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Summary  

Post-transplant morbidity and mortality after allogeneic hematopoietic stem cell transplantation 

(HSCT) and solid organ transplantation (SOT) are mainly caused by relapse of primary 

disease, organ toxicity, graft versus host disease (GvHD), viral infections and reactivation. 

Exacerbation of viral infections most notably with herpes viruses e.g. human cytomegalovirus 

(CMV) and Epstein-Barr virus (EBV) and lytic viruses e.g. adenovirus (AdV) are common post-

transplant due to immunodeficiency, caused by immunosuppression. Upon failure of 

conventional antiviral drug treatment, adoptive cellular therapy with unmanipulated donor 

lymphocyte infusion (DLI) from seropositive donors is administered to reconstitute cellular 

immunity. However, this is limited by immune-mediated complications such as GvHD due to 

presence of alloreactive T-cells, amenable to be controlled through manipulation of the T-cell 

compartment. Strategies to deplete T-cells were developed, but were accompanied with 

impaired immune recovery and increased susceptibility to infections. Subsequently, infusion of 

ex-vivo expanded, donor derived virus-specific T-cells (VSTs) was applied with considerable 

evidence of safety and efficacy. Even so, production of VSTs requires knowledge of 

immunodominant viral epitopes and the availability of good manufacturing practice (GMP) - 

quality grade antigens for stimulation and enrichment. An increasing body of evidence has 

shown that alloreactive T-cells mainly reside in the naïve T-cell (TN) compartment. Thus, 

selective TN-depletion strategies were proposed and are currently undergoing rigorous 

investigations to improve efficacy of these products. 

Herein, two major strategies of selective TN-depletion were established in small scale using 

immunomagnetic CD45RA and CD62L microbeads, aiming to reduce the incidence of GvHD 

by depleting alloreactive TN-cells, while preserving memory T-cells for antiviral immunity. 

Memory T-cells are a heterogeneous subset differing in phenotype, function, and protective 

capacity against different viruses, with unknown contribution to alloreactivity. Purity, 

immunophenotypic parameters, T-cell functionality and alloreactive potential of the resulting 

CD45RA−/CD62L− TN-depleted and CD45RA+/CD62L+ TN-enriched fractions were evaluated. 

The proof of principle was demonstrated using CMV, EBV and AdV as model systems as they 

are among the most important viral infections post-transplant and immune responses against 

these have been well characterised in the past. 

TN-depletion using CD45RA and CD62L resulted in subsequent loss of a low number of antigen-

specific memory T-cell but retained sufficient amounts, which elicited significant breadth of T-

cell responses against a number of viral antigens. In the first study, it was demonstrated that 

CMV-specific T-cell responses are mainly a function of CD8+ late effector memory re-expressing 

RA (TEMRA) and effector memory (TEM) that were in large part, determined by the phenotypic 
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composition of the donor lymphocyte product. With this regard, variabilities between donors led 

to differences in CMV-specific T-cell responses, and subsequent stratification of donors that was 

determined by differences observed in CD45RA+/- fractions (1st manuscript). This study was 

extended to investigate the presence of antigen-specific memory T-cell for viral antigens with 

low precursor frequencies using AdV and EBV as targets. T-cell responses against 

ppEBV_Consensus (control) were consistently higher among all T-cell fractions (CD45RA+/-, 

CD62L+/-). On the other hand, there was no or only low EBNA1 and Hexon-specific T-cell 

responses in TN-enriched fractions, but increased responses in TN-depleted fractions with up to 

two-fold higher in CD45RA- than those in CD62L- after short-term stimulation. Impressively, after 

long-term stimulation, there was a remarkable increase in T-cell response up-to 4-fold for 

EBNA1-specific T-cell response with only marginal difference in ppEBV_Consensus. With this 

data, EBNA1 and Hexon-specific T-cell responses were inferred to be mainly a function of CD4+ 

TEM, while for ppEBV_Consensus, were CD8+ central memory (TCM) and TEM. Moreover, the 

alloreactive potential of CD45RA+/-, CD62L+/- T-cell subsets utilising allogeneic and autologous 

irradiated PBMCs as stimulators in a mixed lymphocyte reaction (MLR) was characterised. TN-

depletion with CD45RA resulted in lower alloreactivity than with CD62L microbeads (2nd 

manuscript). 

This study proves that TN-depletion via CD45RA or CD62L microbeads is feasible in obtaining 

memory T-cell populations of high purity without altering their antiviral functional status. 

Comparison of both depletion strategies indicated that TN-depletion with CD62L will provide 

effective products for management of viral infections relying on presence of CD8+ TEMRA and 

TEM such as CMV; while CD45RA is suitable for those relying on presence of CD4+ TEM, such 

as EBV_EBNA1 and AdV_Hexon. Additionally, CD45RA is inferred to be preferable for 

prevention of GvHD. The data showed that antigen-specific T-cells have a restricted functional 

profile and T-cell responses were determined by phenotypic composition of the lymphocyte 

product and TN-depletion method used. The resulting (CD45RA+/-, CD62L+/-) fractions 

contained specific T-cell phenotypes that subsequently resulted in different strengths of T-cell 

responses against the variety of viral antigens. This provides an important conceptual advance 

in the steps towards provision of T-cell products with the most robust and suitable T-cell subset. 

In this light, clinicians should consider the choice of TN-depletion strategy depending on 

phenotypic composition of lymphocyte product and viral infection being addressed. Overall, 

these strategies are eligible for rapid selection of CD4+ and CD8+ memory T-cells for viral 

targets with unknown epitopes or those lacking GMP-quality grade antigens required for 

production of VSTs; and are easily adaptable to GMP conditions as a short one-step method 

for utilisation in clinical applications in personalised antiviral T-cell immunotherapy. 
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1. Introduction  

1.1 The adaptive and innate immune system 

The immune system comprises of the innate and adaptive systems, that is fortified with diverse 

populations of immune cells. These cells play an integral role that protects the host against 

various pathogens. The innate immune system is virtually the first line of defence, involved in 

eliminating most pathogens before serious damage can occur. It consists of physical as well as 

chemical barriers that include skin, mucous membranes and cells such as: neutrophils, 

macrophages, monocytes and natural killer cells (NK cells), that identify similar patterns or 

molecules that are shared by many pathogens [1]. These molecules include pathogen-

associated molecular patterns (PAMPs), which are recognised by pattern recognition receptors 

(PRRs) such as toll-like receptors (TLRs) [1]. The innate immune response is a quick primary 

response against pathogens that arise shortly following the breach of protective barriers. 

