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Abstract 

 
X-linked lymphoproliferative disease type 1 (XLP1) arises from mutations in the SH2D1A gene encoding 

SAP, an intracellular adaptor protein expressed in T, NK and NKT cells. SAP is a key regulator of immune 

function and deficiency leads to abnormalities of NK cell cytotoxicity, NKT cell development and T cell 

dependent humoral function. The absence of SAP in CD4+ T follicular helper (TFH) cells leads to defective 

long-term humoral immunity.  

Curative treatment is limited to allogeneic haematopoietic stem cell transplant with outcome reliant 

on a good donor match. Given that the majority of symptoms arise from defective T cell function, we 

investigated whether the infusion of gene corrected T cells could correct known effector cell defects 

associated with the condition. Proof of concept in vivo and in vitro experimental models demonstrated 

functional correction in both SAP mediated humoral immunity and cytotoxicity, recapitulating disease 

phenotypes seen in XLP1 patients. We achieved this by transferring CD3+ lymphocytes from SAP-/- 

donor mice that were transduced ex vivo with a gammaretroviral vector containing codon optimised 

human SAP cDNA before infusion into sub-lethally irradiated SAP-/-
 recipients.  Reconstituted animals 

were then challenged 8-10 weeks post- infusion with the T cell dependent antigen NP-CGG and analysis 

performed after 10 days.   

Next, a SIN-lentiviral construct with codon optimised SAP transgene expression driven by the 

constitutive EFS promoter was employed to efficiently transduce XLP1 patient T cells resulting in 

improved cytotoxicity and TFH cell function in vitro. This work was then translated into an in vivo LCL 

lymphoma model in NSG mice to demonstrate that adoptive transfer of gene corrected patient CTLs 

reduces tumour burden upon restoration of SAP mediated cytotoxic function.  

In parallel to this we also investigated the use of alternative ‘bridging’ therapies such as small molecule 

inhibitors targeting SHP2, a key protein tyrosine phosphatase implicated in the SAP signalling pathway 

to determine if we can achieve similar restoration of cellular phenotypes with the inhibitor that may 

also hold clinical relevance. We show restoration of immunoglobulin and cytokine secretion through 
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TFH: B cell co-culture assays, alongside rescue of cytotoxicity and re-stimulation induced cell death 

(RICD). Deep immunophenotyping and measurement of intracellular phosphorylation of signalling 

molecules (pSHP2, pERK, pAKT) are consistent with ablation of SHP2 mediated inhibitory signals and 

restoration of the key signalling events downstream of TCR/SLAM. 
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Impact statement 

 
Investigations carried out in this project have generated robust data to support alternative therapy 

options for patients with XLP1. We have utilised innovative biotechnology to demonstrate functional 

restoration of patient cells, in turn opening up avenues for personalised medicine.  

Our proof of concept T cell gene therapy model offers a potential alternative therapeutic option for 

patients without suitable donors for haematopoietic stem cell transplantation. The use of autologous 

T cell treatment with ex vivo gene modification allows for direct treatment of clinical manifestations 

with minimal patient conditioning, reducing risks of possible harmful side effects. Our data shows 

restoration of XLP1 patient T cell function back to that of healthy donor levels with the preservation of 

gene modified long-lived memory T cells highlighting the potential longevity of this therapy beyond 

the use of a bridging treatment.  

This work is now progressing towards clinical trials with funding to generate clinical grade lentiviral 

vector with relevant experiments pertaining to ex vivo scaling up of T cells, efficient lentiviral 

transduction with analysis of vector copy number and in-depth immunophenotyping of the gene 

therapy product. Biodistribution and toxicology studies will also be carried out in accordance with 

guidelines set by the relevant agencies (MHRA, EMA). We hope to begin patient recruitment for a 

phase I clinical trial by 2021.  

We have also demonstrated the effective repurposing of a small molecule inhibitor to ameliorate in 

vitro immune defects seen in the T cell compartment of XLP1 patients. We believe this could represent 

a bridging treatment for patients to stabilise them and keep them in optimal clinical condition whilst 

awaiting a definitive procedure such as gene therapy or haematopoietic stem cell transplantation.  

This approach could afford patients improved cellular immune function to fight on-going infections, 

the ability to generate adequate antibody responses and potentially improved immuno-surveillance 

against malignancy. Our in vitro data so far provides sufficient evidence to progress to in vivo testing 

using our previously described SAP knockout murine model, which recapitulates immune defects, seen 
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in XLP1 patients. The In vivo work will allow us to optimise dosing and further assess biodistribution 

and toxicities to allow drug repurposing for patient benefit and achieve this in the shortest time 

possible.   

We hope that this work will also lead to a clinical trial of a small molecule inhibitor to treat patients 

with XLP1.  Given we may be repurposing drugs already in clinical trial for other indications we are 

confident that this will accelerate the translational process and clinical trials could be underway within 

2 years. If this treatment proves successful it could transform the care of XLP patients, offering 

protection from potentially fatal disease complications and reducing the risk of infections and tissue 

damage that can very adversely affect transplant outcome.    
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1.1 X-linked lymphoproliferative disease type 1 (XLP1) 

 

X-linked lymphoproliferative disease type 1 or XLP1 is a rare paediatric primary immunodeficiency 

disorder characterised by severe immune dysregulation and increased susceptibility to Epstein-Barr 

virus (EBV) 1-3. Upon exposure to EBV, patients progress to develop aggressive and often fatal 

lymphoproliferative syndromes such as haemophagocytic lymphohistiocytosis (HLH) due to critically 

impairment lymphocyte responses 4-9. Manifestation of other features including 

dysgammaglobulinaemia and EBV dependent and independent driven haematological malignancies 

have also been documented and described with patients presenting clinical phenotypes at varying 

degrees of severity 7  

 

1.1.1  Characterisation of early cases 

 

Purtilo and colleagues were the first to describe XLP1 in the mid-1970s, referred to then as Duncan’s 

disease due to the kindred in which initial observations were made. Within the kindred, 

lymphoproliferation mediated fatalities were documented in 6 out of 18 young males where 3 out of 

6 developed infectious mononucleosis (IM) either immediately prior to or concurrent with disease 

progression, as well as humoral immune defects such as dysgammaglobulinemia 10-12. It was this 

observation of EBV-driven manifestations associated with a primary immunodeficiency, which then 

subsequently catalysed the recognition of XLP1.  

