137.257 CD137 (4-1BB) is a member of the tumor necrosis factor 

receptor family (TNFR).257 Wolfl et al. demonstrated that up-regulation of CD137 on CD8+ T 

cells following an antigen encounter permits identification and isolation of antigen-specific 

CD8+ T cells from in vitro culture.255 In addition, Schoenbrunn et al., reported that CD137 is a 

suitable marker for identification of human CD4+CD25+Foxp3+ Helios+ Tregs following 

allostimulation, enabling direct access to arTregs in the cell culture.306 

In a similar manner, CD154 (CD40L), a member of the TNF superfamily, serves as a marker for 

activated CD4+ and CD8+ T cells after stimulation.259, 260 Quantification of memory CD8+ T cells 

that express CD154 was assessed to evaluate the in vivo impact of Treg infusion on allospecific 

immune responses in liver transplant patients.307   
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In this chapter, we looked to develop a simple method for the generation and expansion of ex 

vivo human arTregs. The first aim was to examine the  suppressive potential of CD137-

enriched arTregs and non-enriched arTregs compared to those of polyTregs. The second aim 

was to study the characteristics of ex vivo-generated arTregs, including their phenotype and 

specificity, and compare them with the characteristics of polyclonal-expanded Tregs. The third 

aim was to develop a technique to simultaneously measure the in vivo presence of 

alloantigen-reactive Tregs and conventional T cells through the expression of CD137 and 

CD154. Such a technique could then be used to analyse peripheral blood samples from 

patients receiving Treg cell therapy to determine whether these patients develop alloantigen-

reactive Tregs after cellular therapy infusion.  

3.2 Hypotheses 

Hypothesis-1: The isolation, generation and expansion of alloantigen-reactive Tregs is 

feasible. 

Hypothesis-2: The activation markers CD137 and CD154 can discriminate between in vivo-

activated Tregs and conventional T cells. 

3.3 Results  

3.3.1. Generation of allogeneic human immature monocyte-derived dendritic cells (imDCs) 

for stimulation and expansion of arTregs 

As discussed in Chapter 1 (Section 1.5.1), stimulators for arTreg production include PBMCs,171 

B cells202 and DCs308. Here, imDCs were used to stimulate and expand arTregs given that the 

isolation and generation of allogeneic imDCs is feasible and can be translated into a GMP 

process. imDCs were generated by incubating CD14+ mononuclear cells with IL-4 and 

granulocyte macrophage colony stimulating factor (GM-CSF) for 5 days, as illustrated in Figure 

3.1A. After incubation, the imDCs were harvested and their phenotype was assessed. Surface 

expression of CD11c, CD14 and activation marker HLA-DR was analysed using flow cytometry, 

along with that of the costimulatory markers CD80, CD86 and CD83 on the generated imDCs. 

The phenotypic profile of generated immature DCs was CD11chigh CD14+CD3negCD80int-
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lowCD86int-lowCD83int-lowHLA-DR+ (Figure 3.1C). These imDCs were irradiated prior to use to 

prevent cellular contamination of the final Treg product.  

Figure 3.1 
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Figure 3.1: Generation of immature monocyte-derived dendritic cells (imDCs) and phenotypic analysis. (A) 
Schematic of the experimental design for isolating and generating allogeneic imDCs. (B) An example of a gating 
strategy used to assess the phenotypes of generated imDCS including FMOs (gray histograms). (C) The 
percentages of CD11c, CD14, CD3, CD83, CD86, CD80 and HLA-DR expression, analysed using flow cytometry. 
Error bars represent mean with SD. Data representative of six independent experiments, 18 donors in total, are 
shown.  
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3.3.2. CD137 expression on human Tregs is rapidly and transiently upregulated after 

allogeneic stimulation 

To isolate arTregs based on CD137 expression, CD4+CD25+CD127low  Treg cells were flow 

sorted from peripheral blood of healthy donors and stimulated with irradiated allogeneic 

imDCs. The kinetics of CD137 expression on Tregs was monitored over 11 days after allogeneic 

stimulation (Figure 3.2A). CD137 expression peaked on day 6, when Tregs were stimulated 

with allogeneic imDCs (Figure 3.2A and B). Therefore, day 6 after allostimulation was chosen 

as an optimal time for CD137-assisted enrichment of arTregs.  

Figure 3.2 
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Figure 3.2: CD137 expression upon allostimulation of Tregs. Freshly isolated CD4+CD25+CD127-/low Tregs were 
stimulated with irradiated allogeneic imDCs at a Treg-to-imDC ratio of 4:1. Tregs were assessed for CD137 
expression using flow cytometry for several days after allostimulation. (A) Representative FACS plots generated 
using samples from one donor. (B) Analysis of samples from several independent donors (n = 9). 
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3.3.3. Treg expansion using polyclonal or alloantigen stimulation 

Next, we expanded Tregs using polyclonal or alloantigen-driven methods. For polyclonal Treg 

expansion, CD4+CD25+CD127low cells were sorted and expanded using an established protocol 

ǿƛǘƘ ʰ/5оκʰ/5ну-coated beads and 1,000 U/ml recombinant human IL-2 for 2 weeks.185 For 

alloantigen-reactive Treg expansion, cells were stimulated with irradiated imDCs (Treg to 

imDC ratio of 4:1). These cells were then enriched for CD137 and further expanded, while 

others were expanded without enrichment. These CD137+ arTregs, non-enriched arTregs and 

CD137neg arTregs were divided and re-stimulated with alloantigen several times during 

ŜȄǇŀƴǎƛƻƴΦ ¢Ƙƛǎ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ǎǘƛƳǳƭŀǘƛƻƴ ǿƛǘƘ ʰ/5оκʰ/5ну-coated beads for the last 

round of expansion, as detailed in Figure 3.3A. The extent of Treg expansion was highly 

variable among the different donors. As expected, polyclonal Tregs expanded 100ς300-fold 

ǿƘŜƴ ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ ǘǿƻ ǊƻǳƴŘǎ ƻŦ ʰ/5оκʰ/5ну-coated beads, while arTregs with no 

enrichment expanded 5ς25-fold with three rounds of stimulation. CD137+ arTregs expanded 

only 2ς10-fold and CD137neg arTregs expanded 4ς15-fold with three rounds of stimulation 

(Figure 3.3A). These data highlight the challenge of obtaining high yields of arTregs for clinical 

application.  
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Figure3.3 
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Figure 3.3: Treg expansion using polyclonal or alloantigen stimulation. (A) Experimental schematic for in vitro 
expansion of polyclonal Tregs, CD137+ arTregs, CD137neg arTregs and non-enriched arTregs. PolyTregs were 
ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ ʰ/5оκʰ/5ну-coated beads and 1,000 U/ml recombinant human IL-2 for 2 weeks. Non-enriched 
arTregs, CD137+ arTregs and CD137neg arTregs were stimulated with allogeneic irradiated imDCs at a Treg to imDC 
ratio of 4:1 for 2 weeks, followed by one week of bead-stimulated expansion (B) Extent of expansion of in vitro-
cultured polyTregs (red), non-enriched arTregs (blue), CD137+arTregs (green) and CD137neg arTregs (purple) after 
the expansion period. Data from six independent experiments using samples from 10ς18 donors are shown. 
Error bars represent mean with SD 
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3.3.4. CD137 expression defines a population of potent alloantigen-reactive Tregs 

The functional potency of expanded CD137+ arTregs was then assessed. CD137+ arTregs were 

compared with polyclonally-expanded Tregs and alloantigen-reactive Tregs that were either 

non-enriched, or CD137neg arTregs. Autologous PBMCs (responders) were stimulated with 

irradiated allogeneic iDCs, from the same donor used in the Tregs expansion (primary 

stimulator) and co-cultured with a decreasing number of Tregs. Responders cultured alone 

were used as a negative control for proliferation. Responders cultured with allogeneic iDCs 

were used as a positive control for proliferation. Cells were incubated for 7 days, then 

assessed for cell proliferation by thymidine incorporation assay. As shown in Figure 3.4A, non-

enriched arTregs (blue) suppressed responder cell proliferation potently in comparison with 

polyclonal Tregs (red). Moreover, CD137+ arTregs (green) were significantly more suppressive 

than CD137neg Tregs (purple) (Figure 3.4B)309. These data highlight the usefulness of CD137+ 

as an additional marker of Tregs produced using alloantigen stimulation. 

 
 

  



Chapter 3: Generation and characterization of human ex vivo-expanded alloantigen-reactive 
Tregs 

70 
 

Figure 3.4 

 

 

Figure 3.4: CD137+ alloantigen-expanded Tregs (green) are more suppressive than polyclonal Tregs (red), non-
enriched arTregs (blue) and CD137neg alloantigen-expanded Tregs (purple). Suppression assays were performed 
using 3H-thymidine incorporation; responder cells were stimulated with allogeneic imDCs from the same donor 
as used for Treg allo-expansion. Polyclonal, non-enriched, expanded CD137+ and CD137neg Tregs were titrated 
into the culture. Responders alone were used as a negative control. Responders with alloantigen were used as a 
positive control. Six days later, thymidine was added to the culture and after 16 hours of incubation, cells were 
harvested. Data are represented as mean +/-SD. Statistical analysis was performed using unpaired t-tests 
(*p<0.05, **p<0.01, ***p<0.001). Representative data from one of five donors are shown. 
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3.3.5. Expanded alloantigen-reactive Tregs maintain expression of Treg functional markers  

Tregs express high levels of FOXP3, which is indispensable for their suppressive function. 

However, Hoffmann et al. reported that CD4+CD25+CD127low Tregs display decreased levels of 

FOXP3 expression after repetitive T-cell receptor (TCR) stimulation. Here, FOXP3 expression 

in CD137+arTregs, non-enriched and CD137neg arTregs subsets as well as polyTregs was 

assessed using flow cytometry. It was found that the enriched CD137+ arTregs (green), non-

enriched arTregs (blue), CD137neg arTregs subset (purple) and polyTregs (red) expressed high 

levels of FOXP3 (Figure 3.5B).  

Helios was initially used as a marker to distinguish between thymic-derived Tregs (tTreg) and 

peripheral Tregs (pTregs).310 However, later studies demonstrated that the tTreg 

compartment contains both Helios+ and Heliosneg Treg subsets.152, 311, 312 Furthermore, studies 

using experimental models found that specific deletion of Helios from Tregs led to a delayed 

onset of autoimmune disease, which was associated with defects in Treg function.313, 314, 315 

Thus, Helios may act as a marker for stable Tregs. Interestingly, CD137+ arTregs contained a 

higher frequency of Helios+ cells after expansion compared to polyclonal Tregs (Figure 3.5B).  

Cytotoxic T-lymphocytes-associated protein 4 (CTLA-4) is a coinhibitory molecule expressed 

by T cells, including CD4+FOXP3+ Tregs.316 CTLA-4 prevents the CD28-mediated activation of T 

cells by directly binding to CD80 and CD86 on naïve T cells or downregulating CD80 and CD86 

on APCs .317, 318 Studies demonstrated that specific blockade of CTLA-4 on Tregs leads to the 

onset of autoimmune diseases in experimental models, highlighting the requirement of CTLA-

4 expression for Treg suppressive function.316, 319 Here, CTLA-4 expression was found to be 

high in polyTregs as well as in arTregs subsets (Figure 3.5B). Expression of the co-stimulatory 

molecule CD27 was also assessed. This is a marker found in highly suppressive Treg subsets.192 

No significant differences were found in the CD27 expression between the arTregs and 

polyTregs (Figure 3.5C). In addition, the death receptor CD95 (Fas) showed no significant 

differences between arTregs and polyTregs. The co-inhibitory molecule TIGIT, a marker found 

on Tregs that specifically control Th1 and Th17 responses,320 showed no significant differences 

between the arTregs and polyTregs. The CD39 and PD-1 also showed no significant differences 

between the arTregs and polyTregs (Figure 3.5C). Taken together, this phenotypic analysis 

indicates that both CD137+ arTregs and non-enriched arTregs maintain the expression of 
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specific and functional Treg markers after expansion. However, the sample size is small, and 

it would be valuable to validate the findings in more donors. 