However, it lacks immunological memory; thus, the magnitude of the response is often the same 

each time the pathogen is detected [2].  

Unlike the expedient innate immune responses, the adaptive immune system has evolved to 

eliminate virtually any pathogen in a span of about five to six days. It is divided into the cellular 

immunity that comprise of T-cells that express their T cell receptors (TCRs) which recognise 

short antigen fragments or peptides that are bound to the major histocompatibility complex 

(MHC) molecules [3]. The humoral immunity on the other hand is mediated by B-cells, with B-

cell antigen receptors (BCRs) that is expressed on their cell surface meant to recognise 

extracellular antigens. The humoral immunity produces soluble molecules such as antibodies 

that mediate protection against pathogens via antibody‐neutralizing activity [3]. Adaptive 

response is further characterised by specificity that can form an immunological memory, so that 

subsequent exposure leads to a more vigorous and prompter response [4, 5]. The formation of 

immunological memory is therefore characterised by: 1) the response of memory T cells during 

periods of low antigen exposure, 2) clonal proliferation of T cells upon antigen stimulation [6], 3) 

the potential of the cells to produce cytokines and/or chemokines, 4) the expression of various 

homing receptors, and 5) a brisk display of effector functions [7]. These cardinal features of 

immunological memory are considered to provide benefit for protection against re-infection with 

the same pathogen. 

1.2 T-cell diversity and phenomenon of immunological memory 

T-cells have important roles in mediating immunological protection against tumor antigens, 

infectious pathogens, allergic diseases, and autoimmune diseases. Functionally, T cells are 

quite diverse and can therefore be divided into effector cells that confer antigen control as well 
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This differentiation process is tightly controlled involving transcriptional, metabolic as well as 

epigenetic reprogramming. This process leads to acquisition of effector features that clear the 

pathogen whilst leaving a pool of “memory” T-cells retaining antigen specificity and the 

remaining T-cells undergo apoptosis [19]. A continuum of diversity exists where memory T-cells 

possess unique features that render them highly efficient in triggering robust immunity as 

compared to their naïve counterparts [20]. Memory T-cells often display great diversity in terms 

of anatomical distribution, functional profile, and self-renewal capacity [16, 17] that can be 

identified by their heterogeneous expression of the aforementioned cell surface markers. CCR7 

and CD62L expressed by TCM, home these cells to secondary lymphoid organs, while TEM lack 

these trafficking markers and are therefore preferentially found in non-lymphoid tissues or in the 

periphery [21]. TEM are often the first responders at sites of reinfection, controlling the initial 

exposure to an antigen due to their elevated cytolytic capacity, giving TCM the time required to 

proliferate and create a new round of effectors, finally facilitating pathogen elimination. 

Moreover, TSCM are reported to have even greater potential for expansion and long-term 

persistence than TCM [22]. TEMRA have potent anti-tumor/anti-viral effector function but with 

limited proliferation, and their self-renewal capacity is inversely proportional to their 

differentiation state [23] and engraftment in vivo [24-26]. CD8+ memory T-cells mediate their 

effector functions through production of cytokines such as interferon-gamma (IFN-γ) and tumor 

necrosis factor-alpha (TNF)-α and/or by the cytotoxic effector proteins like granzymes A and B 

as well as perforin [27, 28].  

On the other hand, CD4+ T-cells coordinate both cellular and humoral responses [29] by 

contributing to a web of activities in protective immunity against viral infections. This is 

accomplished via the recruitment of key lymphoid cells into the secondary lymphoid tissues [30] 

or at sites of the pathogen infection [31, 32]. CD4+ T-cells also possess direct effector functions 

[33] by engaging in the production of cytokines, and maintaining responses of CD8+ T cells or 

cell-mediated cytotoxicity or helping B cells in antibody production [34]. Following antigen 

exposure, naïve CD4+ T-cells differentiate into functional subsets divided into T helper type 1 

(Th1) or T helper type 2 (Th2) cells. Th1 mainly provides protection against a variety of 

intracellular infections via production of interleukin (IL)-2, IFN-γ and TNF-α whereas Th2 protects 

against certain extracellular infections by secreting IL-4, IL-5, IL-10 and IL-13 [35, 36]. Generally, 

the effector CD4+ subsets consist mainly of Th1, Th2, Th9, Th17, Th22, regulatory T cell (Treg), 

and follicular helper CD4+ T cells (Tfh) [37] that play a role in mediating adaptive immunity as 

well as orchestrating immune responses directed against a wide variety of infectious pathogens 

[38]. 
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1.3.1 Cytomegalovirus (CMV) 

CMV is a ubiquitous and latent β-herpes virus with a wide range of clinical presentations, 

infecting up to 60−100% people worldwide in adulthood [46, 47]. It is often asymptomatic in 

healthy individuals [48] and could present as a flu-like or mononucleosis-like syndrome. In these 

healthy CMV-seropositive individuals, a high frequency of CMV-specific CD4+ and CD8+ T-cells 

mediate control of viral reactivation preventing clinical symptoms [47, 49]. CMV is the most 

common opportunistic infection in immunocompromised patients, resulting in inflammation of a 

wide range of organs, increased GvHD rate and transplant-related mortality [50, 51]. CMV is 

reported to have a bidirectional relationship with GvHD, since its immunosuppressive treatment 

puts post-transplant patients at risk for CMV replication. Therefore, efforts to resolve this clinical 

paradox are needed in maintaining transplant tolerance. Prophylactic and pre-emptive antiviral 

treatment can reduce CMV-associated complications but prolonged antiviral treatment may 

result in delayed immune reconstitution and substantial toxicity [52]. Moreover, the treatment of 

established CMV disease with antiviral chemotherapy and intravenous immunoglobulin is only 

partially effective, with a high mortality rate for patients developing CMV pneumonia. CMV-

specific T-cell immunity is therefore considered the most effective alternative in controlling CMV 

infection [53, 54] and can be transferred to patients through the infusion of ex vivo-generated, 

donor-derived, CMV-specific T-cells [55]. 

1.3.2 Epstein-Barr virus (EBV)  

EBV is a double stranded DNA virus belonging to the family of human gamma herpesvirus. 