Building on these initial observations, early investigations were carried out by the same team 12-16 

aimed at understanding why EBV infection led to such aggressive and often fatal clinical phenotype in 

these patients. This led to the establishment of an XLP1 registry in 1980, 12,14,15 which tracked presumed 

XLP1 patients with regard to disease onset and progression. The study revealed that the majority of 

patients had succumbed to IM due to extensive liver pathology and lymphoid infiltration of organs. 
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However, those who did survive, as well as some EBV-negative male relatives, still progressed to 

develop dysgammaglobulinaemia and/or B cell malignancies. By 1995, over 270 boys were registered 

from over 80 kindred; overall mortality was reported as 75 % with the majority of boys dying before 

10 years of age, proving the severity of this condition and need for treatment options 12-17. 

 

1.1.2  Discovery of SH2D1A gene and cloning of SLAM-associated protein (SAP) 

 

Identification and understanding of the causative gene behind XLP1 was still required and three groups 

independently identified the SH2D1A gene from XLP1 patients using positional cloning 18,19. This was 

carried out in parallel to a group that revealed encoding of a small adaptor molecule bound to the 

cytoplasmic tail of a T cell costimulatory molecule, Signalling Lymphocyte Activation Molecule (SLAM) 

20-23. Genetic mapping and sequencing later revealed that this gene was mutated (Figure 1) in samples 

from several XLP1 and evaluation of the predicted gene product revealed that SH2D1A encodes a small 

(14kD/ 128aa) protein that is now known as SAP, or SLAM Associated Protein. SAP consists almost 

entirely of a single Src Homology 2 (SH2) Domain, a conserved protein interaction module that binds 

to phosphotyrosine-based motifs 20-25. Further experiments demonstrated that the SH2 domain of SAP 

binds specific tyrosine residues on the intracellular tail of SLAM and related receptors 26-32. However, 

these observations raised the questions of how a protein consisting of just one protein-interaction 

domain could regulate signalling, and how disruption of SAP expression led to phenotypes associated 

with XLP1.  
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1.1.3 SAP mediated signalling  

 

Extensive work carried out on the signalling pathways involving SAP, suggests that SAP serves as a 

molecular switch allowing SLAM family members to act as either activating or inhibitory receptors (in 

the presence of absence of SAP respectively)30-37. Thus, when SAP is present it functions as an adaptor 

molecule, recruiting the FYN tyrosine kinase via an interaction with the Fyn Src homology 3 domain 

(another protein interaction domain). Recruitment of Fyn leads to further tyrosine phosphorylation of 

SLAM family members and interactions with other signalling molecules, including RasGAP, Shc, Dok1 

and Dok2 in the case of SLAM, and Vav1 and c-Cbl in the case of 2B4 and Ly108. However, in the 

absence of SAP, the same tyrosine residues on SLAM family members can now bind a number of strong 

inhibitory molecules, including tyrosine phosphatases SHP1 and SHP2, as well as the lipid phosphatase 

SHIP. These inhibitory molecules essentially block aspects of T and NK cell activation, development and 

function when SLAM family members are engaged in the absence of SAP. Accordingly, the tyrosine-

Figure 1. SH2D1A mutations. Demonstrates the four-exon spanning and SAP protein coding region 

within the SH2D1A gene that are target sites for mutations in XLP1 patients (Adapted from A. Filipovich 

et al., 2010). 
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based motif that SAP recognises has been coined an “ImmunoTyrosine Switch Motif” or ITSM to 

recognise the two types of interactions (in contrast with ImmunoTyrosine Activation Motifs (ITAMS) 

and ImmunoTyrosine Inhibitory Motifs (ITIMS) 26-28,31,32,38-40.   

Early data provided evidence that NK and CD8 cells from XLP1 patients exhibited defective killing of 

EBV-infected B cells; this was linked to further impaired killing via 2B4/SLAMF4 21,41. Intriguingly, some 

data demonstrated that in the absence of SAP, 2B4/SLAMF4 prevented killing of EBV infected cells, 

providing early evidence that the SLAM family could act as inhibitory receptors in the absence of SAP 

42,43. Combined with the biochemical evidence for inhibitory function of SLAM family receptors, these 

results provided insight into why XLP1 patients have specific problems with clearing EBV infection.  

 

1.2 SAP interaction with SLAM family members 

 

1.2.1 SLAM family of receptors 

 

SLAM family of receptors are glycosylated type-1 transmembrane proteins found on the cell surface of 

haematopoietic cells such as T and B cells. They are involved in bidirectional stimulation and are 

typically involved in homotypic interactions i.e. are self-ligands and are defined as co-receptors on T 

cells that work independently of CD28 and T cell receptor (TCR) activation, whilst regulating IFNγ 

secretion as well as promoting CD4 TH subset differentiation 44. These receptors are encoded in a highly 

polymorphic gene cluster on chromosome 1, variants of which have been associated with 

predispositions to autoimmunity 45-47. The SLAM family of receptors exhibits broad expression in 

haematopoietic cells; however, several of them are most highly expressed on B cells, a feature that is 

likely to contribute to some of the B cell specific phenotypes of XLP1. In contrast, SAP is most highly 

expressed in T and NK cells and is therefore most likely to affect SLAM family function in these cells, 

(although some B cell expression has also been reported).  
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There are six SLAM family receptors that have been described to date (Table 1) and with the exception 

of SLAMF4 (2B4) all receptors are homotypic 34,35,48-50; the SLAMF4 receptor ligand is described to be 

CD48, which is ectopically expressed on haematopoietic and non-haematopoietic cell surfaces. CD48 

is also considered a SLAM receptor (SLAMF2) sharing homology, but does not belong to the SLAM 

family of receptors due to its expression profile. It is highly up-regulated in EBV infected B cells which 

subsequently activates SLAM receptors 2B4 and NTB-A to initiate a T cell dependent cytotoxic response 

to clear virally infected cells. However, this response is impaired in the absence of SAP 20,22,51.  