Figure 3.5 
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Figure 3.5: Expression of cell surface molecules in polyTregs and arTregs by flow cytometry. (A) An example of 
a gating strategy used to assess the phenotypes of polyTregs (red histogram), arTregs (blue histogram) and FMOs 
(gray histogram). (B) Expression of FOXP3, Helios and CTLA-4 in polyTregs (red), non-enriched arTregs (blue), 
CD137+ arTregs (green) and CD137neg arTregs (purple). Dots represent individual blood donors and error bars 

represent mean with SD, one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ǿŀǎ ǳǎŜŘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ ϝǇғлΦлр, ns = not 

significant.  (C) Expression of CD27, CD95 (Fas), TIGIT, CD39 and PD-1 in polyTregs (red) and non-enriched arTregs 
(blue). Statistical significance was assessed by unpaired t-test. ns = not significant.  

3.3.6. Alloantigen-reactive Tregs are more suppressive than polyclonally expanded Tregs 

and demonstrate enhanced specific antigen reactivity 

Although CD137 is a good marker for enriching alloantigen-activated Tregs, the yield using this 

technique is very low, making it unsuitable for clinical translation. Therefore, we aimed to 

expand non-enriched arTregs and study their functionality. For expansion, CD4+CD25+CD127lo 

Tregs were flow sorted and expanded either polyclonally (with anti-CD3/CD28 beads) for 2 

weeks or by alloantigen stimulation (with irradiated allogeneic imDCs) for 2 weeks, followed 

by a week-long expansion with anti-CD3/CD28 beads as shown in Figure 3.6A. These expanded 

arTregs demonstrated a significant suppression of responder cell proliferation compared with 

polyclonal Tregs (Figure 3.6B).  Moreover, arTregs demonstrated a much higher suppressive 

capacity at lower cell ratios, with more than 50% suppression preserved even at the lowest 

tested ratio of 1:32, whereas polyTregs started losing 50% suppression at 1:4 ratio. (Figure 

3.6B). Donor specificity of the expanded arTregs was then examined and compared to arTreg 

suppression against other third-party stimulators. Responder PBMCs, which were autologous 

to the Tregs, were stimulated with irradiated imDCs from either the primary stimulator used 

in the generation of arTregs or a third-party irrelevant stimulator in the presence of expanded 

arTregs. Notably, arTregs were able to mediate specific suppression of autologous T effector 

proliferation in response to a primary stimulator more than irrelevant third-party stimulators 

(Figure 3.6C), demonstrating the antigen specificity of the expanded arTregs.
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Figure 3.6 
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C 

 

 

 

 

Figure 3.6: Alloantigen-reactive Tregs are more suppressive than polyclonally expanded Tregs and 
demonstrate enhanced reactivity towards specific allogeneic donor cells. (A) Schematic of experimental in vitro 
expansion of polyclonal- and alloantigen-expanded Tregs. (B) Suppression assays were performed using 3H-
thymidine incorporation; responder cells were stimulated with irradiated allogeneic iDCs. Representative data 
from one assay is shown. Polyclonal- and alloantigen-expanded Tregs were titrated into the culture. Responders 
alone were used as a negative control. Responders with alloantigen were used as a positive control. Six days 
later, thymidine was added to the culture and after 16 hours of incubation, cells were harvested. Data are 
represented as mean +/-SD. Statistical analysis was performed using unpaired t-tests (*p<0.05, **p<0.01, 
***p<0.001). Representative data from one donor out of five is shown. (C) Suppression assays were performed 
using 3H-thymidine incorporation; responder cells were stimulated with irradiated specific allogeneic iDCs or two 
different third-party irradiated imDCs (1 and 2). Data are represented as mean +/- SD. Statistical analysis was 
performed using unpaired t-tests (*p<0.05,**p<0.01, ***p<0.001). Data representative of three Treg donors, 
data  from one donor are shown. 

%
 o

f

 p
ro

li
fe

ra
ti

o
n

 (
c

c
p

m
)

R
es

po
nd

er
 O

nl
y

R
es

po
nd

er
+A

llo 1:
2

1:
2

1:
4

1:
4

1:
8

1:
8

1:
16

 

1:
16

 

1:
32

 

1:
32

 

0

50

100

150
arTregs w/ allo

arTregs w/ third party (1)

**

%
 o

f

 p
ro

li
fe

ra
ti

o
n

 (
c

c
p

m
)

R
es

po
nd

er
 O

nl
y

R
es

po
nd

er
+A

llo 1:
2

1:
2

1:
4

1:
4

1:
8

1:
8

1:
16

 

1:
16

 

1:
32

 

1:
32

 

0

50

100

150 arTregs w/ allo

arTregs w/ third party (2)

**** ** ** *



Chapter 3: Generation and characterization of human ex vivo-expanded alloantigen-reactive 
Tregs 

76 
 

3.3.7. Alloantigen-reactive Tregs produce fewer inflammatory cytokines in comparison to 

polyclonally-expanded Tregs 

Next, measurement of the levels of the inflammatory cytokines IL-17 and IFN-ʴ ƛƴ ŀǊ¢ǊŜƎǎ ŀƴŘ 

polyclonally expanded Tregs was performed. After 2 weeks of expansion of polyTregs and 3 

weeks of expansion of arTregs, the cells were rested for 2 days. Then polyTregs and arTregs 

were restimulated polyclonally with anti-CD3/CD28-coated beads (1 bead:5 cells) and rhIL-2 

(250 U/ml) for 72 hours. Levels of intracellular IL-17 and IFN-ʴ ŜȄǇǊŜǎǎƛƻƴ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ōȅ 

flow cytometry following Treg restimulation with PMA and ionomycin in the presence of a 

Golgi protein transport inhibitor. arTregs were found to produce lower level of intracellular 

IL-17 compared with polyclonally-expanded Tregs (Figure 3.7B). These preliminary results 

showed a trend of fewer proinflammatory cytokines produced by arTregs compared to 

polyTregs. However, the sample size is sample, and it would be valuable to validate the 

findings in more donors.  

Figure 3.7 
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Figure 3.7: arTregs (blue) and polyclonally expanded Tregs (red) express distinct proinflammatory cytokines. 
(A) An example of a gating strategy used to assess the IL-17+,IFN-ʴ+ cells and isotype controls. (B)Percentage of 
IL-17+ and IFN-ʴ+ cells analysed by intracellular cytokine staining in alloantigen-expanded Tregs (blue) and 
polyclonally expanded Tregs (red). Tregs were restimulated with phorbol myristate acetate (PMA) (100 ng/ml) 
and ionomycin (1 µg/ml) in the presence of a Golgi protein inhibitor. Analysis was performed using flow 
cytometry. Dots represent individual donors and error bars represent mean with SD. 

 

 

3.3.8. TCR repertoire analysis of alloantigen-reactive Tregs reveals restriction to several 

TCR beta families 

The TCR is ŀ ƘŜǘŜǊƻŘƛƳŜǊ ŎƻƳǇƻǎŜŘ ƻŦ ʰ ŀƴŘ ʲ όƻǊ  ɹand ɻ ) chains located on the surface of T 

cells. It recognises the MHC-peptide complex presented by APCs, which leads to T-cell 

activation and proliferation. The TCR is formed by random recombination of TCR gene 

segments termed variable (V), diversity (D) and joining (J) segments.321 This random 

recombination leads to the diversity of the TCR repertoire. The V segment of the ʲ ŎƘŀƛƴ 

contains three highly diverse loops, termed complementarity determining regions (CDR1, 

CDR2 and CDR3), that make direct contact with the antigen. The CDR3 is encoded by the region 

spanning the V and J or the V, D and J segmentsτunlike CDR1 and CDR2, which are encoded 

within the V gene segment portion of the V region gene. Therefore, CDR3 is more diverse than 

CDR1 and CDR2.322  

!ƴŀƭȅǎƛǎ ƻŦ ¢/w ±ʲ ǿƛƭƭ ƘŜƭǇ ǘƻ ŜƭǳŎƛŘŀǘŜ ǘƘŜ ǊŜǇŜǊǘƻƛǊŜ ƴŀǊǊƻǿƛƴƎ ǘƘŀǘ ƳƛƎƘǘ ƻŎŎǳǊ ǿƘŜƴ 

arTregs are stimulated with alloantigen. Therefore, the ¢/w ±ʲ ƻŦ ŀǊ¢ǊŜƎǎ ŀƴŘ Ǉƻƭȅ¢ǊŜƎǎ ǿŀǎ 

profiled at the end of the expansion period by immunophenotyping 24 ŘƛǎǘƛƴŎǘ ±ʲ ŎƘŀƛƴ 

familiesΦ ¢ƘŜǎŜ ŦŀƳƛƭƛŜǎ ŎƻǾŜǊ ŀǇǇǊƻȄƛƳŀǘŜƭȅ тл҈ ƻŦ ǘƘŜ ƘǳƳŀƴ ¢/w ±ʲ ǊŜǇŜǊǘƻƛǊŜ ƛƴ ƴƻǊƳŀƭ 

ƛƴŘƛǾƛŘǳŀƭǎΦ !ǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜǎ оΦу ! ŀƴŘ .Σ Ǉƻƭȅ¢ǊŜƎǎ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ŜȄǇǊŜǎǎ ŀƭƭ нп ±ʲ ŎƘŀƛƴǎΣ 

ƛƴŘƛŎŀǘƛƴƎ Ŏƭƻƴŀƭ ŘƛǾŜǊǎƛǘȅ ƛƴ ǘƘŜƛǊ ¢/w ǊŜǇŜǊǘƻƛǊŜΦ ¢ƘŜ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ±ʲо ŀƴŘ ±ʲ нмΦо 

segments were higher than other segments, representing around 3.54% and 4.06% of 

Ǉƻƭȅ¢ǊŜƎǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lƴ ŎƻƴǘǊŀǎǘΣ ŀǊ¢ǊŜƎǎ ǎƘƻǿŜŘ ŀƴ ƻƭƛƎƻŎƭƻƴŀƭ ŜȄǇŀƴǎƛƻƴ ƻŦ ǘƘŜ ±ʲ нмΦо 

TCR family, representing around 74.5% of their TCR repertoire, in contrast with a low 

ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ƻǘƘŜǊ ±ʲ ŎƘŀƛƴǎΦ ¢ƘŜ ŜȄŀŎǘ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ¢/w ±ʲ ǎŜƎƳŜƴǘǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ 

expanded polyTregs and arTregs are listed in Figure 3.8C. Taken together, TCR repertoire 

analysis results demonstrated narrowing of the repertoire to several clones in arTregs.  



Chapter 3: Generation and characterization of human ex vivo-expanded alloantigen-reactive 
Tregs 

78 
 

Figure 3.8 

A 

 

 

 

 

 

 

 

  

V
b1

V
b2

V
b3

V
b4

V
b5

.1

V
b5

.2

V
b5

.3

V
b7

.1
V
b8

V
b7

.2
V
b9

V
b1

1

V
b1

2

V
b1

3.
1

V
b1

3.
2

V
b1

3.
6

V
b2

0

V
b1

4

V
b1

6

V
b1

7

V
b1

8

V
b2

1.
3

V
b2

3

V
b2

2

0

2

4

20

40

60

80

100

%
 o

f 
V

b
e

ta
 c

lo
n

e
s

 i
n

 e
x

p
a

n
d

e
d

 T
re

g
s arTregs

PolyTregs

B 



Chapter 3: Generation and characterization of human ex vivo-expanded alloantigen-reactive 
Tregs 

79 
 

 

C 

±ʲ ǘȅǇŜ PolyTregs ArTregs ±ʲ ǘȅǇŜ PolyTregs ArTregs 

±ʲм 0.944 0.996 ±ʲмн 0.117 0.196 

±ʲн 1.21 3.32 ±ʲмоΦм 0.547 0.622 

±ʲо 3.54 2.27 ±ʲмоΦн 0.383 0.673 

±ʲп 0.099 0.147 ±ʲмоΦс 0.241 0.538 

±ʲрΦм 1.15 1.51 ±ʲмп 0.457 0.838 

±ʲрΦн 0.296 0.111 ±ʲмс 0.282 0.208 

±ʲрΦо 0.287 0.35 ±ʲмт 0.236 0.177 

±ʲтΦм 0.0769 0.156 ±ʲму 0.472 0.371 

±ʲтΦн 0.217 0.0551 ±ʲнл 0.836 0.405 

±ʲу 0.239 0.949 ±ʲнмΦо 4.06 74.5 

±ʲф 0.321 0.389 ±ʲнн 0.4 0.265 

±ʲмм 0.098 0.143 ±ʲно 0.639 0.046 

 

Figure 3.8: The TCR repertoire analysis of alloantigen- and polyclonally-expanded Tregs. PolyTregs and arTregs 
were analysed for V̡ profile using flow cytometry and a IOTest Beta Mark TCR V ̡Repertoire Kit. (A) The 
frequencieǎ ƻŦ ±ʲ ŦŀƳƛƭƛŜǎ ƛƴ ǘƘŜ ŜȄǇŀƴŘŜŘ Ǉƻƭȅ¢ǊŜƎǎ όred) and arTregs (blue). (B) Pie charts illustrating the 
diverse distribution of TCR clonotypes in the expanded polyTregs and arTregs. (C) Exact values (%) of the 24 TCR 
±ʲ ŦŀƳƛƭƛŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŜȄǇŀƴŘŜŘ Ǉƻƭȅ¢ǊŜƎǎ ŀƴŘ ŀǊ¢ǊŜƎǎΦ 5ŀǘŀ representative of one donor.   