There are majorly four types of EBV viral latency: type 1 expresses EBV-encoded nuclear 

antigen 1 (EBNA1), type 2 expresses both EBNA1 and the latent membrane proteins (LMP) 

while type 3 expresses EBNA3 and latency-associated proteins [56]. In type 4 of latency, the 

genomes are found in the majority of circulating B cells but their viral proteins cannot be detected 

in healthy individuals. Approximately 50–89% of children and 90% of adults are infected, with 

infection being usually asymptomatic and further remains latent in memory B cells [57]. Periodic 

reactivation normally occurs in the oral mucosa, where virions are shed in the saliva propagating 

transfer of EBV infection among human hosts. Systemic EBV reactivation is controlled by the 

cellular immune system via cytotoxic T cells (CTLs), antibody-dependent cell cytotoxicity, and 

natural killer (NK) cells. .However, in the case of immunosuppressed T-cell immunity, there is 

uncontrolled infection. EBV has a B-cell growth-transforming ability, with remarkable potential 

to cause disease, including certain autoimmune diseases [58]. There are several etiological links 

to various types of malignant diseases that include but are not limited to: post-transplant 

lymphoproliferative disease (PTLD) [59, 60], Burkitt’s and Hodgkin’s lymphoma (HL), and other 

tumours (T and NK cell lymphomas, nasopharyngeal carcinoma, and gastric carcinoma) [56, 

61-64]. Collectively, these EBV-associated tumours cause approximately 200,000 new cancer 
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cases per year [65]. The majority of the diseases caused by EBV are of great significance under 

conditions of severe T-cell immunosuppression, in HSCT and SOT or in patients with AIDS. 

EBNA1 is among the most important target for immunotherapy since it is regularly detected in 

all EBV-associated tumours [66] with increasing evidence indicating that EBNA1-specific T-cell 

responses are important in controlling EBV infection [67, 68] .  

1.3.3 Adenovirus (AdV) 

AdV is a lytic, non-enveloped DNA virus that is ubiquitous in nature, with different human AdV 

subgroups containing up-to 88 serotypes grouped from A to G [69]. Nearly all adults are exposed 

to AdV in childhood and they remain seropositive, with many individuals harbouring cross-

reactive and long-lived humoral T-cell responses [70, 71]. Acute infection is rarely fatal in healthy 

adults but causes several infections in immunocompromised persons, including but not limited 

to: pneumonia, haemorrhagic cystitis, and hepatitis [72]. Several serotypes e.g., 2, 5, 7, 9, 11 

and 35 have been found to be responsible for disease development in transplant recipients [72-

74]. AdV infection varies with the recipient’s age [75], with only 6% among adults [75, 76] and 

higher incidences occurring in children at about 6-28% post-HSCT [73, 77], and up to 50% 

mortality rate [78, 79]. The T-cell immune responses against AdV are however, poorly 

understood due to presence of cross-reactive T-cell responses caused by some T-cell epitopes 

being conserved in different AdV serotypes [74]. 

1.4 Conventional antiviral therapy and associated complications 

Antiviral drugs are given to patients who have detectable viral loads and may succeed in the 

temporary control of viral replication and reduce the occurrence of viral infections following 

transplantation. These drugs are utilised for pre-emptive or prophylactic therapy and have been 

successful in preventing early disease as well as reducing mortality. The pharmacological 

approaches to counter CMV re-occurrence include gancyclovir, foscarnet, valgancyclovir, 

cidofovir and leflunomid [53] with 70–80% response rates and the new drugs are; letermovir [80] 

and maribavir [81]. For EBV infection, ganciclovir and rituximab confer a response rate of 60–

70% [82], but the latter subsequently depletes normal B cells for more than 6 months while 

antibody therapy, anti-CD20 is utilised to eradicate PTLD with 55-100% response rates [83, 84]. 

Cidofovir and brincidofovir are used for treatment of AdV infection with 60–80% response rates. 

Despite timely treatment with these drugs, they are associated with toxicity, the appearance of 

resistant mutants and may result in delayed immune reconstitution [42, 85, 86]. Other strategies 

have been explored such as decrease of immunosuppression and chemotherapy (CHOP), but 

clearance of these viruses often relies on an effective cellular antiviral CD4+ and/or CD8+ T-cell 

response. 
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1.5 Adoptive T-cell therapy 

Due to deficiencies of antiviral drugs, cell-mediated immunity represents an essential factor in 

the control and the recovery from viruses [87]. With this regard, T-cell mediated immunity 

provided by antigen-specific T-cells can play a central role in providing highly efficient and long-

lasting immunity against persistent viral infections and chronic infections. The breadth and 

magnitude of antigen-specific T-cell response often depends on the phenotype, homing 

properties, their cytokine polyfunctionality and metabolic fitness. The heterologous 

diversification of memory T-cells is crucial for effective immune protection in terms of which 

memory T-cell subset protects best against certain viral infections. One of the eminent intentions 

of adoptive T-cell therapy is provision of defined T-cell immunity, ensuring the transfer of 

therapeutically effective T-cell products; that would ensure long-term survival and persistence, 

capable of engraftment and differentiation of the memory T-cell subsets upon adoptive transfer. 

Therefore, an increased understanding of the mechanisms by which T-cells recognise virus-

specific antigens and which T-cell subsets are effective has stimulated much interest in the use 

of specific T-cells as adoptive immunotherapy for viral infections [88]. 

1.5.1 Donor lymphocyte infusions (DLIs)  

The long-term control of viral infection and reactivation in immunocompromised transplant 

recipients relies on the immune recovery and reconstitution of antiviral CD4+ and CD8+ T cells 

[89]. Unmanipulated DLIs from seropositive donors were utilised to treat both viral infections and 

leukemic relapses after transplantation and were demonstrated to be clinically effective. 

However, these DLIs were associated with potentially life-threatening GvHD due to the presence 

of alloreactive cells that reside mainly in the naïve T-cell compartment [90]. Additional 

drawbacks included: DLIs from seronegative donors are often not suitable for use in high risk 

patients. Furthermore, the use of granulocyte macrophage colony-stimulating factor (GM-CSF) 

impaired the functionally of antiviral memory T-cells and lack of availability for patients receiving 

cord blood in HSCT [91] have limited the application of this therapy. Taken together, these 

limitations have paved way for the administration of virus specific T-cells which has already 

shown promising results [92, 93]. 