These receptors are expressed in varying amounts and combinations depending on the cell type and 

can be up or down-regulated contingent on the immune response and activatory signals relayed in a 

cell extrinsic manner 33,52,53 (Figure 2). Studies elucidating SLAM receptor structures revealed a 

cytoplasmic transmembrane domain containing immuno-receptor tyrosine based switch motifs (ITSM) 

and due to the nature of SLAM receptor expression on immune cells and involvement in cellular 

communication it was postulated that SAP associated with SLAM receptors through this ITSM binding 

domain and regulated cellular signalling during an immune response 28,33,41,54,55. 
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Figure 2. SLAM family of receptors. Schematic illustrating the different SLAM family receptor 

expression on T cells and their role in mediated immune responses (Adapted from Schwartzberg et 

al.). 
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Table 1. List of known and well-described SLAM family of receptors and homophilic ligands, with the 
exception of SLAMF4 (2B4). 

 

 

 

 

 

 

SLAM receptor Expression Ligand Binds 
SAP 
EAT-2 

Effector 
molecules 
+ and - 

Downstream 
effects of receptor 
ligation 
 

SLAMF1/SLAM 
(CD150) 

T, B cells 
DCs, Macroφ, 

HSCs 

SLAM 
Measles 

virus 

+ FYNT, Lck, 
SHIP1, 

DOK1/2, 
PKCθ, AKT 

Increased T cell 
mediated IFNγ 

production 

SLAMF4/2B4 
(CD244) 

NK, CD8, γδ T 
cells 

Basophils 
Mast cells, 

MPPs 

CD48 + VAV1, SHIP1, 
CBL, LAT, 

PI3K, SHP1, 
SHP2, ERK 

Increased CD8/NK 
cell mediated IFNγ, 

IL-2 production 

SLAMF6/NTBA 
(Ly108) 

T, B, NK cells 
Neutrophils 

NTBA + FYNT, Lck, 
PLCγ, PI3K, 

SHIP1, VAV1 

Increased CD8/NK 
cell mediated IFNγ 

production: 
cytotoxicity 

SLAMF3/Ly9 
(CD229) 

T, B cells, 
Macroφ 

Ly9 + FYNT, SHP1, 
SHP2, Lck, 
ERK, AP2, 

GRB2 

Decreased T cell 
mediated IFNγ 

production 

SLAMF5/CD84 T, B, NK cells 
Macroφ, 

Basophils, 
Mast cells, 
DCs, HSCs 

CD84 + FYNT, Lck Increased T cell 
mediated IFNγ 

production 

SLAMF7/CRACC 
(CD319,CS1) 

T, B, NK cells, 
DCs, Macroφ 

CRACC + FYNT, Lck, 
PLCγ, VAV1, 

PI3K 

Increased NK cell 
mediated 

cytotoxicity 
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However, due to this conserved ITSM binding domain it was found that in the absence of SAP, as seen 

in XLP1 patients, other SH2 domain containing proteins were able to bind in its place (Figure 3). These 

proteins include phosphatases SHP1/2 and SHIP and the absence of SAP binding lead to impaired CD8 

and CD4 T cell responses as well as iNKT development along with compromised NK function and 

germinal centre development. This suggests that the direct binding of these SH2 containing proteins 

in the absence of SAP have a direct inhibitory effect on the cellular activation in response to external 

stimuli and impaired receptor engagement 30,36,41,42.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic demonstrating dual mechanism of SAP. (A) SAP mediated FYN recruitment to SLAM 

relaying positive T cell activatory signalling (B) SAP-SLAM association blocking binding of T cell inhibitory 

phosphatases (C) Bound phosphatases to SLAM ITSM domains in the absence of SAP resulting in T cell 

inhibitory signalling.   
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1.3 Clinical and immunological features 

 

1.3.1 Clinical features 

 

The main clinical features of XLP1 are HLH, dysgammaglobulinaemia and lymphoma but other 

described manifestations include aplastic anaemia, vasculitis, and chronic gastritis 19{Kanegane, 2005 

#240,56,57}. HLH is the most common and lethal presentation, tending to occur early in childhood and 

associated with significant mortality, with a proportion of patients succumbing before haematopoietic 

stem cell transplant (HSCT) 4,7,58-60. 

Up to 50 % of patients demonstrate a range of humoral immune abnormalities ranging from impaired 

vaccine responses to generalised hypogammaglobulinemia. Almost a third of patients develop 

lymphoma with the most common form being abdominal B cell non-Hodgkin lymphoma in both EBV+ 

and EBV- patients 7,17.  

It is important to highlight that up to 35 % of patients have no evidence of previous EBV infection; 

many of these patients are diagnosed based on family history. In EBV- patients, XLP1 is associated with 

higher rates of dysgammaglobulinemia and lymphoma. However, EBV negative boys with XLP1 can still 

develop HLH although less frequently than those with EBV infection and the trigger is unknown 2,3,7,12,15-

17,61.  

The overall mortality of the disease has reduced significantly since first reports from the registry, from 

75 % to 29 % 7, largely due to improved chemotherapy and HSCT protocols as well as improved 

monitoring and supportive care.  However, patients diagnosed at birth through family history still risk 

significant mortality despite close monitoring, once again highlighting the severity of this PID. 