 

3.3.9. Expression of CD137 and CD154 discriminates between activated Tregs and 

conventional T cells ex vivo 

5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŘƻƴƻǊπǎǇŜŎƛŦƛŎ ƘȅǇƻ-responsiveness is a specific defining feature of tolerance. 

A study in liver transplantation by Sanchez-Fueyo et al. examined the impact of Treg infusion 

on alloreactive T cell responses in recipient PBMCs after infusion; here there was a reduction 

in CD154 upregulation in memory CD8+ T cells after allostimulation only in recipients who 

received 4.5 x 106 Treg/kg.307 This suggests development of hypo-responsiveness after Treg 

infusion. It is also important to measure in vivo alloreactive Tregs, along with alloreactive T 

cells, after Treg infusion. Given that CD137 was found to be upregulated rapidly after 

allogeneic stimulation and selecting CD137 positive Tregs results in potent arTregs, it was 

hypothesised that CD137/CD154 differential expression can define the in vivo arTregs and 

conventional alloantigen-reactive T cells (arTcons). 
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To examine the expression of CD137 and CD154 on Tregs and Tcons, CD4+ T cells were 

stimulated with donor CD19+ cells as shown in Figure 3.9.A. Unstimulated CD4+ T cells were 

used as a negative control. Stimulated CD4+ with autologous CD4neg T cells were used as a 

positive control. After 16 hours of incubation, it was possible to differentiate between 

CD137neg CD154+ Tcons and CD137+ CD154neg Treg cells. Almost all CD137+ cells were detected 

within the FOXP3+ Helios+ population (Tregs) and were completely absent from the FOXP3neg 

subset (Tcons) (Figure 3.9.C). By contrast, the levels of CD154+ cells were higher among 

FOXP3neg cells compared with FOXP3+ Helios+ cells (Figure 3.9.D). These data indicate that the 

identification of activated Tregs and Tcons is feasible based on the expression of CD137 versus 

CD154. 

Figure 3.9 

A 
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B 

 

 

B 

 

Figure 3.9. CD137+ T cells were mainly detected within the FOXP3+ Helios+ population, while CD154+ T cells 
were mainly found within the FOXP3neg population. (A) Schematic of the experimental design of the 
CD137/CD154 assay .(B) An example of a gating strategy followed to identify CD137+ cells and CD154+ cells from 
FOXP3neg population and FMOs. (C) Percentages of CD137+ T cells gated on FOXP3+Helios+ (Treg) and on FOXP3neg 
subsets. (D) Percentages of CD154+ T cells gated on FOXP3+Helios+ (Treg) and on FOXP3neg subsets. CD4+ T cells 
were used as a negative control. CD4+ and CD4neg T cells from the recipient, stimulated with superantigen 
Staphylococcal enterotoxin B (SEB), was used as a positive control. Expression of CD137 and CD154 was analysed 
using flow cytometry. Statistical significance was assessed by Mann-Whitney test ,**p=  0.0079, ns = not 
significant. Data representative of two independent experiments, five donors in total, each point represents an 
independent donor.  
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3.4 Discussion 

Polyclonally reactive Treg cellular therapy is making clear progress in trials for the treatment 

of autoimmunity and transplant rejection. However, optimal Treg immunotherapy should 

employ alloantigen-reactive rather than polyclonally reactive Tregs to ensure both safety and 

enhanced specificity. Therefore, the aims of this project were to identify methods for the 

detection of arTregs in patients and to develop a technique for the isolation and expansion of 

these cells for therapy. 

Studies have proposed the use of Treg-specific activation markers for the selection and 

identification of potent arTregs. For example, enriched CD27+ arTregs were ten times more 

suppressive than CD27neg arTregs in in vitro suppression assays.305 Here, it was found that 

CD137 upregulated rapidly in Tregs, with levels peaking on day 6, indicating that it has the 

potential to be used to select arTregs from ex vivo culture. Based on this, flow-sorted Tregs 

were cultured ex vivo with allogeneic irradiated imDCs. They were then enriched according to 

CD137 expression on day 6 after allostimulation, and further expanded with a combination of 

alloantigen stimulation and polyclonal anti-CD3/anti-CD28 bead stimulation to increase 

overall yield. 

The stability and potency of arTregs are vital considerations in the development of Treg 

expansion protocols. In terms of suppressive capacity, CD137+ enriched arTregs are superior 

to CD137neg arTregs, non-CD137 enriched arTregs or polyclonally expanded Tregs. This 

enhanced potency may compensate for the lower final yield of cells at the end of the 

expansion process. However, challenges remain in the feasibility of generating high yields of 

enriched arTregs at a scale that is practical for clinical use. We therefore focused on the non-

CD137 enriched arTregs population which had a better expansion yield and demonstrated 

significantly greater inhibition of cell proliferation than polyclonal Tregs. This is in line with 

previous studies, which showed that arTregs are more potent at suppressing effector T cells 

in co-culture than polyTregs.171, 294, 295 Additionally, it has been reported that arTregs have 

superior in vitro suppressive function in mixed lymphocyte reaction against primary stimulator 

than third-party stimulator.171, 222, 295 Here, arTregs were very effective in mediating specific 

suppression towards the primary stimulator, but less towards a third-party stimulator. It is 

therefore conceivable that these cells, when used in vivo, would provide high levels of 
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therapeutic suppression compared to polyclonal Tregs, but without the potential detrimental 

effects. The TCR assessment of arTregs showed ǊŜǎǘǊƛŎǘƛƻƴ ǘƻ ǎŜǾŜǊŀƭ ¢/w ±ʲ ŦŀƳƛƭƛŜǎΣ 

suggesting an oligoclonal expansion. Roemhild et al, monitored the TCR repertoire of infused 

polyTregs at different time points post renal transplantation and compared them with the 

corresponding pre-infused Treg cell product.249 The TCR repertoire assessment of Treg 

products revealed in vivo shift toward an oligoclonal pattern, suggesting an in vivo expansion 

of alloantigen responsive Tregs. It has been suggested that in vivo expansion of arTregs is 

linked to tolerance induction post-transplantation in organ transplant patients.323  

Sánchez Fueyo et al, measured alloreactive Tconv responses after Treg infusion in liver 

transplant patients through quantifying the number of CD8+ CD45RO+ cells that express CD154 

after ex vivo stimulation with surrogate donor PBMCs.307 They observed a gradual decrease in 

the CD154 expression on memory CD8 T cells in recipients who received 4.5x106 Tregs/kg, 

suggesting development of alloreactive hypo-responsiveness after Tregs infusion. Here we 

developed and optimised CD137/ CD154 assay. This assay can be used in clinical studies 

investigating tolerogenic therapies, including the currently ongoing Treg cell therapy trial, the 

TWO Study to determine whether cellular therapy with regulatory cells results in the increase 

in prevalence of arTregs and/or decrease in antigen reactive T cells.  

In conclusion, the data presented in this chapter demonstrate that the ex vivo isolation and 

expansion of human arTregs is feasible. This finding might prove useful in the clinical 

application of Tregs, aiming at the development of tolerance to only specific undesired 

immune responses.  
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Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell 

compartment following Treg therapy in renal transplantation 

4.1 Introduction 

After three decades of preclinical research into Treg biology, we are beginning to see the 

progression of Treg therapy through clinical trials. Early phase trials of polyclonally-expanded 

Tregs provided evidence of the feasibility and safety of Treg therapy in transplantation.105, 248, 

324 However, determining the efficacy of Treg therapy has been more challenging due to 

difficulties in observing clinical outcomes over short follow up periods. The monitoring of renal 

transplant recipients receiving Treg therapy allows an in-depth analysis of the phenotypic and 

functional changes in immune cells, which may in turn help facilitate an understanding of the 

impact of Treg infusion. 

Our group recently commenced recruitment to the TWO Study, which is a single-centre, phase 

IIb, randomised clinical trial of polyclonally expanded Tregs in renal transplantation. This study 

aims to compare the efficacy of autologous Treg therapy used in conjunction with tacrolimus 

to the standard of care immunosuppression (mycophenolate mofetil (MMF) and tacrolimus) 

in preventing acute biopsy-proven rejection in renal transplant recipients. A schematic of the 

trial protocol is shown below:   

Figure 4.1 
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Figure 4.1:Diagrammatic representation of the immunosuppressive regimen for renal transplant recipients in 
TWO Study (protocol A). Living donor renal transplant recipients are randomised either to the Regulatory T cell 
arm or control arm. Immunosuppression used included the use of induction antibody therapy in the form of 
alemtuzumab (Campath). Recipients enrolled in the Regulatory T cell arm received autologous polyTregs (infused 
at 6 months post-transplantation) in conjunction with tacrolimus as a maintenance immunosuppression. 
Recipients enrolled in the control arm received MMF and Tacrolimus. The follow-up in the trial is scheduled for 
78 weeks post-transplantation.  

An understanding of the alterations in immune phenotype of patients enrolled in the TWO 

Study is important for the assessment of the in vivo effect of Tregs on other immune cells and 

their fate after infusion. In this chapter, we profiled the peripheral blood immune phenotype 

of seven enrolled participants pre-transplantation to provide both a baseline assessment and 

an assessment at regular intervals post-transplantation, including post-Treg infusion. We 

compared the phenotypic changes in the peripheral immune cells of 3 living kidney transplant 

recipients who received polyclonal-expanded Treg therapy with 4 control transplant patients 

who received standard immunosuppression.  

To examine the phenotypic changes in peripheral leukocytes in the enrolled participants, we 

employed (I) conventional flow cytometry using standardised DURAclone panels from 

Beckmann Coulter and examined the potential of (II) the high-dimensional technology 

cytometry time of flight (CyTOF) using a dedicated 36-antigen panel.  DURAclone flow 

cytometry panels  were previously developed in collaboration with Beckmann Coulter to 

profile a wide range of immune cell populations, including T cells, B cells, Tregs, gamma delta 

cells and NK subsets and their activation status (Table 2-2) with the aim to be used as an 

immunomonitoring tool in clinical trials. The disadvantage of the DURAclone panels is the lack 

of FMOs control in the panels, which might affect the analysis. The use of CyTOF has permitted 

an increase in the number of cellular and intracellular markers that can be measured 

simultaneously in cell suspensions. For data analysis, the traditional manual bivariate analysis 

is unlikely to be optimal for such datasets considering the large number of parameters. 

Therefore, a number of specialised analytical tools have been developed to facilitate the 

clustering analysis of multidimensional datasets, including viSNE,325 PhenoGraph,326 

FlowSOM,327 SPADE328 and Citrus.329 Data visualisation tools for CyTOF continue to evolve.330, 

331 In this project, the FlowSOM clustering algorithm, along with viSNE tools, and phenoGraph 

were used to analyse mass cytometry data.  
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4.2 Hypotheses 

Hypothesis-1: Immunophenotyping will provide insights into the immune status of transplant 

recipients receiving Treg cellular therapy.  