1.5.2 Virus specific T-cells (VSTs) 

The limitations of conventional therapies and unmanipulated DLIs stimulated interest into 

utilizing adoptive transfer of VSTs isolated from seropositive donors. VSTs were  demonstrated 

in several clinical trials to be capable of delivering protective antiviral specific T-cell immunity for 

CMV, EBV, and ADV [94]. These VSTs can be produced by rapid in vitro expansion by 

stimulation with viral peptides followed by IFN-γ based CliniMACS cytokine capture system 
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(CCS) or by enrichment using defined antigen-specificities via reversible peptide-MHC (pMHC) 

class I multimer technology as shown in Fig 3 [92, 93, 95].  

 

Figure 3: Conventional methods for generation of antigen-specific T cells for adoptive 
immunotherapy of viral infections following allogeneic stem cell transplantation. Virus-
specific T-cells can be enriched by repetitive antigen stimulation of in vitro cultured T-cells. 
(upper pathway). Furthermore, antigen-specific T cells can be selected directly from donor 
lymphocytes by either isolation of cytokine secreting cells after ex vivo stimulation (middle 
pathway) or tetramer staining (bottom pathway) (modified from Feuchtinger et al., [96]). 

Some of the basic concepts underpinning the generation of VSTs are such that, they are only 

applicable for known and well characterised viral proteins particularly those derived from pp65 

for CMV, EBNA1 for EBV and Hexon for AdV [91]. Other limitations include: lack of GMP-quality 

grade antigens for stimulation and enrichment of VSTs, high antigenic diversity of viruses [99] 

and low immunogenicity of T-cell epitopes [100]. Furthermore, different immunogenic potentials 

of viral antigens could lead to antigen competition during in vitro manufacturing, resulting in a 

loss of specificity towards less immunogenic viral epitopes in the final product [101]. More critical 

to the efficacy of VSTs is that they cannot be generated from seronegative or poorly responsive 

stem cell donors and are therefore acquired from partially HLA-identical third party donors. On 

this account, they may be restricted through HLA allele(s) not shared by the recipient. These 

limitations led to the consideration of the application of DLIs from seropositive donors following 

T-cell manipulation to reduce alloreactivity that forms the basis of this study. 

1.6 T-cell Alloreactivity 

Alloreactivity is a phenomenon occurring as a consequence of introducing foreign cells or 

tissues from an individual to another fuelling occurrence of GvHD and transplant rejection. 

Understanding the frequency of T-cell alloreactivity is an important measure for the 
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advancement of transplantation. T cell allo-responses occur due to high genetic polymorphism 

within the major histocompatibility complex (MHC) encoding human leukocyte antigens (HLAs) 

mismatches between allogeneic donors and recipients. During thymic selection, developing 

naïve T-cells encounter self-peptides that are presented on the MHC, encoded within their 

genome resulting in a TCR repertoire tolerant of self-peptides presented by self-MHC. Hence, 

they are not overly self-reactive towards syngeneic MHC molecules. However, T-cells 

establishing weak interactions to one or more presented self-peptide MHC complexes are 

selected and are essential for the tonic signals required for priming of T-cells in the periphery 

[97, 98].However, this selection may not directly shape the TCR towards foreign MHC alleles 

because they are not present in the thymus. Hence, T-cells over-reacting to allo-MHC alleles 

are not removed from the TN population thus are found to be alloreactive. Alloreactive T-

cells recognise foreign (allogeneic) MHC molecules in two mechanisms: As intact antigens 

expressed by the donor APC (direct allorecognition) or as epitopes derived from donor MHC but 

are presented by the recipient APC (indirect allorecognition) [99]. Consideration of MHC alleles 

is thus important in transplantation in contexts where MHC polymorphism mismatches could 

result in poor transplantation outcomes such as GvHD [100, 101].  

1.6.1  Preventing Graft vs Host Disease through T-cell manipulation strategies  

Alloreactive donor T-cells are a necessity for the development of GvHD. Therefore, it is not 

surprising that pharmacologic inhibition of T-cells or depletion of alloreactive T-cells forms the 

cornerstone of GvHD therapy or prevention [102, 103]. Clinical strategies have focused on the 

use of immunosuppressive agents [104], non-selective or in vivo administration of T-cell 

depleted [105-107] as well as pan T-cell depleted (TCD) products. Unfortunately, these 

strategies compromise T-cell immunity due to immunosuppression or by reducing absolute 

numbers of T-cells or by functional impairment of existing T-cells consequently increases the 

occurrence of opportunistic infections [108-110]. Tremendous efforts devoted to selectively 

deplete alloreactive T-cells were developed. These explored the use of immunomagnetic bead 

separation, which is based on antibodies coupled to magnetic beads, and fluorescence-

activated cell sorting (FACS) using fluorochrome-conjugated antibodies [111]. Others methods 

include photodepletion, which utilises photoactive dyes to selectively eliminate alloreactive T-

cells by immunotoxins such as ATIR101 accomplished through ex vivo use of 4,5-

dibromorhodamine methyl ester (TH9402) [112, 113]. These strategies were extended by 

allowing reintroduction of different sets of T-cells to allow for post-transplant immune 

reconstitution. These included gamma–delta (γδ) T-cells by depletion of alpha–beta (αβ) T-cells 

[114], CD19 depletion [115], TN-depletion using CD45RA, or by isolation of Tregs [116] or use 

of unmodified T-cells accompanied by suicide genes such as Herpes simplex virus thymidine 

kinase (HSVtk) [117], or inducible caspase-9 (iCas9) [118, 119]. Various strategies exploited the 
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activation stages where target cells are identified by surface molecules such as by cluster of 

differentiation (CD) 25 [120-122], CD69 [121, 123], CD71 [124], human leukocyte antigen-DR 

and CD95 [125], CD134 [126], CD137 [127] and are eventually eliminated. Even though some 

of the aforementioned methods have been effective, they have recorded varying degrees of 

efficiency, applicability, transferability, complexity, GMP conformity and safety. The multiplicity 

of these methods and studies seem to have generated even more questions than definitive 

answers. Taken together, there is need to harmonize and more importantly simplify the 

applicability of allodepletion strategies with the aim of solving the paradox of minimising the risk 

of GvHD while preserving graft versus infection (GvI) effects. 