 

 



31 
 

1.3.2 EBV association with XLP1  

 

The hallmark of EBV infection includes elevated immunoglobulins in the peripheral blood; specifically 

IgM and IgG against proteins differentially expressed during various stages of the viral lifecycle. This 

immune response is typically mounted during the lytic phase prior to onset of IM against highly 

immunogenic viral capsid antigen (VCA) and immediate early antigen (EA). Antibody responses to 

latent phase antigens include anti-EBNA2 IgG occurring typically 3 months post infection, coupled with 

this seroconversion there is a preferential expansion of natural killer cells (NK) and EBV epitope specific 

monoclonal CD8+ T cells that are activated as a secondary response to clear virally infected cells in a 

granzyme dependent cytotoxic manner. Both steps of this highly specific antibody mediated humoral 

response and NK and T cell dependent response are defective in patients with XLP1 3,15 5 25.  

 

1.3.3 Haemophagocytic lymphohistiocytosis (HLH) 

 

HLH is a multisystem disorder caused by hyperinflammation resulting in immune dysregulation and 

ultimately tissue damage. A diagnosis can be very difficult to make as the symptoms can mimic many 

other conditions including sepsis and malignancy but the cardinal features of HLH are fever, 

hepatosplenomegaly and cytopaenias. HLH can be classified as primary or secondary; regardless of the 

cause, the process culminates in a stimulated, unregulated and ineffective immune response leading 

to hypercytokinaemia and haemophagocytosis, driving the clinical features. Primary HLH encompasses 

the fatal familial HLH syndromes and several immune disorders with HLH as a feature, including XLP1 

4,6,62. 
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1.3.4 Dysgammaglobulinaemia 

 

Humoral immune abnormalities can be found in up to half of all XLP1 patients with defects ranging 

from subtle changes in IgG subclasses or IgM levels to generalised hypogammaglobulinaemia. These 

defects may be clinically silent or manifest as recurrent respiratory and sinopulmonary infections. In 

XLP1 patients, it is due to the lack of SAP expression in CD4+ T cells and T follicular helper cells (TFH) 

results in impaired production of antibody and class switching by B cells and the failure to develop 

germinal centres, which leads to the phenotype of dysgammaglobulinaemia 63-69. 

 

1.3.5 Lymphoma 

 

About 30 % of boys with XLP1 will develop lymphoma through the course of their disease. B cell non-

Hodgkin lymphoma accounts for the vast majority of cases and is most commonly found in the 

abdomen. Recurrence is not uncommon but mortality from this complication has fallen dramatically 

to less than 10 % with improvement of chemotherapy protocols.  

EBV-driven lymphoproliferative disease does not account for all cases of B cell lymphoma in this patient 

population. 25 % of cases of lymphoma were found in patients with no evidence of previous EBV 

infections, again highlighting the intrinsic immune dysregulation seen in XLP1 which can lead to an 

increased incidence of malignancy. Impaired tumour surveillance by NK cells, cytotoxic T cells and NKT 

cells play a role in this alongside impaired apoptosis caused by SAP deficiency 7,17,26. 
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1.4 Immunological abnormalities 

 

Several immunological abnormalities are well described in XLP1 patients but some may not be 

identified on routine testing undertaken to investigate immunodeficiency in a patient. However, none 

are diagnostic of the condition. Basic lymphocyte subset analysis is often normal (unless the patient 

has HLH) and various abnormalities can be found in serum immunoglobulin levels. Defective 

cytotoxicity in both NK cells and CD8+ CTLs is well established, the lack of circulating NKT cells is 

characteristic and abnormal humoral immunity can be detected on immunological investigation 

(Figure 4). 

 

1.4.1 Cytotoxicity 

 

Cytotoxicity in NK cells and CD8+ CTLs from XLP1 patients and their ability to kill transformed cells in 

vitro is greatly reduced 5,27,70-73. This defect contributes to the inability of patients to control EBV 

infection, the development of HLH and may be partly responsible for the increased rates of lymphoma 

seen within this population. Cytotoxicity can be assessed using a 51Chromium release assay with B-LCLs 

cells as a target although the use of radioactivity in this assay and the need to maintain a cell line makes 

it less available in clinical laboratories 74. Recently, the use of a flow cytometry based cytotoxicity assay 

has become more frequently used and it able to quantify degranulation upon stimulation using the 

marker CD107a (granule release assay) 75,76. However, one group has found that although this 

investigation is useful in most familial HLH syndromes to detect reduced cytotoxicity, it is likely to be 

normal in patients with XLP1. 
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1.4.2 Humoral defects 

 

As mentioned above, a wide spectrum of abnormalities can be seen in serum immunoglobulin levels 

ranging from minor IgG subclass deficiencies to hypogammaglobulinaemia with abnormal IgM levels. 

Patients with XLP1 have normal B cell numbers but defective B cell differentiation, resulting in a 

marked reduction of circulating memory B cells (IgM+CD27+) 65,69. Isotype switching is deficient 

secondary to CD4+ T cell abnormalities and absent germinal centre formation in the spleen. SAP 

deficient CD4+ cells fail to produce sufficient cytokines to allow normal isotype switching, hence the 

majority of memory cells present in the circulation are IgM+ and not IgG+ 37,46,63,67,68,77-79. 

 

1.4.3 NKT cell population 

 

NKT cells are a small population of thymus derived cells which have immunoregulatory properties and 

are capable of cytokine production. The growing literature surrounding these cells implicates them in 

numerous immune processes including control of viral infection, tumour surveillance and 

autoimmunity. The frequency of NKT cells in the blood is highly variable but the normal range is taken 

by most as 0.01-0.5 %. They can be identified in several ways using flow cytometry techniques and 

there is great debate as to which the optimal technique is and indeed how many subsets exist within 

this NKT cell population. Classically they are identified by their ability to bind αGalCer loaded CD1d 

tetramers or through antibody staining for the semi-invariant T cell receptor (TCR) Vα24Vβ11 (in 

humans) which is found on NKT cells. This population of NKT cells is absent in XLP1 patients and the 

lack of these immunoregulatory cells may result in many of the clinical features seen such as increased 

rates of malignancy, EBV driven disease and humoral defects. 37,80-84.  
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1.5 Molecular immunopathology 

 

1.5.1 Defects in NK cell cytotoxicity 

 

NK cells form part of the innate immune system and are one of the first lines of defence against virus 

infected cells and tumour cells with the ability to kill targets through release of cytotoxic granules and 

IFNγ. Due to their toxic nature their function is tightly regulated and SAP plays a role in this regulation, 

mainly through the SLAM family receptors 2B4 and NTB-A. All NK cells express 2B4, NTB-A and CRACC 

with a subset also expressing Ly9 55,85. It appears that in naive NK cells engagement of these receptors 

is co-stimulatory alongside primary activating receptors like Natural killer group 2, member D (NKG2D) 

rather than providing an activating signal alone but this may not be the case in previously activated NK 

cells 52.  