Hypothesis-2: The ability to evaluate multiple antigens concomitantly using mass cytometry 

(CyTOF) allows for unbiased detection of specific clusters of Tregs. Appreciating how 

these clusters behave after treatment with a cellular therapy will offer an insight into 

the immune phenotype.  

4.3 Phenotypical analysis of the peripheral immune cell compartment in TWO 

Study participants by flow cytometry  

4.3.1 Study design and participants  

The TWO study is a single-centre, phase IIb, randomised clinical trial of polyclonally expanded 

Tregs in living donor kidney transplant recipients. The trial was approved by the Health 

Research Authority, Oxford A research ethics committee (Reference:18/SC/0054). Recipients 

received alemtuzumab as an induction therapy at the time of kidney transplantation to 

achieve lymphodepletion. After transplantation, recipients received tacrolimus and 

mycophenolate-based immunosuppressive drug therapy. At week 26 post-transplantation, 

MMF was stopped in recipients enrolled in the cell therapy arm. Shortly after, patients 

received a single intravenous infusion of ex vivo expanded autologous polyclonal Tregs at 5ς

10x106 cells/kg, and subsequently maintained on tacrolimus monotherapy with an optional 

reduction from week 40 onwards. Patients randomised to the control arm received identical 

induction and initial maintenance immunosuppression but with no weaning of MMF or Treg 

infusion.  

4.3.2 Specimens and panels 

Sequential peripheral blood samples were collected from 7 recipients at 13 different time 

Ǉƻƛƴǘǎ ōŜǘǿŜŜƴ ŜƴǊƻƭƳŜƴǘ ŀƴŘ ǘƘŜ ŜƴŘ ƻŦ ŦƻƭƭƻǿπǳǇΦ .ƭƻƻŘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ƛƴǘƻ 95¢! 

vacutainers and run fresh in flow cytometry experiments. DuraClone antibody panels 

(Beckman Coulter) were ǳǎŜŘ ǘƻ ǇǊƻŦƛƭŜ ¢ ŎŜƭƭǎΣ . ŎŜƭƭǎΣ ʴʵ ¢ ŎŜƭƭǎΣ ¢ǊŜƎǎΣ bY ŎŜƭƭǎ ŀƴŘ ƳƻƴƻŎȅǘŜǎ 

(Table 2-3 shows the list of markers in each panel). Three recipients from the Treg therapy 
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arm and four recipients from the control arm of the trial were used for immune phenotypical 

analysis of the peripheral leukocyte compartment by flow cytometry.  

4.3.3 Results 

4.3.3.1 Lymphocytes were depleted from the peripheral blood of renal transplant recipients 

after alemtuzumab induction therapy 

Alemtuzumab ό/ŀƳǇŀǘƘπмIύ is a monoclonal antibody directed against the CD52 surface 

antigen. In humans, CD52 is highly expressed on T and B cells and at lower levels on NK cells, 

monocytes, including (moDCs),332 macrophages and eosinophils. It is almost absent or 

expressed at very low levels on tissue-resident DCs,333 neutrophils and hematopoietic stem 

cells.270  

To examine the effect of alemtuzumab on leukocytes, we assessed changes in absolute 

numbers of lymphocytes, granulocytes and monocytes longitudinally in the peripheral blood 

of the recipients enrolled in the Treg therapy group (101, 102, 105; 3 patients) and the control 

group (103, 104, 106, 107; 4 patients) before transplantation and up to 72 weeks post-

transplantation by flow cytometry. As expected, we observed that lymphocytes were 

completely depleted from the peripheral blood at 4 weeks post-transplant (V04) (Figure 4.2B). 

Two of the Treg-treated recipients (101 (red) and 102 (blue)) demonstrated almost complete 

recovery of lymphocytes at 72 weeks post-transplant (V19) (Figure 4.2B). However, 

granulocytes and monocytes at 4 weeks post-transplant (V04) and the following timepoints 

till V19 were at a level similar to that pre-transplant (V02) (Figure 4.2C and D). These data 

highlight that the depletion of granulocytes and monocytes by alemtuzumab was less 

profound and shorter-lasting than that of lymphocytes, which is likely related to their lower 

expression of the CD52 antigen.334,335     
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Figure 4.2 

A 

 

 

 

 

 

 

Figure 4.2. Absolute number of lymphocytes, granulocytes and monocytes in peripheral blood of renal 
transplant recipients receiving Treg therapy. Seven renal transplant recipients were treated with alemtuzumab 
and maintained reduced immunosuppression with mycophenolate mofetil (MMF) and tacrolimus. Three renal 
transplant recipients (101-T, 102-T, 105-T) received polyTregs at V09 (six months post-transplantation) and were 
maintained on tacrolimus, whereas four renal transplant recipients were in the control arm (103-C, 104-C, 106-
C, 107-C) and were maintained on the standard of care immunosuppression. (A) Schematic illustration of the 
gating strategy for the identification of lymphocytes, granulocytes and monocytes. (B-C-D) Absolute numbers of 
lymphocytes, granulocytes and monocytes in whole blood samples collected from patients prior to 
transplantation (V02) and at 4 (V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 
44 (V17), 52 (V18) and 72 (V19) weeks post-transplant. Absolute numbers were calculated based on data derived 
from clinical laboratory reports. Data points represent individual samples and lines are specific patients.  
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4.3.3.2 Repopulation of T cells after depletion with alemtuzumab  

A key component of allograft responses is the activation and differentiation of alloreactive T 

cells.336, 337 Alloreactive T cells can have a directly destructive effect on renal transplants and 

can indirectly impact other immune cells, which may damage the transplant. Previous animal 

model reports have shown that the depletion of host peripheral T cells together with Treg 

infusion synergises to promote allograft survival.338  

We examined the effect of alemtuzumab on the number and proportion of total CD3+ T cells 

in the peripheral blood of patients in the Treg therapy group (101, 102, 105) and control group 

(103, 104, 106, 107). As expected, there was a complete depletion of total CD3+ T cells at 4 

weeks post-transplant (V04) in both groups after alemtuzumab induction, after which CD3+ T 

cells started to repopulate gradually (Figure 4.3B and C). Although no significant differences 

were seen in the numbers of total CD3+ T cells at 44 weeks post-transplant (V17) between the 

Treg therapy and control groups, the numbers of T cells were slightly higher at V17 in the Treg 

therapy group compared to the control group (Figure 4.3D). However, the numbers of total 

CD3+ T cells at 44 weeks post-transplant (V17) in both groups remained below the baseline 

level (V02) (Figure 4.3D). These data indicate that low T cell numbers persist for more than 10 

months post-transplant after alemtuzumab induction therapy.  
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Figure 4.3 
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Figure 4.3. Repopulation of T cells after in vivo depletion with alemtuzumab. (A) Schematic illustration of the 
gating strategy for the identification of CD3+ T cells.(B) Absolute numbers of T cells in whole blood samples 
collected from patients prior to transplantation (V02), at 4 (V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 
28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks post-transplant. (C) The frequency (%) of 
CD3+ T cells among CD45+ leukocytes was assessed at immune-monitoring visits by flow cytometry. (D) Absolute 
numbers of peripheral CD3+ T cells in the blood samples of the Treg therapy group (n = 3) at V02 (pre-transplant) 
and V17 (week 44, post-transplant) (red) compared to the control group (n = 4) at V02 and V17 (blue). Absolute 
numbers were calculated based on data derived from clinical laboratory reports. Dots represent individual 
samples. Statistical significance was calculated by paired t-test (Band C) and by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ 
multiple comparisons (C),**** = p < 0.0001, *p <0.05, ns = non-significant. Data are represented as mean with 
SD.  
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4.3.3.3 Assessment of CD4 and CD8 T cells and their subsets in the peripheral blood of renal 

transplant recipients receiving Treg therapy  

Next, we investigated the effect of alemtuzumab induction therapy and Treg infusion on T cell 

subpopulations, including CD4+ and CD8+ T cells.  In agreement with previous studies, 

alemtuzumab treatment resulted in a prolonged depletion of CD4+ T cells in both groups 

(Figure 4.4B). A significant reduction in the number of total CD4+ T cells was observed at 44 

weeks post-transplant (V17) compared to baseline (V02) in the control group (Figure 4.4C). 

Conversely, the number of total CD8+ T cells was comparable between V02 and V17 in both 

groups (Figure 4.4D and E). These data indicate that alemtuzumab is associated with a 

protracted deficiency of CD4+ T cells to a greater degree than CD8+ T cells. Memory T cells are 

generally viewed as pathogenic cells in the context of organ transplantation and are thought 

to accelerate graft rejection due to their robust effector functions.339, 340 However, under 

certain circumstances, they show regulatory capacity and can downregulate immune 

responses.341  

Here, we looked at the numbers of naïve (CD45RA+ CCR7+), central memory (CM) 

(CD45RAnegCCR7+), effector memory (EM) (CD45RAneg CCR7neg), and terminally differentiated 

effector memory (TEMRA) (CD45RA+ CCR7neg) CD4+ T cells in the peripheral blood of the Treg 

therapy group at pre-transplant (V02) and at 44 weeks post-transplant (V17) (red) compared 

to the control group at V02 and V17 (blue) (Figure 4.4F). A slight reduction in the number of 

CM CD4+ T cells and naïve CD4+ T cells was observed at V17 compared to V02 in both groups. 

Yet, this reduction was not statistically significant. In addition, a slight reduction in the number 

of EM CD4+ T cells was observed at V17 in the Treg therapy group when compared to V02, but 

was not statistically significant (Figure 4.4F).  

We also assessed the numbers of naïve (CD45RA+CCR7+), CM (CD45RAnegCCR7+), EM 

(CD45RAnegCCR7neg), and TEMRA (CD45RA+CCR7neg) CD8+ T cells in the peripheral blood of the 

Treg therapy group at V02 and V17 (red) compared to the control group at V02 and V17 (blue) 

(Figure 4.4G). There was a trend towards a reduction in the CM CD8+ T cells at V17 compared 

to V02 in both groups, although this was not statistically significant (Figure 4.4F). In addition, 

the level of naïve CD8+ T cells at V17 was comparable to the pre-transplant level V02 in the 

Treg therapy group, whereas in the control group, the level of naïve CD8+ T cells was reduced 

at V17, but was not statistically significant (Figure 4.4G). The level of EM CD8+ T cells appeared 
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lower at V17 compared to V02 in the Treg therapy group, but this level was not statistically 

significant. It was also not statistically significant when compared with V17 in the control 

group (Figure 4.4G). The level of TEMRA CD8+ T cells appeared slightly elevated in both groups 

at V17 compared to V02, but was not statistically significant (Figure 4.4F). These data show 

that 10 months after alemtuzumab induction and Treg infusion, a recovery in CD8+ T cells 

occurred, whereas CD4+ T cells remained below the baseline level.    

Figure 4.4 
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Figure 4.4. Absolute numbers of CD4+ and CD8+ T cells and their subsets in the peripheral blood of renal 
transplant recipients over time. (A) Schematic illustration of the gating strategy for the identification of CD4+ T 
cells and CD8+ T cells. (BςD) Absolute numbers of total CD4+ T cells and CD8+ T cells in whole blood samples 
collected from patients prior to transplantation (V02) and at 4 (V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 
(V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks post-transplant. (CςE) Absolute 
numbers of total CD4+ T cells and CD8+ T cells in the blood samples of the Treg therapy group (n = 3) at V02 (pre-
transplantation) and V17 (week 44, post-transplantation) (red) compared to the control group (n = 4)  at V02 and 
V17 (blue). (F) Absolute numbers of central memory (CM) CD4+ T cells, naïve CD4+ T cells, effector memory (EM) 
CD4+ T cell and terminally differentiated effector memory (TEMRA) CD4+ T cells in the blood samples of the Treg 
therapy group (n = 3) at V02 and V17 (red) compared to the control group (n = 4) ) at V02 and V17 (blue). (G) 
Absolute numbers of CM CD8+ T cells, naïve CD8+ T cells, EM CD8+ T cells and TEMRA CD8+ T cells in the blood 
samples of the Treg therapy group (n = 3) at V02 and V17 (red) compared to the control group (n = 4) at V02 and 
V17 (blue). Dots represent individual samples. Statistical significance was calculated by one-way ANOVA with 
¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ ϝǇ ғлΦлрΣ ƴǎ Ґ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘ.  Data shown as absolute values (B and D) or 
mean +/- SD. 
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4.3.3.4 Changes in PD-1 and CD57 expression among CD4 and CD8 populations over time 

post-transplantation  

Co-stimulatory or co-inhibitory molecules are important regulators of T cell responses. 