1.6.2  Donor lymphocyte infusions devoid of alloreactive naïve T cells  

The approach of separating GvHD and GvI effect is paramount in the provision of cellular 

antiviral immunity. Naïve T-cells have been implicated to cause GvHD due to their broad TCR 

diversity [128], while memory T-cells mediate graft versus leukaemia/infection (GvL/GvI) 

responses. As new cellular approaches are finding their way to the clinics, they underscore the 

need to develop a unified method to obtain sufficient amount of T-cells required to ameliorate 

post-transplant immune reconstitution, with a broad antiviral T-cell repertoire without causing 

GvHD. This aspiration can be realised by refining DLIs via simplified T-cell manipulation 

strategies such as by selective depletion of alloreactive TN. This strategy is anticipated to 

generate cellular products devoid of alloreactive TN while preserving memory T-cells with the 

potential to protect immunocompromised patients from viral infection/reactivation and with a 

reduced risk of GvHD irrespective of their HLA backgrounds [129-133] Even so, the most 

desirable phenotype of memory T-cells responsible for T-cell responses against each viral 

antigen still remains uncertain. Therefore, this strategy should be explored to evaluate its 

efficiency in terms of the quality of the resulting T-cell fractions and their functional capabilities 

to ensure provision of effective T-cell products that can be applied for personalized antiviral T-

cell therapy. 
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2. Aims of the study 

Viral infections resulting from reactivation of endogenous herpes viruses such as CMV, EBV 

and lytic viruses such as AdV are associated with high morbidity and mortality after HSCT and 

SOT. Although antiviral pharmacologic agents can control these viral infections, in most cases, 

complete clearance is often only achieved by recovery of virus-specific T-cell immunity. VSTs 

have been effectively used for over two decades but are only applicable to viral infections with 

known immunodominant epitopes and whose antigens are available in GMP-quality for 

stimulation and expansion of T-cells. Due to this limitation, unmanipulated DLIs were applied 

as an alternative but are accompanied with dreadful effects of GvHD due to alloreactive TN. 

This raises the need to deplete TN to minimize risk of GvHD while preserving beneficial 

functional memory T-cells against viral infections and reactivations. Viruses differ in biological 

kinetics as well as cellular tropism in the host thus; the immune system has conformed to 

mount antigen-specific T-cell responses adapted to each viral infection. Antigen-specific 

memory T-cell repertoire is complex, with a restricted functional profile depending on the T-

cell phenotype. Yet, it is not clear which T-cell fraction protects best against different viral 

infections and reactivation. Thus, the overall aim of this study was focused on comparing two 

major naïve T-cell depletion strategies using immunomagnetic CD45RA and CD62L 

microbeads to accomplish three main purposes:  

1) Evaluation of the associations between TN-depletion, the phenotypic profile and cellular 

constitution of the resultant T-cell fractions (CD45RA+/-, CD62L+/-), and the 

immunological memory functional attributes against different viral antigens  

2) Investigation of the magnitude of T-cell responses against antigen-specific T-cells with 

low precursor frequencies in correlation to phenotypic and proliferative capacity  

3) Elucidation of the overall effect of TN-depletion in the attrition of alloreactivity within the 

TN-depleted fractions  

In this study, manipulation of DLIs via two TN-depletion strategies and subsequent 

quantification of the purity, phenotypic composition, CD4/CD8 T-cell frequencies, potency of 

the antiviral memory T-cells against CMV, EBV and AdV as model systems and alloreactivity 

were explored. Detailed phenotypic characterization of the T-cell fractions in correlation to T-

cell response was evaluated to determine the most suitable T-cell subsets with robust 

functional profile depending on the viral antigen specificity. The results obtained are anticipated 

to aid in determining the prerequisite for selection of the most efficient TN-depletion strategy to 

be implemented in clinical practice, to impact and facilitate decisions for effective personalized 

antiviral T-cell immunotherapy. 
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4. Discussion  

Unmanipulated DLIs provide robust and broad antigen-specific T-cell immunity during periods 

of immunosuppression, but the involvement of alloreactive T-cells can induce GvHD [139]. In 

order to minimise the risk of GvHD, many strategies for ex vivo T-cell depletion, such as 

alloreactive T-cell depletion or stringent methods as pan-T-cell depletion, have been explored. 

Unfortunately, some of these procedures have been accompanied by exacerbation of viral 

infections, increased primary disease relapse and graft failure due to delayed immune 

reconstitution. Moreover, some of these methods are limited by their complexity and therefore, 

there is a need to be optimised for efficiency, GMP conformity, safety and simplicity, which 

could limit their application in smaller clinical centres. Recently, selective depletion of 

alloreactive T-cells, e.g. removal of CD8+ and αβ T-cells, were investigated with varying 

degrees of success particularly in reconstitution of antiviral immunity. To circumvent these 

limitations, TN-depletion was developed to constitute a way of decreasing alloreactivity whilst 

maintaining memory T-cells that can recapitulate the immune system, thereby allowing for 

engraftment and sufficient control of viral infections.  

This study focused on the two major strategies of selective TN-depletion using 

immunomagnetic beads of CD45RA and CD62L for the realization of three main objectives: 

Firstly, the most effective memory T-cell fractions as well as CD4+ and/or CD8+ T-cell subset 

with the maximal functional outcome against different viral infections were determined using 

CMV, EBV and AdV antigens as model systems. The phenotypic and functional 

characterisation of the T-cell fractions generated following TN-depletion, and TN- enrichment 

with respect to different viral antigens was examined. Secondly, the presence of low antigen-

specific T-cell precursor frequencies of EBV and AdV and their subsequent magnitude of T-

cell responses in correlation to their proliferative capacity and phenotypic differentiation after 

long-term stimulation were determined. The aim was to predict the potency of the different T-

cell fractions following stimulation with the target antigens and their functional capacity in vivo. 

Finally, the effectiveness of TN-depletion in minimising alloreactivity was determined by 

evaluating the breadth of T-cell alloimmune response among the T-cell fractions within the 

allogeneic and autologous setting. Thus, the overall aim of this doctoral study was to determine 

which of the two TN depletion strategies is the most effective in terms of purity of the down-

stream products, the magnitude of T-cell responses elicited against different viral antigens and 

the attrition of alloreactivity. The obtained results are anticipated to serve as a platform in 

establishment of personalized antiviral T-cell therapies.  
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4.1 Cellular immunity against opportunistic viral infections after transplantation 

CMV, EBV and AdV infections in immunocompetent hosts are characterized by a dynamic, 

life-long interaction with the host’s immune system that fights to restrain viral replication and 

prevent disease. Viral infections differ in terms of severity and persistence in the host thus; the 

immune system has evolved to mount virus-specific T-cell responses for each viral antigen. 