NK cells lacking SAP are unable to kill efficiently target cells when activated through 2B4 but are able 

to kill effectively when activated through other receptors that do not associate with SAP. Thus, it 

appears that the effects of 2B4 and NTB-A may be inhibitory in the absence of SAP, perhaps as 2B4 

binds inhibitory molecules such as SHIP-1 37,80,81,84.  

 

1.5.2 NKT cell development 

 

NKT cells are positively selected in the thymus through homotypic interactions between CD4+/CD8+ 

thymocytes; lipid antigen presented by CD1d on one double positive (DP) thymocyte binds to the semi- 

invariant TCR of another DP thymocyte. In the absence of SAP, NKT cell development is blocked at an 

early stage but the exact mechanism remains unclear. It is partly FynT independent as R78 mutant 

mice show only a partial block in NKT cell development Fyn-/- mice also demonstrate reduced NKT cell 

numbers but as Fyn is required for TCR signalling and TCR signalling is required for NKT cell, 
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development it is difficult to dissect this relationship. SLAM and NTBA are highly expressed by NKT cells 

and NTBA/SLAM knockout mouse models show a reduction in NKT cell numbers but again, not as 

dramatic as that seen in SAP deficient mice 52,80,81,83.  

 

1.5.3 Role of SAP deficiency in the development of lymphoma 

 

Patients with XLP1 are at increased risk of lymphoma and there are several possible mechanisms which 

may contribute to this phenotype 2,3,38,70. SAP expression is induced in cells with damaged DNA and 

contributes to the elimination of these possibly harmful cells. Based on this finding it is reasonable to 

assume that SAP deficient cells are less capable of clearing haematopoietic tumour cells than SAP 

replete cells. In addition to this, there is the defective cytotoxicity of NK and CD8+ T cells discussed 

above, rendering them less efficient in killing tumour cells, particularly those expressing CD48. Finally, 

the lack of NKT cells will also contribute to the increased risk of malignancy, as they are involved in 

tumour surveillance and are themselves capable of direct lytic activity against tumour cells and 

secreting cytokines also involved in the elimination of malignant cells 17,38,51,70,86,87. 

 

1.5.4 Pathogenesis of humoral defects 

 

Several abnormalities of long-term humoral immunity have been well characterised in both XLP1 

patients and SAP deficient mice and appear to be unrelated to EBV infection. Patients have reduced 

numbers of memory B cells, impaired class switching and absence of splenic germinal centres. 

There has been debate in the past whether the humoral defects described in patients with XLP1 are 

due to an intrinsic B cell defect or impaired CD4+ T cell help. The evidence supporting a CD4+ T cell 

defect in this case is robust. Firstly, T cell independent antibody responses are normal in SAP deficient 

hosts suggesting that SAP deficient B cells function normally in this setting. Secondly, murine adoptive 
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transfer experiments demonstrated full reconstitution of T cell dependent antibody responses and GC 

formation in a SAP KO model following adoptive transfer of SAP expressing CD4+ cells  63,77,88 but not 

with SAP deficient CD4+ cells 78,89,90. Thirdly, Veillette et al elegantly showed that targeted SAP deletion 

in T cells and not B cells was required to recapitulate in mice the absence of germinal centre formation 

and long term humoral defect seen in XLP1 78. 

CD4+ T cell help to B cells within the germinal centres of secondary lymphoid tissue is imperative for 

lasting humoral immunity, including the generation of long-lived plasma cells. The germinal centre is 

where activated B cells undergo somatic hypermutation and affinity maturation enabling them to 

produce an effective and sustained antibody response to specific antigens. Which type of cell the B cell 

differentiates into, either a memory B cell or a plasma cell is dependent on signals from CD4+ T cells. 

In a functional immune scenario, B cells become activated after ingestion of antigen and migrate to 

the T zone of the B cell follicle. Simultaneously CD4+ T cells are activated in the T zone after recognising 

antigen presented on dendritic cells. Once activated the CD4+ T cells upregulate the chemokine 

receptor CXCR5 enabling their localisation to the B cell follicle 49,65,77,88,91-93. 

On the border of the T zone and the B cell follicle, activated B cells present antigen to the CD4+ cells in 

the context of MHC class II and a sustained interaction between the CD4+ cells and B cells is necessary 

to allow migration into the germinal centre and differentiation of the B cells into plasma cells or 

memory B cells 93,94. 

Several mechanisms may be responsible for the failure of T cell dependent antibody production in SAP 

deficient hosts but the precise mechanism is yet to be fully understood, particularly as some aspects 

of the response appear FynT dependent and others not. After upregulation of CXCR5, CD4+ T cells can 

be described as TFH cells and increased expression of this chemokine receptor allows migration through 

the B cell follicle. Deenick et al reported normal circulating TFH cell numbers in XLP1 patients but this 

may not be representative of TFH cells within lymphoid tissue. Conflicting evidence exists within groups 

investigating numbers in the mouse models and may be due to different flow cytometry strategies for 

identifying such cells. Some groups describe reduced numbers of TFH cells 95 while others suggest 
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numbers are within normal ranges. TFH cells upregulate certain co- stimulatory molecules required for 

B cell interactions including CD40L, inducible co-stimulator (ICOS), IL-4, IL-10 and IL-21 91,96-99. It has 

been postulated that SAP deficiency prevents upregulation of such markers but again this is a 

controversial area. CD40L expression is normal or even enhanced in activated SAP deficient CD4+ T 

cells. The regulation of ICOS expression is debated with both reduced expression reported and 

evidence to the contrary. 