Programmed death 1 (PD-1) is a co-inhibitory molecule expressed by peripheral T cells, B cells, 

and myeloid cells upon activation.342, 343 PD-1 binds to its ligands, PD-L1 and PD-L2, to 

inhibit TCR signalling and prevent T cell activation. In experimental models of chronic viral 

infection, the upregulation of PD-1 on T cells was reported to identify exhausted T cells with 

reduced function.344 There is evidence from experimental models to suggest that T cell 

exhaustion occurs in transplantation and is associated with transplant tolerance.345, 346, 347 

Recently, a study in renal transplant recipients reported an increase in peripheral PD-1+ T cells 

after anti-thymocyte globulin (ATG) induction therapy in recipients with a stable graft.250  

The expression of CD57, a terminally sulfated glycan carbohydrate epitope, on T cells might 

represent a marker of T cell senescence. In in vitro proliferation assays, CD57+ T cells fail to 

proliferate after antigen-specific stimulation and show increased susceptibility to cell death 

through apoptosis.348 Also, CD57+ T cells have been demonstrated to be associated with 

several inflammatory diseases.349, 350 In solid organ transplantation, several studies reported 

an elevation in the absolute count of CD57+CD8+ T cell subsets without evidence of allograft 

rejection or viral infection.351, 352, 353 CD57high CD8+ T cells were also suggested to be a marker 

to predict the development of cutaneous squamous cell carcinoma in renal transplant. Here, 

we studied the expression of PD-1 and CD57 on CD4+ and CD8+ T cells in the peripheral blood 

of enrolled participants during the study period (Figure 4.5). We found that the number of 

CD4+ PD-1+ T cells and CD8+PD-1+ T cells were comparable between baseline (V02) and V17 in 

both groups (Figure 4.5B-C-D-E). Furthermore, the level of CD57+CD8+ T cells at V17 appeared 

slightly higher compared to the baseline (V02) in both groups, but this increase was not 

statistically significant (Figure 4.5G). In addition, two of the Treg-treated patients at V19 (end 

of observation period) had higher numbers of CD57+CD8+ T cells compared to the baseline 

(V02) (Figure 4.5F), however V19 samples for other patients were not available at the time of 

writ ing. Taken together, these data highlight the changes of PD-1 and CD57 expression among 

CD4 and CD8 T cells over time post-transplantation, assessing these changes might help in 

identifying recipients who develop T cells exhaustion and would benefit from immune-

suppression reduction.   
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Figure 4.5 
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Figure 4.5. Analysis of absolute numbers of PD-1+ T cells and CD57+ T cells over time. (A) Schematic illustration 
of the gating strategy for the identification of CD4+PD-1+ T cells, CD8+PD-1+ T cells, CD8+CD57+ T cells and 
CD4+CD57+ T cells. (B-D-F-H) Absolute numbers of CD4+PD-1+ T cells, CD8+PD-1+ T cells, CD8+CD57+ T cells and 
CD4+CD57+ T cells in blood samples collected from patients prior to transplantation (V02) and at 4 (V04), 12 (V05), 
22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks post-
transplant. (C-E-G-I) Absolute numbers of CD4+PD-1+ T cells, CD8+PD-1+ T cells, CD8+CD57+ T cells and CD4+CD57+ 
T cells in the blood samples of the Treg therapy group (n = 3) at V02 and V17 (red) compared to the control group 
(n = 4) at V02 and V17 (blue). Dots represent individual samples. Statistical significance was calculated by one-
ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ ϝǇ ғлΦлрΣ ƴǎ Ґ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘ. Data shown as absolute values 
(B, D, F, H) or mean +/- SD. 

 

4.3.3.5 tƘŜƴƻǘȅǇƛŎŀƭ ŀƴŀƭȅǎƛǎ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƻǾŜǊ ǘƛƳŜ Ǉƻǎǘ-transplantation shows a reduction 

ƛƴ ǘƘŜ ±ʵн+ ɹ ʵ ¢ ŎŜƭƭ ǎǳōǎŜǘ  

ʴʵ ¢ ŎŜƭƭǎ ŀǊŜ ŀ ǎǳōǇƻǇǳƭŀǘƛƻƴ ƻŦ ƭȅƳǇƘƻŎȅǘŜǎ ŜȄǇǊŜǎǎƛƴƎ ¢-cell receptors (TCRs) composed of 
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yet to be elucidated, with evidence of both their detrimental and tolerogenic roles in several 
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immunophenotyping of liver transplant recipients who developed operational tolerance has 

ǊŜǾŜŀƭŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ ŀ ±ʵмΥ±ʵн Ǌŀǘƛƻ ƻŦ ҔмΦ49 By contrast, the 
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ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ±ʵм ŀƴŘ ±ʵн ǎǳōǎŜǘǎ ƘŀǾŜ ōŜŜƴ ŀƴŀƭȅǎŜŘ ƛƴ ǘƘŜ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƻŦ ƭƛǾŜǊ 

transplant patients with stable graft function compared with those whose grafts had rejected, 

showing an increase in the proportion of ±ʵн ʴʵ ¢ ŎŜƭƭǎ ōŜƛƴƎ ǊŜǇƻǊǘŜŘ ŘǳǊƛƴƎ ŀƭƭƻƎǊŀŦǘ 

rejection episodes.50  

Here, ǿŜ ǉǳŀƴǘƛŦƛŜŘ ǘƘŜ ŀōǎƻƭǳǘŜ ƴǳƳōŜǊǎ ƻŦ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ǊŜƴŀƭ ǘǊŀƴǎǇƭŀƴǘ 

recipients receiving Treg therapy. We observed a slight increase in the number ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƛƴ 

the Treg therapy group at 44 weeks post-transplant (V17) in comparison to baseline (V02) 

(Figure 4.6B and CύΦ ¢Ƙƛǎ ƳƛƎƘǘ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ¢ǊŜƎ ƛƴŦǳǎƛƻƴ ōƻƻǎǘǎ ǘƘŜ ǊŜǇƻǇǳƭŀǘƛƻƴ ƻŦ ʴʵ ¢ ŎŜƭƭǎ 

ς however, this increase was not statistically significant. We also examined the numbers of 

ǘƘŜ ǘǿƻ Ƴŀƛƴ ʴʵ ¢ ŎŜƭƭ ǎǳōǎŜǘǎΣ ƴŀƳŜƭȅ ±ʵм+ ŀƴŘ ±ʵн+, over time (Figure 4.6D and F). There 

was a trend toward an increase in the number of ±ʵм+ ʴʵ /5о+ T cells at 44 weeks post-

transplant (V17) compared to baseline (V02) in both groups, although this was not statistically 

significant (Figure 4.6E). Conversely, we observed a reduction in the number of ±ʵн+ ɹ ʵ ¢ ŎŜƭƭǎ 

at 44 weeks post-transplant (V17) as compared to the baseline level (V02) in the control group, 

but was not statistically significant (Figure 4.6GύΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǊŜǇƻǇǳƭŀǘƛƴƎ ʴʵ ¢ ŎŜƭƭǎ 

ƘŀǾŜ ŀƴ ŀƭǘŜǊŀǘƛƻƴ ǘƻǿŀǊŘǎ ƳƻǊŜ ±ʵм+ ŀƴŘ ŦŜǿŜǊ ±ʵн+ cells, which might have a role in 

promoting tolerance. 

Figure 4.6 
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Figure 4.6. Absolute numbers of TCR-ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ ǘƘŜƛǊ ǎǳōǇƻǇǳƭŀǘƛƻƴǎΣ ±ʵм ŀƴŘ ±ʵн+ ʴʵ ¢ ŎŜƭƭǎΣ ƛƴ ǘƘŜ 
peripheral blood of renal transplant recipients over time. (A) Schematic illustration of the gating strategy for 
the identification of ǘƻǘŀƭ ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ ±ʵм+ ŀƴŘ ±ʵн+ ɹ ʵ ¢ ŎŜƭƭǎ. (B-D-F) !ōǎƻƭǳǘŜ ƴǳƳōŜǊǎ ƻŦ ǘƻǘŀƭ ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ 
±ʵм+ ŀƴŘ ±ʵн+ ɹ ʵ ¢ ŎŜƭƭǎ ƛƴ ǿƘƻƭŜ ōƭƻƻŘ ǎŀƳǇƭŜǎ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǇŀǘƛŜƴǘǎ ǇǊƛƻǊ ǘƻ ǘǊŀƴǎǇƭŀƴǘ ό±лнύ ŀƴŘ ŀǘ п ό±лпύΣ 
12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) 
weeks post-transplant. (C-E-G) !ōǎƻƭǳǘŜ ƴǳƳōŜǊǎ ƻŦ ǘƻǘŀƭ ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ ±ʵм+ ŀƴŘ ±ʵн+ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ōƭƻƻŘ ǎŀƳǇƭŜǎ 
of the Treg therapy group (n = 3) at V02 (pre-transplant) and V17 (week 44, post-transplant) (red) compared to 
the control group (n = 4) at V02 and V17 (blue). Dots represent individual samples. Statistical significance was 
calculated by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊisons, ns = not significant. Data shown as 
absolute values (B, D, F) or mean +/- SD. 
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4.3.3.6 Peripheral B cells repopulate rapidly and exceed baseline levels  

Humoral immunity is a crucial component of the alloimmune response. It is well reported that 

alloantibodies produced by B cells, including the de novo production of donor-specific 

antibodies (DSAs) post-transplantation, can lead to both acute graft rejection and long-term 

allograft dysfunction.53 In contrast, other studies have suggested that specific populations of 

B cells might contribute to the development of transplant tolerance and can promote allograft 

survival.354 In one example, Louis et al. reported an elevation in the total number of peripheral 

B cells in operationally tolerant renal transplant recipients.279 Newell et al. also demonstrated 

an increase in naïve and transitional B cells in operational renal recipients when compared to 

recipients with biopsy-proven chronic rejection.281 These findings highlight the potential role 

of specific populations of B cells in mediating operational tolerance in renal transplant 

recipients.   

We therefore investigated the phenotypical changes of B cells in the peripheral blood of renal 

transplant recipients before and at regular intervals post-transplant, as well as post-Treg 

infusion (Figure 4.7). Alemtuzumab induction therapy effectively depleted CD19+ B cells from 

the peripheral blood, but the B cells started to repopulate in six out of seven donors from 12 

weeks onward (V05) (Figure 4.7C). Both the proportion and the absolute number of B cells 

increased post-transplant as compared to pre-transplant in the Treg therapy group (Figure 

4.5B-C-D). We also assessed the proportion and absolute number of transitional B cells over 

time, a B cell population thought to contain regulatory B cells (Figure 4.7B and E). It is 

noteworthy that there was a slight elevation in the absolute number of /5мфҌ/5нпƘƛ/5оуƘƛ 

transitional B cells after Treg infusion (Figure 4.7F). The elevation of /5мфҌ/5нпƘƛ/5оуƘƛ 

transitional B cells was higher at V17 (week 44 post-transplant), compared to V02 in the Treg 

therapy group. This was significant in comparison to the control group (Figure 4.7G), 

suggesting that Treg infusion enriches transitional B cells.  