Reactivation is a constant event hence, the long-term control of viral infection in transplant 

recipients relies on the recovery and reconstitution of CMV-, EBV- and AdV-specific CD4+ and 

CD8+ T-cell populations. Adoptive cellular therapy with VSTs has been used for decades with 

evidence of safety and efficacy [93]. However, VSTs only target a limited number of viral 

antigens with well characterised viral epitopes [92, 93] as well as those whose antigens are 

available in GMP-grade quality. Consequently, unmanipulated DLIs were used as a bridge in 

providing antiviral immunity, but caused significant GvHD. Even though 45% of VST clones 

have been reported to be alloreactive due to allo-HLA cross reactivity [89, 134], the risk of 

GvHD is much lower compared to the use of unmanipulated DLIs. Accordingly, several 

methods to minimise GvHD including TN-depletion are being investigated. In principal, TN-

depletion of lymphocyte products obtained from seropositive donors via immunomagnetic 

CD45RA and CD62L microbeads resulted in a heterogeneous subset of T-cell fractions. These 

T-cell fractions differed in phenotypic composition with specific functional capabilities against 

the investigated viral antigens, as shown by the different T-cell responses recorded. Besides, 

further investigation revealed that donors had varied parameters that included: T-cell subset 

frequencies and phenotypic composition with different T-cell yields. These differences resulting 

in varied strengths of T-cell responses elicited particularly in CMV-specific T-cell responses. In 

this study, it was essential to notice a correlation between the TN-depletion strategies used 

with regards to the phenotypic composition, CD4/CD8 T-cell frequencies and antiviral T-cell 

response, depicted by secretion of effector molecules. These associations are projected to be 

clinically relevant parameters applicable in selection of TN-depletion strategies to acquire 

optimal memory T-cells for control of various viral infections. Taken together, this highlights 

that most of the current T-cell selection protocols should be tailored individually in order to fully 

exploit the potential of the T-cell subsets, maximising their contribution in reconstituting the full 

spectra of T-cell immunity [135, 136]. 

4.2 Comparison of efficacy of TN-depletion using CD45RA or CD62L microbeads  

Several investigations of TN-depletion have focused primarily on using CD45RA [130, 131, 137, 

138] as compared to CD62L microbeads [133]. Since there are limited investigations 

comparing the quality attributes of generated CD4/CD8 T-cell subset, phenotypes and 

dynamics of T-cell responses following TN-depletion, this study compared TN-depletion using 
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CD45RA or CD62L. In depth analysis was performed to gain deeper insight into which of the 

two TN-depletion strategies is most desirable, in terms of purity of the TN-depleted products, 

the T-cell phenotypic composition, the T-cell recovery rate and the frequency of other cell 

subsets retained in T-cell fractions. First of all, there were variable differences between the 

resulting T-cell products observed depending on the type of magnetic column used; either 

positive selection (LS+) or negative selection (LD-) columns. TN-depletion by LS+ column 

yielded a higher cell recovery compared to LD- columns. Moreover, a starting fraction of CD3+ 

T-cells yielded a higher cell number in CD62L_NF than in CD45RA_NF both of which were 

considerably higher than those obtained from PBMCs, reported in other studies [30, 31]. It is 

important to note that this study utilised the manual depletion method while automated 

CliniMACS system was mostly utilised in the other investigated studies. Even so, the obtained 

results were comparable to other investigators, ensuing high purity frequencies of TN-depleted 

products, with 4-log TN reduction following depletion with CD45RA microbeads [129, 137]. This 

was consistent to a pilot study in our group that used CliniMACS protocols (not published), 

while depletion with CD62L microbeads resulted in a 2.9-log reduction [133]. Besides the highly 

pure TN-depleted products obtained, a fraction of memory T-cells and other cells of the immune 

system possessing similar expression patterns of these markers on their cell surface were 

depleted in parallel. For example; CD8+ TEMRA, B cells, NK cells, and most of the γ/δ T-cells 

were lost after depletion with CD45RA while TCM were depleted with CD62L microbeads. These 

dynamics were also observed in other studies [129, 137]. Furthermore, consistent to our study, 

other investigators reported a skewed CD4/CD8 ratio towards more CD4+ T-cells [129, 137], 

that were even as high as 10.0 [138] following depletion with CD45RA and only a minimal 

change following depletion with CD62L [139]. On this account, it is important to propose and 

select the most preferable depletion strategy depending on which T-cell profiles are of interest 

in the end product. Important to note in this study is that the TN-depletion yielded extremely 

homogenous outcomes in terms of purity and cellular composition across a wide range of 

experiments with a total of 30 donors, similar to other studies [138]. Generally, the achieved 

results indicate that manual TN-depletion is feasible, easily applicable, and is comparable to 

automated methods.  

4.3 Amplitude of antigen-specific T-cell responses in correlation with T-cell 

phenotype  

Cellular immunity is strongly implicated in the control of viral disease [135, 136], but many 

mechanistic details still remain unknown. This is due to the fact that antigen-specific T-cell 

response embodies a heterogeneous mixture of T-cell subsets with distinct phenotypes, 

proliferative capacity and effector functions. CMV-specific T-cell responses in memory fraction 

of CD62L_NF were consistently higher than those in CD45RA_NF, with lower responses in 
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the TN-enriched fractions. Paradoxically, some donors had higher CMV-specific T-cell 

responses among the TN-enriched fraction of CD45RA_PF than in CD45RA_NF. This outcome 

was not expected, revealing a high donor variability that led to donor stratification to those who 

had expected T-cell responses (DER) and those with unexpected T-cell responses (DUR). 

Further analysis revealed that high CMV-specific T-cell responses were recorded in T-cell 

fractions with higher proportions of CD8+ TEMRA. A key feature among the DER was that they 

were older than 40 years of age, supporting the theory of memory inflation. This is a 

phenomenon that describes the development of expanded CD8+ memory T-cells with a robust 

phenotype and functional profile occurring after repeated antigen stimulation or infection [140]. 

Accordingly, it was conceded that CD8+ TEMRA and TEM contributed immensely to the overall 

magnitude of CMV-specific T-cell responses. These findings were also supported by several 

studies which asserted that the CD8+ TEMRA population provides superior clearance of CMV 

infection and that allografts consisting of TEMRA and TEM phenotype were associated with a 

reduced risk of CMV reactivation [141]. TEMRA is a late effector phenotype that is highly cytotoxic 

[63], rapidly excreting effector cytokines such as IFN-γ and TNF-α [142, 143] hence, their 

depletion by CD45RA might potentially decrease the overall magnitude of anti-CMV T-cell 

responses.  