The interaction and stability of contact between CD4+ T cells and B cells is reduced in the absence of 

SAP 49,92,93, suggesting another possible mechanism for failure of germinal centre formation thus long-

term humoral immunity too. SAP critically regulates the strength and duration of contact between SAP 

deficient CD4+ TFH cells and B cells as shown by intravital imaging techniques, but the interaction 

between SAP deficient T cells and antigen presenting dendritic cells is unaffected. Dynamic 

visualisation studies in vivo also showed that SAP deficient T cells were not effectively recruited to or 

retained within a developing germinal centre, leading to failure of GC formation and this is a Fyn 

independent process. Cannons et al have also shown the compromised T cell dependent antibody 

response to be FynT independent as R78 mutant mice (where SAP/FynT binding is abrogated) do not 

demonstrate this specific humoral abnormality 50,68,93. 

The reduced levels of TH2 cytokines (namely IL-4 and IL-10) produced by stimulated T cells seen in the 

XLP1 phenotype may contribute to the poor antibody response through impaired B cell help. Reduced 

levels of IL-10 secretion by CD4+ T cells have been documented in XLP1 patients although their 

relevance in the mouse model is disputed 66,88 and the reduction in IL-4 secretion in response to 

αCD3/28 is Fyn dependent 100 .  
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Figure 4. XLP1 associated phenotypes. Schematic illustrating the causal links between cellular 

abnormalities giving to clinical pathologies as seen in XLP1 patients (Adapted from Booth et al., 2011). 

 

 



40 
 

1.6 Current treatment and management options for XLP1 

 

Given the severe morbidity and high rates of mortality in XLP1, it is strongly recommended that genetic 

screening and counselling be carried out in families with history of XLP1. Diagnosis is confirmed using 

flow cytometric analyses of SAP expression followed by Sanger sequencing of the SH2D1A gene. 

Immunological status is assessed with focus on immunoglobulin levels and response to vaccines 7.   

Currently, the only definitive treatment available for XLP1 patients is allogeneic HSCT 7,26,101. However, 

depending on clinical features, less aggressive treatments may be adopted, particularly if a suitable 

donor for transplant is not available. As many patients do not present with all symptoms 

simultaneously or at varying severity, there are a number of treatment options that target specific 

clinical phenotypes 7,102,103. 

 

1.6.1 Treatment approaches  

 

Treatment of XLP1 is tailored to particular clinical symptoms and supportive care. However, close 

monitoring (e.g. of EBV viral loads) is important in this patient cohort to allow prevention of recurrent 

infections, organ damage such as bronchiectasis and permit early treatment of EBV infection and more 

serious complications. If there is evidence of EBV driven disease, including HLH, treatment with a 

monoclonal anti-CD20 antibody (Rituximab) 7 can be used to deplete the B cell population harbouring 

the virus. This approach is effective at reducing and often clearing the viremia but risks the effects of 

B cell depletion, including exacerbation of long-term hypogammaglobulinemia. Antiviral agents are 

poorly effective against EBV but acyclovir has been used in some circumstances 7.   
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1.6.2 Immunoglobulin replacement therapy 

 

Intravenous or subcutaneous replacement immunoglobulin therapy is the mainstay of supportive 

treatment to prevent infection in those patients with dysgammaglobulinaemia. Its role in the 

management of patients with normal serum immunoglobulin levels is not clear. An underlying humoral 

defect, albeit undetectable by laboratory findings, will still be present but whether this would be 

ameliorated by supplemental immunoglobulin treatment or whether immune dysregulation can be 

prevented is debatable. Patients with recurrent infections may benefit from immunoglobulin 

replacement therapy, which can be delivered via intravenous route every few weeks, or 

subcutaneously every week (usually performed at home).   

 

1.6.3 Management of HLH and lymphoma 

 

HLH is treated according to standardised protocols (HLH 94 and 2004) 6,58,104 based on the use of 

dexamethasone, etoposide and cyclosporine 60  with the addition of intrathecal methotrexate and 

steroids if there is neurological involvement 105. This is a highly suppressive regime and can be 

associated with significant toxicity.  The protocol follows different stages, starting with an intense 

period of treatment initially, with reducing doses of steroids and frequency of etoposide over time if a 

response is seen. Re-intensification of therapy is occasionally required. This protocol aims to achieve 

remission of HLH, usually prior to moving swiftly to HSCT, but the mortality associated with this 

presentation is still over 60 % 7. Other immunosuppressive agents have been used to control HLH, 

either in combination with steroids or as rescue therapy, including ATG (anti-thymocyte globulin) in 

combination with etoposide in the HIT (Hybrid ImmunoTherapy)-HLH trial, NCT01104025), or 

Alemtuzumab (Campath/anti CD52 antibody). In addition, newer biologics are now available, and some 

are being tested in HLH including Toculizumab (anti-IL6R antibody). An anti-interferon gamma 
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monoclonal antibody (Novimmune NI-0501) is now in trial in the US and Europe with results eagerly 

awaited. The JAK1/2 inhibitor Ruxolitinib has shown promise in pre-clinical murine studies and is now 

moving towards the clinic 106. 