B cell differentiation stages can be identified by flow cytometry using the CD27-IgD 

classification scheme. We used this scheme to gate ƴŀƠǾŜ . ŎŜƭƭǎ όIgD+CD27ƴŜƎ)Σ ŎƛǊŎǳƭŀǘƛƴƎ 

ƳŀǊƎƛƴŀƭ ȊƻƴŜ . ŎŜƭƭǎ όLƎ5Ҍ/5нтҌΣ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ŘŜǎŎǊƛōŜŘ ŀǎ ǳƴǎǿƛǘŎƘŜŘ ƳŜƳƻǊȅ ŎŜƭƭǎύΣ 

switched memory B cells όLƎ5ƴŜƎ/5нтҌύΣ ŀƴŘ exhausted memory B cells όLƎ5ƴŜƎ/5нтƴŜƎύΦорр 

Collowing alemtuzumab treatment, the level of naïve B cells was increased at V17 when 

compared to pre-transplant levels (V02), especially in the Treg therapy group. Yet, this 
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elevation was not statistically significant (Figure 4.7H). There was a shift to lower levels of 

memory B cells in the peripheral blood, including ƳŀǊƎƛƴŀƭ ȊƻƴŜ . ŎŜƭƭǎ όLƎ5Ҍ/5нтҌύ ŀƴŘ 

switched memory B cells όLƎ5ƴŜƎ/5нтҌύ ƛƴ ōƻǘƘ ƎǊƻǳǇǎ ŀǘ ±мтΣ ŎƻƳǇŀǊŜŘ ǘƻ ±лнΦ.ǳǘΣ ǘƘƛǎ ǿŀǎ 

ƴƻǘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ (Figure 4.7I and J). The IgDƴŜƎCD27ƴŜƎ B cell population, which has 

been described as exhausted memory B cells, was slightly increased in Treg therapy group at 

V17 compared to pre-transplant levels (V02). Yet, this elevation was not statistically significant 

(Figure 4.7K). These data demonstrate the shift of B cell subsets towards more transitional B 

cells post-Treg infusion.    

Figure 4.7 
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Figure 4.7. Analysis of absolute numbers of B cells over time. (A) Schematic illustration of the gating strategy 
for the identification of total B cells, and B cell subsets. (B) Example FACS plots show the percentages of CD19+ 
and CD19+CD24hiCD38hi transitional B cells at V02 pre-transplant (top) and at V17, week 44 post-transplant 
(bottom) from one of the Treg-treated recipients. (CςE) Absolute numbers of total B cells and CD19+CD24hiCD38hi 

transitional B cells in whole blood samples collected from patients prior to transplant (V02) and at 4 (V04), 12 
(V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks 
post-transplant. (DςG) Absolute numbers of total B cells and CD19+CD24hiCD38hi transitional B cells in the blood 
samples of the Treg therapy group (n = 3) at V02 and V17 (red) compared to the control group (n = 4) at V02 and 
V17 (blue). (F) Absolute numbers of CD24hiCD38hi transitional B cells in the blood samples of the Treg therapy 
group (n = 3) prior to transplantation (V02) and at 26 (V09), 27 (V10) and 44 (V17) weeks post-transplant. (H-I-J-
K) Absolute numbers of naïve B cells, marginal zone B cells, IgDnegCD27+ B cells, and IgDnegCD27neg B cells in the 
blood samples of the Treg therapy group (n = 3) at V02 and V17 (red) compared to the control group (n = 4) at 
V02 and V17 (blue). Dots represent individual samples. Statistical significance was calculated by one-way ANOVA 
ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ  ns = non-significant; *p < 0.05,**p < 0.01. Data shown as absolute values 
(C, E) or mean +/- SD. 
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4.3.3.7 Alterations in the absolute numbers and frequencies of NK and NKT populations over 

time  

NK cells play a critical role in anti-viral and anti-tumour defence.356 NK cells are heterogeneous 

and consist of different subsets with different properties. In humans, studies have reported 

the presence of two main NK subsets in the peripheral blood357: (1) CD56dim NK cells, which 

were revealed to be more abundant and highly cytotoxic towards virally infected cells or 

cancer cells. These cells express Fc gamma receptor όC/ʴwύ CD16, which can recognise the Fc 

portion on several IgG subclasses and mediate antibody-dependent cellular cytotoxicity. (2) 

CD56bright NK cells, which express a low level of CD16 and have regulatory activity.358,359  

It is well established that NK cells can contribute to allograft damage.360, 361 In contrast, 

growing evidence is now indicating that NK cells may also have a significant role in allograft 

tolerance.362, 363 For example, studies have reported an increase of NK cells in the peripheral 

blood of tolerant renal and liver recipients.280, 364 There is work showing that in tolerant 

recipients the cytotoxic CD56dim NK subset decreases, while the immunoregulatory 

CD56bright NK subset increases over time post-transplantation.365 NKT cells are a subset of T 

cells that co-express NK cell surface maǊƪŜǊǎ ŀƴŘ ŀ ŎƻƴǎŜǊǾŜŘ ʰʲ ¢/w ǊŜǇŜǊǘƻƛǊŜΣ ǿƘƛŎƘ 

recognise glycolipid proteins presented by MHC class I-like protein CD1d.366, 367 They play a 

critical role in several pathological states, including microbial infection,368 autoimmunity,369 

and cancer.370  

Here, we immune-monitored the peripheral CD56+ NK cells and the CD56+CD3+ NKT cells over 

time pre- and post-transplant and investigated the impact of alemtuzumab induction along 

with Treg infusion on the peripheral NK cell repertoire. As shown in Figures 4.8A, we found an 

increase in the percentage of total NK cells in the Treg therapy group post-transplantation, as 

compared to pre-transplantation. However, the absolute number of total NK cells was 

comparable at V17, compared to the baseline in both groups (Figure 4.8C). We also observed 

a trend towards a reduction in the percentage and absolute number of CD56+CD3+ NKT cells 

at 44 weeks post-transplantation (V17) in comparison to pre-transplantation in both groups 

(Figure 4.8D and E), although this was not statistically significant. We also monitored the 

CD56dim and CD56bright NK cells over time post-transplant (Figure 4.8A-F-H). We found a 

decrease in the frequency of CD56dim NK along with an increase in CD56bright NK at V17 

compared to the baseline (Figure 4.8A). However, the absolute number of CD56dim NK cells 
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was comparable between V17 and the pre-transplant level (V02) in both groups (Figure 4.8G). 

While, there was a trend toward an increase in the number of CD56bright NK cells in V17, 

compared to pre-transplant level (V02) in both groups, this increase was not statistically 

significant (Figure 4.8I). These data highlight the changes of NK and NKT populations over time 

post-transplantation.  
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Figure 4.8. Changes in the absolute numbers and frequencies of NK and NKT populations over time. 

(A) FACS plots show the percentages of CD3, CD56+NK, CD56+CD3+NKT cells and CD56dimCD16hiNK and 

CD56hiCD16low NK cells at V02 pre-transplantation (top) and at V17, week 44 post-transplantation (bottom) from 

one of the Treg-treated recipients. (B-D-F-H) Absolute numbers of total NK cells, NKT cells, CD56dimCD16hi, and 

CD56hiCD16low NK cells in whole blood samples collected from patients prior to transplantation (V02) and at 4 

(V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 

(V19) weeks post-transplant. (C-E-G-I) Absolute numbers of total NK cells, NKT cells, CD56dimCD16hi, and 

CD56hiCD16low NK cells in the blood samples of the Treg therapy group (n = 3) at V02 and V17 (red) compared to 

the control group (n = 4) at V02 and V17 (blue). Dots represent individual samples. Statistical significance was 

calculated by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ ϝǇ ғлΦлрΣ ƴǎ Ґ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘΦ  Data shown 

as absolute values (B, D, F, H) or mean +/- SD. 

 

4.3.3.8 Modest changes in peripheral Tregs after Treg infusion in renal transplant 

recipients  

Next, we monitored peripheral Tregs (FOXP3+ cells) over time. Initially, we found an increase 

in the frequency of FOXP3+ cells at V10 (1 week post-Treg infusion), at around 9%, after which 

the frequency reduced over time, as demonstrated in Figure 4.9A. We also observed an 

increase in the number of peripheral FOXP3+ Tregs after Treg infusion at V10, when compared 

to V09, but this increase was not statistically significant (Figure 4.9B and C). The level of 

FOXP3+ cells at V17 was reduced in both groups, compared to pre-transplant level; this 

reduction was statistically significant in the control group (Figure 4.9D). In addition, the level 

of FOXP3+ Helios+ cells at V17 was reduced in both groups, compared to pre-transplant level; 

this reduction was not statistically significant (Figure 4.9F). We observed an increase in the 

frequency of FOXP3+CD39+ at V10 (post-Treg infusion)(data not shown), suggesting that Treg 

infusion enriches the peripheral CD39+ Tregs. However, there was a trend toward a decrease 

in the number of FOXP3+CD39+ at V17, compared to baseline level (V02) in both groups, 

although this was not statistically significant (Figure 4.9G-H). These data highlight the changes 

of Treg subsets over time post-transplantation.  
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Figure 4.9 
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Figure 4.9. Absolute numbers of Tregs in the peripheral blood of renal transplant recipients over time. (A) FACS 
plots show the gating strategy of Tregs and the percentages of FOXP3+ cells prior to transplantation (V02) and at 
24 (V08), 26 (V09), 27 (V10) and 44 (V17) weeks post-transplant from one of the Treg-treated recipients. (B-E-G) 
Absolute numbers of FOXP3+ cells, FOXP3+Helios+ cells, and FOXP3+CD39+ cells in the blood samples collected 
from patients prior to transplantation (V02) and at 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 
(V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks post-transplant. (C) Absolute numbers of FOXP3+ cells in 
the blood samples of the Treg therapy group (n = 3) prior to transplantation (V02), before Treg infusion at 26 
(V09), after Treg infusion 27 (V10) and at 44 (V17) weeks post-transplant. (D-F-H) Absolute numbers of FOXP3+ 

cells, FOXP3+Helios+ cells, and FOXP3+CD39+ cells in the blood samples of the Treg therapy group (n = 3) at V02 
and V17 (red) compared to the control group (n = 4) at V02 and V17 (blue). Dots represent individual samples. 
Statistical significance was calculated by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎons, *p <0.05, ns = 
not significant. Data shown as absolute values (B, E, G) or mean +/- SD. 

4.4 Phenotypical analysis of the peripheral immune cell compartment in renal 

transplant recipients by mass cytometry (CyTOF) 

4.4.1 Specimens and CyTOF panel  

Next, we explored whether using a bigger panel of 30 markers analysed by mass cytometry 

can have practical and scientific advantages over using flow cytometry based DuraClone 
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panels. Peripheral blood samples were collected from donors (n = 3) and renal transplant 

recipients (enrolled in the TWO Study trial) at five different time points, including 2 weeks pre-

transplant (V02-(n = 2)), 24 (V08-(n = 4)), 30 (V12-(n = 4)), 38 (V13-(n = 4)) and 72 weeks post-

transplant (V19-(n = 1)). Fresh blood was stained using 30 markers panel and multiplexed for 

processing by CyTOF. This panel, designed by Fluidigm, enables the comprehensive 

identification and characterisation of various immune cells within the peripheral blood of 

renal transplant recipients (Figure 4.10). This panel was designed to detect all major T cell 

subsets (CD4+ and CD8+ naïve, CM, EM, and terminal effector (TE)), regulatory T cells, NK cells, 

bY¢ ŎŜƭƭǎΣ . ŎŜƭƭ ǎǳōǎŜǘǎ όƴŀƠǾŜΣ ƳŜƳƻǊȅ ŀƴŘ ǇƭŀǎƳŀōƭŀǎǘύΣ ƎŀƳƳŀ ŘŜƭǘŀ όʴʵ) T cells, 

monocytes, and DCs, in addition to granulocytes, including basophils, eosinophils and 

neutrophils (Table 2-4 shows the list of metal-conjugated antibodies used in this assay).     

Figure 4.10 

 

 

 

 

 

 

 

 

Figure 4.10. CyTOF panel to study the phenotypical changes of leukocytes in the peripheral blood of renal 
transplant recipients. The Maxpar Direct Immune Profiling Kit, designed by Fluidigm, includes 30 antibodies for 
the comprehensive identification and characterisation of several immune cell populations, including all major T 
cell subsets (CD4+ and CD8+ naive, CM, EM and TE), regulatory T cells, CD4-mucosal-associated invariant T cells 
όa!L¢ύκƴŀǘǳǊŀƭ ƪƛƭƭŜǊ ¢ όbY¢ύ ŎŜƭƭǎΣ . ŎŜƭƭ ǎǳōǎŜǘǎ όƴŀƠǾŜΣ ƳŜƳƻǊȅ ŀƴŘ ǇƭŀǎƳŀōƭŀǎǘύΣ bY ŎŜƭƭǎΣ ƎŀƳƳŀ ŘŜƭǘŀ όʴʵύ ¢ 
cells, monocytes, dendritic cells (DCs) and granulocytes, including basophils, eosinophils and neutrophils. 