Furthermore, insights obtained from the first manuscript regarding the constitutive profile of the 

different T-cell fractions and functional attributes of CD4+ and/or CD8+ T-cells was extended to 

the second manuscript. This was pursued in order to investigate antigen-specific T-cells with 

low precursor frequencies against ppAdV_Hexon and ppEBV_EBNA1, and memory T-cells 

against the epitopes included in ppEBV_Consensus. Following stimulation with 

ppEBV_EBNA1 and ppAdV_Hexon, the most predominant phenotype was TEM while T-cells 

stimulated by ppEBV_Consensus induced a slightly higher proportion of TCM suggesting that 

these T-cell subsets could be responsible for the control of the respective viral antigens. It was 

possible to suggest that EBNA1- and Hexon-specific T-cells are mainly CD4+ T-cells while 

those of CMV_pp65- and CMV_IE1-specific T-cells as well as T-cells against 

ppEBV_Consensus are mainly CD8+ T-cells. This is in line with several studies which reported 

that EBNA1-specific CD4+ T-cells provides direct control to EBV-transformed cells, through 

their cytokines and lytic function. Surprisingly, these CD4+T-cells were also reported to 

contribute in sustaining the CD8+ CTL response to other lymphoma-related EBV products such 

as LMP1 and LMP2 [144, 145]. Moreover, similar to our findings, other investigations reported 

that Hexon-specific T-cell immunity involved CD4+ T-cell response that were mainly by effector 

T-cells, which were able to recognise the conserved regions of the antigen [146]. Strikingly, 

we observed that the magnitude of the EBV-specific T-cell responses was greater than those 

of AdV-specific T-cell responses in the same seropositive individuals besides being controlled 

by the same T-cell subsets.  
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4.4 Interplay between proliferative T-cell capacity and magnitude of T-cell response 

It is well known that there are not many detectable pathogen-specific T-cells from low 

frequency antigens; approximately 1 in 105 cells in PBMCs [147, 148]. Only 1–2% of the 

circulating T-cells are EBV‐specific in healthy EBV-seropositive individuals [148]. Moreover, it 

was recently shown that AdV-specific T-cell responses are less frequent and may not be 

determined after short-term stimulation [138, 149]. Low frequencies of antigen-specific T-cells 

have been predicted to impede or minimise the therapeutic efficacy of adoptive T-cell therapy 

thus, many manufacturing procedures have involved long or short ex vivo expansion of 

antigen-specific T-cells [88]. Based on the current results, with regards to EBNA1 and Hexon, 

long-term in vitro stimulation homogenously confirmed the epitopes’ potential to expand with 

the magnitude of T-cell response increasing to as high as 4-fold within a period of seven days 

revealing the T-cells’ proliferative capacity. Furthermore, the T-cells expanded, confirmed by 

increased cell number and phenotype differentiation to a more effector phenotype, rapidly 

producing effector molecule: IFN-γ. These findings could be compared to those observed in 

clinical studies, where reduction in viral loads following infusion of antigen-specific T-cells 

correlated with expansion of T-cells that recognised the targeted viral antigens in vivo [150, 

151]. Along the same line, it is anticipated that the transfer of these low frequency of antigen-

specific T-cells will be able to expand following infusion. It is therefore paramount to identify 

the best-suited T-cell donors based on the respective antigen-specific T-cell frequencies and 

phenotypes with the potential to expand. Preferably, the T-cells should not be terminally 

differentiated as they had low proliferative capacity, also reported in other studies that could 

minimise the therapeutic effect of the adoptively transferred T-cells [152].  

4.5 Dynamics of alloreactivity among different T-cell compartments after TN-depletion  

T-cell alloreactivity driving GvHD and transplant rejection are mostly caused by alloreactive TN 

due to their diverse TCR compared to memory T-cells, which increases their probability of 

recognizing alloantigens [153]. Using MLR cultures; we observed that alloreactive T-cell 

responses caused by mismatched HLA were preferentially derived from subsets enriched for 

naïve T-cells rather than from memory T-cells. In addition, alloreactive potential was basically 

lower in autologous compared to allogeneic setting. Essentially, there was reduced 

alloreactivity among the memory fraction of CD45RA_NF than in CD62L_NF. Following our 

previous analysis, there was retention of Tregs in the CD45RA_NF which could be postulated 

to confer some additional protection against alloreactivity due to its immunosuppressive effects 

[154]. TCM have been reported to potentially trigger the development of GvHD, albeit less 

severe than TN [155] due to cross reactivity to alloantigens. Even though CD62L depletes TCM, 

the irony is that this did not confer additional advantage against alloreactivity in the CD62L_NF 
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fraction. Similarly, Distler et al., evaluated alloreactivity following TN-depletion using anti-

CD45RA, anti-CD45RO, anti-CCR7 and anti-CD62L and reported that anti-CD45RA was more 

promising in minimising alloreactive responses [156]. Notably, in some instances, there may 

be presence of alloreactive T-cells in the memory compartment of some donors such as those 

who had previous transfusion or pregnancy that could subliminally prime the naïve T-cell 

repertoire [157]. Thus, elucidating the potential contribution of different T-cell fractions to 

alloreactivity is important. Of interest in clinical studies is the optimization of the maximum 

number of CD45RA_NF and CD62L_NF T-cells required to mediate an effective antiviral effect 

without triggering development of GvHD [88]. Furthermore, it should be put into consideration 

whether application of TN-depleted products will aid in reducing the use of 

immunosuppressants following transplantation that will subsequently improve engraftment. 

More clinical studies are therefore warranted to further explore the potential of this robust and 

elegant cellular therapy concept. 