These more targeted therapies could offer an improved toxicity profile, which may be extremely 

beneficial to help transition patients rapidly to HSCT with as little organ damage and infectious 

complications as possible, and thereby afford better outcomes post-transplant.  Lymphoma is also 

treated according to standardised protocols and again mortality associated with this presentation has 

reduced over the years. 59 

 

1.6.4 Haematopoietic stem cell transplant 

 

HSCT is currently the only curative management option for patients with XLP1. Results are encouraging 

with overall survival around 80 % and excellent immune reconstitution but this is dependent on a good 

donor match and the absence of active disease at transplant 7,107. If patients enter transplant with a 

diagnosis of HLH survival falls steeply to 50 % 7. This provides an argument for HSCT prior to the onset 

of clinical symptoms if the diagnosis is known, for example through family history, as the procedure is 

well tolerated (especially with non-myeloablative conditioning regimes) and the possible 

consequences of HLH or even lymphoma and vasculitis are severe 56,105,108,109 

As with most stem cell transplants for primary immunodeficiencies, improved results are seen with 

HLA-matched family donors 7,102,103,110,111. Donor choice and availability may limit treatment options for 

XLP1 patients, making XLP1 is a good candidate disease for gene therapy; it is a monogenic condition 

with a well-characterised pathophysiology. 
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1.7 Gene therapy 

 

1.7.1 The basis of gene therapy 

 

The three basic strategies employed in gene therapy techniques to treat disease are gene addition, 

gene correction or alteration and gene knockdown 112. Gene addition or augmentation is the most 

commonly applied approach and involves transfer of a normal copy of the mutated gene to allow 

functional protein expression and correction of disease phenotype. This approach does not however 

remove or correct the mutated gene.  

There are many factors to consider when developing gene therapy for a new indication. Ideally, the 

disease pathophysiology is fully understood and the expression profile of the gene in question is well 

defined. The route of administration must be accessible and clinically appropriate, the gene delivery 

system effective and preferably target specific cells and lead to stable, long-term expression of the 

transgene. In many cases, the recipient’s immune response can impede effective therapy in several 

ways; pre-existing immunity to some vectors such as adenoviral vectors can lead to poor results 

through immune mediated elimination of the vector but also a vector could stimulate a significant and 

possibly deleterious immune response. In patients with absent protein expression due to a genetic 

mutation, the integrated transgene could become a novel target causing an immune response leading 

to therapeutic failure. As with the majority of therapeutic interventions in clinical medicine, it is a fine 

balancing act to provide effective treatment with an acceptable safety profile 113-118 

Gene therapy also offers the advantages of reduced toxicity from conditioning as, in general, less 

chemotherapy is required and the use of autologous cells removes the risk of graft versus host disease 

which causes significant morbidity and mortality post-HSCT 59. Although, several first generation gene 

therapy trial were marred by the integration of gammaretroviral vectors near proto-oncogenes leading 

to leukaemia and myelodysplasia, newer self-inactivating 119-121 retroviruses and lentiviruses have been 

developed that use internal mammalian promoters to drive transgene expression. Numerous clinical 
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trials are underway using these later generation vectors and no insertional events have been reported 

to date 122. 

 

1.7.2 T cell gene therapy for XLP1 

 

The proof of concept for gene therapy for XLP1 was established by Rivat et al., 72 using a second 

generation lentiviral vector containing an endogenous human elongation factor 1 alpha (EFS) promoter 

to drive codon-optimised SAP gene expression. This study was carried out in a SAP-/γ murine model 

using SAP-/γ donor lineage negative cells (LIN-); the murine equivalent to human CD34+ haematopoietic 

stem cells. Transplant experiments consisting of reinfusion of ex vivo SAP corrected donor murine cells 

into a pre-conditioned SAP-/- recipient led to restoration of NK and CD8 T cell dependent cytotoxicity, 

NKT development along with germinal centre formation and function upon immunological challenge. 

However, concerns were raised regarding the nature of SAP expression profile. As it is a tightly 

regulated signalling protein that is not expressed in all haematopoietic lineages including stem cells, 

the use of a strong human promoter solicits questions about SAP overexpression in lineages where its 

expression is limited. Therefore, further work was carried out to assess the functionality of using 

lineage specific promoters including an endogenous SAP promoter to drive expression in the correct 

lymphoid compartments.  An alternative was to develop a bridge to therapy option using corrected 

allogeneic patient whole PBMCs enriched in SAP corrected T cells to address directly the T cell 

dependent clinical manifestations of XLP1 117.  
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1.8 Viral vectors for gene therapy 

 

Viruses have evolved over millions of years to efficiently infect cells and transfer their genetic material 

into the host cell as part of their replication cycle utilising the host’s own cellular machinery to produce 

viral proteins and particles. This system has been exploited in the development of viral mediated gene 

therapy; pathogenic sequences can be removed from the viral genome and DNA sequences of interest 

can be inserted. Currently several classes of viral vector are under investigation in the development of 

gene therapy for clinical use: gammaretroviruses and lentiviruses (both members of the Retroviridae 

family), adenoviruses, adeno-associated viruses (AAV) and herpesviruses. The choice of vector 

depends largely on the application. Desirable properties such as high titre production, efficient delivery 

and transgene expression, cell specificity and low toxicity 123. 

 

1.8.1 Retrovirus 

 

Retroviruses are enveloped viruses characterized by an RNA genome capable of replicating ssRNA into 

double stranded DNA (dsDNA) using the enzyme reverse transcriptase (RT). The family of Retroviridae 

is divided into seven genera (Alpharetrovirus, Betaretrovirus, Deltaretrovirus, Epsilonretrovirus, 

Gammaretrovirus, Lentivirus and Spumavirus), which differ in structural and genomic features (Table 

2), yet the hallmark of the family is its replicative ability in vertebrate hosts. Virions of retroviruses are 

80 – 100nm in diameter and contains two copies of ssRNA molecules that are 7 – 10 kb in size. Fusion 

of viral envelope glycoproteins with the host cell surface facilitate virion entry into the cytoplasm and 

activates RT to copy ssRNA (sense strand) into dsDNA. This DNA is transported to the nucleus as the 

pre-integration complex (PIC) and is then integrated into the host genome by viral integrase (IN) to 

form integrated provirus 124,125.  
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Table 2. List of viral vector elements and corresponding functions.  

 

 

 

 

Viral Element Function 
Gag (group-specific antigen):  Codes for the precursor gag polyprotein that 

direct the synthesis of internal virion proteins to 
form the matrix protein (p17), capsid (p24) and 

the nucleocapsid (p7) proteins. 
 