 



Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell compartment 
following Treg therapy in renal transplantation 

109 
 

4.4.2 Results 

4.4.2.1 Manual gating strategy to identify CD45+ cells for downstream automated analysis 

A clean-up strategy was used to remove debris, normalisation beads, doublets and dead cells 

prior to cell gating using antibody targets. The Beads parameter was plotted against Time of 

experimental measurement (in minutes) to select the largest band of events (red-orange-

yellow colouring) and to exclude the beads as demonstrated in Figure 4.11. Then, Gaussian 

discrimination (GD) channels (Center, Width, Offset, Residual) versus Time were used to select 

the largest band of events and to exclude the doublet. Next, event length, which is generated 

based on the time taken for the contents of an ion cloud to travel, was used to estimate the 

cell size, after which the intact cells were gated based on the DNA Intercalator, including 191Ir 

and 193Ir versus Time, which were used to identify nucleated (DNA-containing) cells. This was 

followed by manual gating of the CD45+ compartment based on the CD45 vs CD66b channels 

for the downstream automated analysis.  

Figure 4.11 

 

Figure 4.11. The gating strategy for the clean-up and identification of the CD45+ compartment by the Cytobank 
platform. A clean-up strategy was used to remove debris, normalisation beads, doublets and dead cells. Beads 
versus Time of experimental measurement (in minutes) was used to gate the low-intensity events and to exclude 
the beads. Gaussian discrimination (GD) channels (Center, Width, Offset, Residual) versus Time were used for 
the clean-up method, followed by Event length versus Time, nucleated (DNA-containing) cells, 191Ir versus Time, 
and 193Ir versus Time to identify nucleated cells. A CD45 vs CD66b plot was used to gate the CD45 population 
manually for the downstream automated analysis.  
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4.4.2.2 The viSNE map of the CD45 population identifies known immune cells based on the 

staining intensity of an indicated marker 

viSNE analysis allows the visualisation of high-dimensional data into a two-dimensional plot 

using t-distributed stochastic neighbour embedding (t-SNE) algorithms.  After gating the 

CD45+ cells manually by the Cytobank platform, we used this population for viSNE analysis to 

visualise the distribution of cell phenotypes. The viSNE map identifies known immune cells 

based on the staining intensity of an indicated marker. For example, we identified the 

monocytes based on the intensity of CD14 (Figure 4.12A). We also identified NK cells, DCs, B 

ŎŜƭƭǎΣ ¢ ŎŜƭƭǎ ŀƴŘ ȅʵ ŎŜƭƭǎ όCƛƎǳǊŜ пΦмн!ύΦ .ŜŦƻǊŜ ŜȄŀƳƛƴƛƴƎ ǘƘŜ Ǿƛ{b9 Řŀǘŀ ƛƴ ŘŜǘŀƛƭΣ ǘƘŜ ƳŀǇǎ 

were used to check antibody binding specificity and to confirm that the cellular markers 

expressed by different cell populations were consistent with the molecules that were 

expected to be expressed by particular lineages. For example, as expected, CD3+ T cell islands 

contain both CD4+ and CD8+ islands; these islands were negative for monocyte marker CD14 

(Figure 4.12A). Some of the CD56+ NK cells expressed the NK markers CD16 and CD57, but not 

CD8 or CD4 (Figure 4.12A). We also used unbiased clustering analysis (FlowSom)327 to assess 

the changes in cellular subsets within CD45+ cells over time including 2 weeks pre-transplant 

(V02-(n = 2)), 24 (V08-(n = 4)), (V13-(n = 4)). As shown in (Figure 4.12B), the FlowSom analysis 

identified a total of 40 phenotypically distinct clusters within the CD45 compartment. In 

addition, FlowSom revealed a depletion in most of the clusters after alemtuzumab induction 

therapy at 24 weeks post-transplant (V08), which was followed by gradual recovery at 30 

weeks post-transplant (V12). The heatmap showed the expression of cellular markers 

expressed by the cell subsets, which was identified by the FlowSOM analysis (Figure 4.12C). 
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Figure 4.12 
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C

 

Figure 4.12. ViSNE maps of CD45+ cells are coloured according to the staining intensity of the indicated marker. 
(A) Merged samples were used to generate visualisation stochastic neighbour embedding (viSNE) plots of CD45+ 
cells depicting the expression pattern of CD14+, CD56+, CD123+, CD11c+, CD19+, CD3+, CD8+, CD4+, CD25+Σ ʴʵ+ T, 
CD57+ and CD16+ cells. (B) A FlowSom clustering algorithm was performed on the total CD45 at 2 weeks pre-
transplant (V02), 24 (V08), and 30 (V12) weeks post-transplant to assess distinct cellular subsets within the CD45 

population. (C) Heatmap showing mean expression of the markers expressed by the cell subsets identified in (B).  
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4.4.2.3 High-dimensional clustering analysis revealed changes in the peripheral CD4+ T cell 

subsets over time  

We next examined the changes in CD4+ T cell subsets post-transplant by performing FlowSOM 

clustering on the CD4+ population using 15 cellular markers at five different time points, 

including 2 weeks pre-transplant (V02-(n = 2)), 24 (V08-(n = 4)), 30 (V12-(n = 4)), 38 (V13-(n = 

4)) and 72 weeks post-transplant (V19-(n = 1)). FlowSOM identified 10 distinct clusters within 

the peripheral CD4 compartment, which revealed a high degree of heterogeneity within 

CD4+ T cells (Figure 4.13A). We next identified these clusters using the heatmap, which 

showed the expression of cellular markers on each cluster (Figure 4.13B). For example, 

ŎƭǳǎǘŜǊǎ Ім ŀƴŘ Ір ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ʴʵ ¢ ŎŜƭƭ ŎƭǳǎǘŜǊǎ ōŜŎŀǳǎŜ ǘƘŜȅ ŜȄǇǊŜǎǎŜŘ ǘƘŜ ¢/w ʴʵ 

marker. Clusters #7 and #9 were identified as naïve T cell clusters because they are 

CD45RA+CCR7+ (the table in Figure 4.13D shows in detail the cellular markers expressed on 

each cluster). We then assessed the changes in the CD4 clusters, including naïve (CD45RA+ 

CD45ROneg CCR7+, clusters #7 and #9), EM (CD45RAneg CD45RO+ CCR7neg, cluster #10), CM 

(CD45RAnegCD45RO+ CCR7+, cluster #8), and TEMRA (CD45RA+CCR7neg, clusters #2, #3, #4 and 

#6) subsets over time post-transplant, as well as the ɹʵ /5п T cells (clusters #1 and #5). 

Analysis revealed an expansion in clusters #1 and #5 post-transplant (at V08, V12 and V13), 

followed by reduction at V19 (Figure 4.13C and D). This observation is in agreement with the 

flow cytometry immune-monitoring data, which showed a slight expansion in the number of 

ʴʵ ¢ ŎŜƭƭǎ ƻǾŜǊ-time post transplant (Figure 4.6A). Moreover, generally, there was an increase 

in the percentages of clusters #2, #3, #4 and #6 post-transplant (V08, V12, V13 and V19) 

compared to the baseline (V02) (Figure 4.13C). These clusters were identified as TEMRA CD4 

clusters as they were CD45RA+ and CCR7neg. Among these clusters, an interesting expansion 

was seen in cluster #4 at a single V19 time point, compared to V02 (Figure 4.13C). The 

heatmap revealed that cluster #4 was a TEMRA subset that expressed the chemokine receptor 

CXCR3, activation markers CD27 and CD38, and exhaustion marker CD57 (Figures 4.13B and 

D). It will be of interest to determine if this observation would be repeated in further patients 

as more patients reach the last immune monitoring time point. In addition, a clear reduction 

in the percentages of naive cluster #9 was seen at all post-transplant time points, compared 

to V02 (Figure 4.13C). These observations are in line with flow cytometry immune-monitoring 

data, which showed a trend towards reduction in the absolute number of naïve CD4 subset 

over time post-transplant (Figure 4.4E). 
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Figure 4.13 
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Figure 4.13. Analysis of the peripheral CD4+ compartment over time by CyTOF. (A) Representative viSNE 
analysis of peripheral CD4+ T cells using the FlowSOM clustering algorithm from the peripheral blood of healthy 
donors (n = 2) and renal transplant recipients prior to transplantation (V02: n = 2) and at 24 (V08: n = 4), 30 (V12: 
n = 4), 38 (V13: n = 4) and 72 (V19: n = 1) weeks post-transplant. (B) Heatmap showing the median expression of 
cellular markers expressed in the clusters identified by FlowSOM. (C) Percentages of each cluster within the CD4 
compartment calculated by the FlowSOM algorithm at (V02), 24 (V08), 30 (V12), 38 (V13) and 72 (V19) weeks 
post-transplant. Dots represent individual samples. (D) Table shows that CD4 clusters were identified based on 
their cellular marker expression.  

 

4.4.2.4 High-dimensional clustering analysis revealed changes in the peripheral CD8 subsets 

over time  

We next analysed the changes in CD8 T cell subsets over time post-transplant by performing 

the same unbiased clustering strategy on the CD8+ compartment using 15 cellular markers at 

five different time points, including 2 weeks pre-transplant (V02-(n = 2)), 24 (V08-(n = 4)), 30 

(V12-(n = 4)), 38 (V13-(n = 4)) and 72 weeks post-transplant (V19-(n = 1)). The analysis revealed 

heterogeneity within the CD8 T cells manifesting in 10 distinct clusters (Figure 4.14A). These 

clusters were visualised on the heatmap, which showed the expression of cellular markers on 

each cluster (Figure 4.14B). We deconvoluted the frequencies of naïve (cluster #1), CM (cluster 

#3), EM (clusters #4, #7, #8 and #10) and TEMRA (clusters #2 and #9) subsets. The analysis 

revealed a reduction in the frequency of clusters #4 (EM) post-transplant versus the baseline 

(Figure 4.14C and D). We observed a defined subset of EM CD8 T cells (cluster #8) 

characterised by the expression of CCR4, CCR6, CD25, and CXCR3, which was reduced post-

transplant compared to the baseline (Figure 4.14C and D). The analysis also revealed an 

increase post transplantation in the frequency of TEMRA clusters #2, and #9 (Figure 4.14C and 

D). These observations are in line with flow cytometry immune-monitoring data, which 

showed a slight increase in the absolute number of TEMRA CD8 subset in some patients over 

time post-transplant (Figure 4.4F). 
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Figure 4.14  
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Figure 4.14. Analysis of the peripheral CD8+ compartment over time by CyTOF. (A) Representative viSNE 
analysis of peripheral CD8+ T cells using the FlowSOM clustering algorithm from the peripheral blood of healthy 
donors (n = 2) and renal transplant recipients prior to transplantation (V02: n = 2) and at 24 (V08: n = 2), 30 (V12: 
n = 4), 38 (V13: n = 4) and 72 (V19: n = 1) weeks post-transplant. (B) Heatmap showing the median expression of 
cellular markers expressed in the clusters identified by FlowSOM. (C) Percentages of each cluster within the CD8 
compartment calculated by the FlowSOM algorithm at (V02) and at 24 (V08), 30 (V12), 38 (V13) and 72 (V19) 
weeks post-transplant. Dots represent individual samples. (D) Table shows that CD8 clusters were identified 
based on their cellular marker expression.  

4.4.2.5 Changes in peripheral B cell subsets post-transplant  

We next examined changes in the B cell subsets after transplant by performing unbiased 

clustering on CD19+ cells over time . FlowSOM analysis revealed heterogeneity within the B 

cells manifested by six distinct clusters (Figure 4.15A). We then identified these clusters using 

a heatmap, which showed the expression of cellular markers on each cluster (Figure 4.15B). 