4.6 Fundamental change in selection of strategies for the generation of T-cell 

products for clinical use is required  

In order to maximize the efficiency of T-cell therapies, understanding the circumstances that 

will predict a greater likelihood of clinical success are important. From our study, manipulation 

of DLIs through TN-depletion will potentially offer immense benefits against viral infections by 

providing a broad antiviral memory T-cell repertoire. Thus, methods that will optimize the 

selection and recovery of suitable antigen-specific T-cells are important. Overall, this study 

demonstrates that antigen-specific T-cells have restricted functional profiles that are largely 

determined by the donor’s T-cell phenotypes hence; the T-cell responses in the recipient are 

predicted to mirror those of the donor. Several variances were portrayed by the TN-depletion 

strategies that led to loss of as well as retention of some memory T-cells and other immune 

cells that could potentially affect the magnitude of T-cell responses and therapy outcomes. For 

instance, CD45RA depletion led to loss of CD8+ TEMRA that led to a decreased magnitude of 

CMV-specific T-cell responses among some donors. A clinical study by Tripplet et al., reported 

a subsequent 2.5 log depletion of B cells following TN-depleted with CD45RA that led to 

reduced EBV reactivation; with only 1 patient out of a cohort of 67 patients developing PTLD 

[135]. A fraction of immune cells such as; monocytes, granulocytes [145] and CD34+ T-cells 

[136, 146] were partially retained. Even though the contributions of these cells to the overall 

antiviral T-cell responses were not correlated in this study, they are predicted to impart robust 

T-cell responses and facilitate engraftment in immunocompromised patients. For example, γδ 

T-cells [158], NK cells [159] are important immune effectors, potentially producing cytokines 

against different viral infections. On the other hand, Tregs are potent immune suppressors that 
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could confer protection against alloreactivity and development of GvHD [160] while 

suppressing antiviral immune responses [49].  

In principle, this study shows the relative heterogeneity of T-cell fractions is directly proportional 

with the phenotypic and functional attributes against specific infections. With that accord, it is 

proposed that TN-depletion with CD45RA deems to be the most suitable strategy in terms of 

ppEBV_EBNA1 and ppAdV_Hexon due to the retention of CD4+ TEM. CD62L depletion is 

suitable for T-cell responses against CMV and ppEBV_Consensus due to the presence of 

CD8+ TEM dismally with the loss of TCM. Similarly, some studies extensively phenotyped multi-

virus VSTs, and the TCM and TEM phenotypes were reported to be mainly responsible for 

antiviral responses, with TCM establishing persistent memory [90, 154, 163]. Hence, this study 

revealed the implications of selection of T-cell isolation strategy in correlation to phenotype 

and functional capacity according to the target viral antigens. Chronic viral infections exhibit 

distinct phenotypic profiles that may reflect differential requirements for effective cellular T-cell 

responses during latent infection. Examples include: hepatitis C virus (HCV) 

(CCR7+CD27+CD28+), human immunodeficiency virus (HIV) (CD45RA−CCR7−CD27+CD28+) 

[161] and CMV (CD45RA+CCR7−CD27−CD28−) [162]. Furthermore, functional attributes 

between CD4/CD8 antiviral T-cells among different pathogens and viral infections have been 

reported.With this regard, viral infections that rely on CD4+ T-cell function such as EBV_EBNA1 

and its associated malignancies and AdV_Hexon, Dengue virus [163] and West Nile virus 

[164], CD45RA depletion strategy would be recommended. For viral infections relying on CD8+ 

specific T-cell responses such as for lymphocytic choriomeningitis virus [165], influenza A virus 

[166], and CMV [167], depletion with CD62L will be preferable. Taken together, this study 

showed that TN-depletion methods should be chosen individually based on immunophenotypic 

composition of the donor and the targeted viral infection for isolation of the most suitable T-cell 

subsets for personalized adoptive immunotherapy. Additionally, a depletion strategy retaining 

other immune cells could foresee better prognosis through acceleration of immune responses 

against various viral infections and improvement of immunological surveillance without GvHD. 

4.7 Adoptive immunotherapy: use of alloreactive-reduced T-cell products and future 

perspectives  

The results of this study indicate that clinical-grade TN-depletion using CD45RA or CD62L 

magnetic beads are simple, technically robust and feasible strategies. Favorably, these 

strategies preserve memory T-cells without compromising antiviral T-cell functionality while 

minimizing alloreactivity. This experimental approach has now created a conundrum 

recommending its application in provision of broad repertoire of antigen-specific memory T-

cell products for management of various viral infections that are not available in GMP-quality 
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or those with unknown epitopes. This can be extended to patients with multiple viral infections, 

where VSTs might not be applicable and those with drug-resistant viral complications. 

Essentially, this study has demonstrated a notable potential that proliferation of low frequency 

antigen-specific memory T-cells among the different T-cell fractions is viable resulting in 

increased T-cell responses hence predicting in vivo T-cell proliferation and expansion of 

infused products. CD45RA depletion has extensively been reported in clinical studies but 

further studies are now needed to validate the safety of CD62L depletion particularly when the 

graft is from a donor receiving G-CSF. The aggregate impression is that the use of TN-depleted 

DLIs post-transplantation can alleviate the need for immunosuppressive drugs and decrease 

the use of EBV prophylaxis, minimising adverse drug effects. Important to note is that these 

methods have also been extended in deriving memory T-cells particularly TCM aimed at 

facilitating long-term engraftment following allo-HSCT and could further be re-directed to 

express chimeric antigen receptor with distinct specificity.  

Imperatively, future work on TN-depletion for adoptive transfer strategies may require clinicians 

to focus on striking a balance between the choice of depletion strategy, phenotypic profile and 

the viral target being addressed, as it has continually been described here. This will ensure 

long lasting immune responses against viral infections and reactivations. Moreover, further 

clinical studies are warranted to wholly assess the broad applicability and safety of the TN-

depleted products; the infusion time-points and the dose to be administered for maximal benefit 

should be optimised in order to rapidly impart sustained protective immunity following infusion. 

In conclusion, this doctoral thesis has provided more insight into the potential of this robust 

and elegant cellular therapy concept for isolation of antigen-specific memory T-cells, while 

minimising GvHD. The strategies utilised in this study can easily be applied in basic and clinical 

immunology as novel, simple robust and can be easily conformed to GMP standards for 

personalised adoptive antiviral T-cell therapy. 
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HLA  Human leukocyte antigen 
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IE-1   Immediately early-1 

IFN-γ   Interferon-gamma 

IL  Interleukin 

MHC   Major Histocompatibility complex 
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NK   Natural killer cell 

PAMPs Pathogens-associated molecular patterns 

PBMC   Peripheral blood mononuclear cell 

PBS   Phosphate-buffered saline  
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RPMI   Roswell Park Memorial Institute 
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TCM   Central memory T-cell 

TCR   T cell receptor 

TEM   Effector memory T-cell  

Treg        Regulatory T-cell 

TN          Naïve T-cell 

TNF-α   Tumor necrosis factor 

TSCM      Stem cell memory T-cell 

TEMRA   Effector memory/RA+ T-cells 

Th   T helper 

Tfh   T follicular helper 

TH9402 4,5-dibromorhodamine methyl ester
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