We analysed the frequencies of B cell clusters over time post-transplant. The analysis revealed 

an increase in the frequencies of cluster #1 post-transplant compared to the baseline, with 

the cells in this cluster having the naïve B cell phenotype, as they were CD19+ CD20+ IgD+ 

CD27neg, and they were express CCR6,CCR7, and CXCR5 (Figure 4.15B). We also observed a 

strong reduction in the frequencies of cluster #3, and #5 (marginal zone B cells), and cluster 

#4 (switched memory B cells) post-transplant compared to the baseline (Figure 4.15B). This 

finding suggests that the induction therapy alemtuzumab shifted the B cell compartment into 

a high level of naïve phenotypes. We also observed the appearance of cluster #6 post-

transplant, which might be transitional B cells, as these cells were mainly CD27neg and 

expressed a high level of CD38. These results confirm the flow cytometry analysis of peripheral 

B cells, which showed an increase in the naïve B cells and an increase in transitional B cells 

post-transplant (Figure 4.7).   
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Figure 4.15 

 

 

 

 

     

 

 

B 

 

 

D 

B cell clusters Markers 

Cluster1-Naive CD19+CD20+IgD+CD27neg CCR6+CCR7+ CXCR5+CD38+ HLA-DR+ 

Cluster2-Naive CD19+CD20+IgD+CD27neg CCR6+ CCR7neg CXCR3+CXCR5+CD38neg HLA-DR+ 

Cluster3-Marginal zone B 
cells  

CD19+CD20+IgDlowCD27+ CCR6+CCR7+ CXCR3+CXCR5+ CD38low HLA-DR+ 

Cluster4-Switched 
memory B cells 

CD19+CD20negIgDnegCD27+ CCR6negCCR7negCXCR3low CXCR5neg CD38+HLA-
DR+ 

Cluster5-Marginal Zone B 
cells 

CD19+CD20+IgDlowCD27+ CCR6+ CCR7+ CXCR3neg CXCR5+ HLA-DR+ 

Cluster6-  

Transitional B cells 

CD19+CD20+IgD+ CD27negCD38+CCR6+ CCR7neg CXCR3neg CXCR5neg HLA-DR+ 

 

V02 V08 V12 V13 V19

0

50

100

150

Cluster1

%
 o

f 
B
 c

el
ls

V02 V08 V12 V13 V19

-5

0

5

10

15

20

Cluster2

%
 o

f 
B
 c

el
ls

V02 V08 V12 V13 V19

0

50

100

Cluster3

%
 o

f 
B
 c

el
ls

V02 V08 V12 V13 V19

-1

0

1

2

3

4

Cluster4

%
 o

f 
B
 c

el
ls

V02 V08 V12 V13 V19

0

10

20

30

40

Cluster5

%
 o

f 
B
 c

el
ls

V02 V08 V12 V13 V19

-2

0

2

4

6

8

Cluster6

%
 o

f 
B
 c

el
ls

A C 



Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell compartment 
following Treg therapy in renal transplantation 

119 
 

 

Figure 4.15. Analysis of peripheral B cells over time by CyTOF. (A) Representative viSNE analysis of peripheral B 
cells using the FlowSOM clustering algorithm from the peripheral blood of healthy donors (n = 2) and renal 
transplant recipients prior to transplantation (V02: n = 2) at 24 (V08: n = 4), 30 (V12: n = 4), 38 (V13: n = 4) and 
72 (V19: n = 1) weeks post-transplant. (B) Heatmap showing the median expression of cellular markers expressed 
in the clusters identified by FlowSOM. (C) Percentages of each cluster within the B cell compartment calculated 
by the FlowSOM algorithm at (V02) and at 24 (V08), 30 (V12), 38 (V13) and 72 (V19) weeks post-transplant. Dots 
represent individual samples. (D) Table shows B cell clusters identification based on specific marker expression.  

 

 

4.4.2.6 Changes in peripheral NK and NKT cell subsets post-transplant  

We next examined the changes in the NK and NKT subsets after transplant by performing 

unbiased clustering on the CD56+ population. FlowSOM analysis revealed heterogeneity 

within the NK and NKT cells manifested by five distinct clusters (Figure 4.17A). We then 

identified the clusters using the heatmap, which showed the expression of cellular markers on 

each cluster (Figure 4.16B). We next analysed the frequencies of identified  clusters over time 

post-transplant. We found that 4 out of 5 clusters (cluster #1 ς cluster #4) were CD56dim and 

CD16+, and expressed a CD3 marker, thus likely belonging to the NKT cell compartment, while 

cells in cluster #5 were CD56brightCD16high and negative for CD3, forming the main NK cell 

subset (Figures 4.16 C and D).  
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Figure 4.16 
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Figure 4.16. Analysis of peripheral NK and NKT cells over time by CyTOF. (A) Representative viSNE analysis of 
CD56+ cells using the FlowSOM clustering algorithm from the peripheral blood of healthy donors (n = 2) and 
renal transplant recipients prior to transplantation (V02: n = 2) at 24 (V08: n = 4), 30 (V12: n = 4), 38 (V13: n = 4) 
and 72 (V19: n = 1) weeks post-transplant. (B) Heatmap showing the median expression of cellular markers 
expressed in the clusters identified by FlowSOM. (C) Percentages of each cluster within the CD56+ cell 
compartment calculated by the FlowSOM algorithm at (V02) and at 24 (V08), 30 (V12), 38 (V13) and 72 (V19) 
weeks post-transplant. Dots represent individual samples. (D) Table shows that the NK and NKT cell clusters were 
identified based on their cellular marker expression.  

 

 

4.4.2.7 Changes in peripheral monocyte subsets post-transplant    

We also examined the changes in the monocyte population over time post-transplant by 

performing unbiased clustering on the CD14+ compartment. The FlowSOM analysis revealed 

heterogeneity within the monocytes manifesting in 10 distinct clusters (Figure 4.17A and B). 

Clusters #3, #5, #6,and #7 were excluded from the analysis as there frequencies were below 

1%.We observed an increase in the frequency of cluster #9 post-transplant over the baseline, 

these cells were expressed CD14+ and CD16int, thus likely belonging to classical monocytes 

subset  (Figures 4.17C and D).  
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Figure 4.17 
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Cluster5- CD14+CD16int CD11c+ CCR6int CD123intCD38+HLA-DR+ 

Cluster8- CD14+CD16int CD11c+CD27+CXCR3+CD28+CD38+ HLA-DR+ 

Cluster9- CD14+ CD16int CD11c+CCR4+CD38+HLA-DR+ 

Cluster10- CD14+CD16int CD11c+CCR6+ CCR7+CXCR5+CD38+HLA-DR+ 

 

Figure 4.17. Analysis of peripheral monocyte subsets over time by CyTOF. (A) Representative viSNE analysis of 
peripheral monocytes using the FlowSOM clustering algorithm from the peripheral blood of healthy donors (n = 
2) and renal transplant recipients prior to transplantation (V02: n = 2) and at 24 (V08: n = 4), 30 (V12: n = 4), 38 
(V13: n = 4) and 72 (V19: n = 1) weeks post-transplant. (B) Heatmap showing the median expression of cellular 
markers expressed in the clusters identified by FlowSOM. (C) Percentages of each cluster within the monocyte 
compartment calculated by the FlowSOM algorithm at (V02), 24 (V08), 30 (V12), 38 (V13) and 72 (V19) weeks 
post-transplant. Dots represent individual samples. (D) Table showing monocyte clusters identified based on 
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their specific expression. Clusters #3, #5, #6,and #7 were excluded from the analysis as there frequencies were 
below 1%.  

 

4.5 Phenotypical analysis of peripheral Treg compartment by mass cytometry 

(CyTOF) 

4.5.1 Study design and participants  

In order to further characterise the peripheral Treg compartment in patients receiving Treg 

cell therapy, we utilised available samples from a preliminary, small scale phase I study 

utilising the same cell product as the current trial. This was a phase I clinical trial of autologous 

polyclonal-expanded Tregs in renal transplant patients (The ONE Study ό9ǳ5Ǌŀ /¢Σ bƻ нлммπ

ллполмπнпύ).105 The aim of this study was to assess the feasibility and safety of several immune 

regulatory cells using a single standardized immunosuppression regime and a reference 

cohort, which was used as a comparison. Patients in the control arm received basiliximab as 

an induction therapy followed by standard maintenance immunosuppression (tacrolimus, 

MMF, and a reducing dose of prednisolone), while patients in the cell therapy arm received 

the same standard maintenance immunosuppression drugs but without basiliximab. These 

patients received a single dose of up to 10x106/kg autologous polyclonal-expanded Tregs on 

day 5 post-transplant.  

4.5.2 Specimens and CyTOF panel   

Peripheral blood mononuclear cells (PBMCs) were collected from six renal transplant 

recipients from the cell therapy arm at three different time points: pre-transplantation (V01: 

n = 6), 2 weeks post-transplantation (V03: n = 3) and 60 weeks post-transplantation (V10: n 

=6). These were compared to PBMCs at 60 weeks post-transplantation (V10: n = 3) collected 

from patients in the control arm of the trial, as demonstrated in (Figure 4.18). CD4+ cells were 

isolated and multiplexed for processing by CyTOF. In this assay, we used a panel of 36 metal-

labelled monoclonal antibodies specific for surface and intracellular markers associated with 

Treg function and phenotype (Table 2-5 shows the list of antibodies used in this assay).  
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Figure 4.18 

 

Figure 4.18. Experimental design for phenotyping analysis of peripheral Tregs from renal transplant recipients 
receiving Treg therapy. Six renal transplant patients received a single dose of up to 10x106/kg autologous 
polyclonally expanded Tregs shortly after transplantation followed by standard maintenance 
immunosuppression. PBMCs were collected at three different time points: V01, pre-transplantation; V03, 2 
weeks post-transplantation; and V10, 60 weeks post-transplantation. CD4+ cells were isolated and multiplexed 
for processing by CyTOF mass spectrometry. The phenotype and composition of peripheral Tregs were examined 
using a dedicated 36-antigen panel.  

 

4.5.3 Results 

4.5.3.1 Changes in peripheral blood Treg frequency after infusion of Treg therapy in renal 

transplant recipients  

CD4+ T cells and CD4+CD25+CD127low were gated manually using the Cytobank platform for 

downstream analysis. Then, the high-dimensional viSNE analysis was applied to the CD4 

compartment to visualise the T cell clusters. CD4 viSNE maps were annotated based on the 

intensity of FOXP3 expression. As shown in (Figure 4.19A), Tregs were identified by the 

expression of FOXP3 (red) and clustered together into a distinct CD4+ population. We 

observed changes in Treg frequency as a percentage of total CD4+ T cells between V01 (4 

weeks pre-transplantation) and V03 (2 weeks post-transplantation) or at V10 (60 weeks post-

transplantation) (Figure 4.19A and B). However, these changes were not statistically 



Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell compartment 
following Treg therapy in renal transplantation 

125 
 

significant. The percentages of Tregs at V10 (60 weeks post-transplantation) were at a similar 

level between Treg-treated patients and control patients (Figure 4.19C). 

Figure 4.19 

 

 

 

 

 

 

 

 

Figure 4.19. The frequency of Tregs (gated as FOXP3+ cells) within peripheral blood CD4+ T cells assessed in 
renal transplant recipients receiving an infusion of Treg therapy. (A) t-distributed stochastic neighbour 
embedding (t-SNE) plot of CD4+ cells annotated based on the intensity of FOXP3 expression from one patient 
pre-transplantation (V01), and at 2 (V03) and 60 (V10) weeks post transplantation. (B) Changes in Treg frequency 
as a percentage of total CD4+ T cells between V01, V03 and V10 in Treg-treated patients. one-way ANOVA with 
¢ǳƪŜȅΩǎ ǿŀǎ ǳǎŜŘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΦ ƴǎ Ґ ƴƻƴ-significant (C) Treg frequency at V10 (60 weeks post-
transplantation) in Treg-treated patients (red) and control patients (blue). Scatter dots represent individual 
samples. Statistical significance was analysed by unpaired t-tests. ns = non-significant. Data shown as mean +/- 
SD.  
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