Pol:  Codes for viral enzymes RT and IN. RT is required 
for the reverse transcription of viral RNA to 

dsDNA and IN facilitates the viral ssDNA 
integration into the host genome. 

 
Env (for “envelope”):  
 

Codes for surface (SU) glycoproteins and 
transmembrane (TM) components that are 

required for host cell receptor fusion and virion 
entry. 

Tat (trans-activator of transcription): 
 

Enhances viral transcription by activating the LTR 
promoter. 

Rev (regulator of expression of virion proteins):  
 

Facilitates nuclear export of unsliced and partially 
spliced mRNA into the cytoplasm for translation. 

Vpr:  
 

An accessory protein involved in the nuclear 
import of the PIC. The Vpr protein can induce G2 

cell cycle arrest that may optimise viral 
replication 

Vif:  An accessory protein that can promote virion 
infectivity indirectly by mediating the degradation 

of host enzymes that exert innate antiviral 
immune activity. 

 
Vpu:  An accessory protein involved in the successful 

release of virions from infected cells. 
 

Nef:  An accessory protein that determines the 
capacity of the virion to synthesise DNA in 

subsequent rounds of infection, therefore it can 
regulate the persistence of infection. 

 
Vpx (HIV-2 and SIV only): 
 

An accessory protein that triggers sterile α-motif 
domain and HD domain 1 (SAMHD1) depletion, a 

HIV-1 restriction factor expressed in myeloid 
lineages and quiescent T cells. It can enhance 

infection in terminally-differentiated 
macrophages and resting T cells 
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1.8.2 Structure and genome 

 

Retroviruses are divided into two classes: simple and complex. Simple retroviruses include the 

gammaretrovirus murine leukaemia virus (MLV) and complex retroviruses include the lentiviruses 

human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) 126-128 (Figure 5). These 

classes are distinguishable by their genome organisation and all retroviruses comprise of four 

important trans-acting genes, which code for virion structural proteins (Table 2) (Figure 5). 

Other regions within the retrovirus genome essential for viral replication are those that regulate the 

transcription of nearby genes. These are termed cis-acting elements within non-coding sequences, 

including the long terminal repeat (LTR), primer binding site (PBS) for RT-catalysed synthesis of 

antisense strand cDNA, Psi (Ψ) packaging signal, polypurine tract (PPT), and the central polypurine 

tract (cPPT). The viral genome is flanked by LTRs that control gene expression levels and comprise of 

promoter/enhancer elements 127,128.  

Retroviral genes are flanked by 600bp LTRs composed of U3-R-U5 regions on either side of the provirus. 

The 5′ LTR initiates transcription at the beginning of the 5′ R sequence until it is terminated at the 3′ 

LTR following a polyadenylation signal after the 3′ R sequence. The U5 enhances the recognition of this 

signal. Upon reverse transcription of viral genomic RNA, the U3 region of the 3′ LTR is copied to the 5′ 

LTR where it acts as a strong viral promoter. 127,128 
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Figure 5. Retroviral genomes. Schematic representation of (A) MLV and (B) HIV-1 genomes illustrating 

simple and complex retrovirus, respectively. All retroviruses contain four essential trans-acting genes, 

namely, gag, pro, pol and env, which code for structural protein that form virion particles. Complex 

retroviruses also contain assessor genes that are important at different stages of viral replication 

including, tat, rev, vpr, nef, vpu and vif (Adapted from Rodrigues et al.). 

 

1.8.3 Lentiviral vectors 

 

Most lentiviral vectors used in research and for clinical application derive from HIV-1 129-131. As such, 

there are safety concerns inherent to using these vectors as tools for gene transfer. Particular attention 

must be given to the risk of generating replication-competent lentiviruses (RCL) and following the 

extensive characterisation of HIV-1, appropriate modifications have been made to vectors to address 

such risks. There are currently four generations of lentiviral vectors that have been developed, each 

with an increased safety profile from preceding designs 131-133 (Figure 6).   

A 

B 
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1.8.4 Packaging systems 

 

Lentiviral particles are divided into “generations” based on the packaging constructs (Figure 6) used 

for production in a common human packaging cell lines such as human embryonic kidney 293T (HEK-

293T) cells 134-137. 

The first generation of lentiviral vectors were produced by co-transfecting three separate components 

into HEK-293T cells: i) a packaging plasmid; ii) an envelope plasmid encoding the viral glycoprotein; 

and iii) the transfer vector containing transgene cDNA of interest. The packaging plasmid incorporated 

all the viral proteins (Gag, Pol and regulatory/accessory proteins) and was under the control of a strong 

viral promoter such as CMV to generate high titre viral particles. The envelope plasmid expressing the 

vesicular stomatitis virus (VSV-G) was chosen for its broad cell tropism 138. Both the packaging and 

envelope plasmids were specifically engineered to lack a packaging signal or LTRs that could allow 

them to be transmitted to viral particles, reducing the risk of RCL in vector production 132,133,139.  

Second generation vector packaging plasmids were developed since it was unnecessary to contain all 

trans-acting accessory genes for high titre virus production despite being important for HIV as a 

pathogen. Instead, second generation packaging plasmids contained only Gag, Pol, Rev and Tat. 

Further enhancing the safety profile was the separation of Rev to a plasmid of its own and the removal 

of Tat, resulting in third generation packaging with a four-plasmid system. Third generation vectors 

were designed to be Tat-independent by replacing the 5′ U3 promoter region in the LTR of the transfer 

vector with viral promoters such as CMV 132,133.  
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Figure 6. The four generations of lentiviral packaging constructs. (A) The system of three expression 

cassettes (packaging, envelope and transfer vector) developed in 1996 by Naldini et al considered the 

first generation of lentiviral vectors. (B) To improve the safety and reduce cytotoxicity of lentiviral 

vectors, the three-plasmid system continued, but without all accessory genes not required for in vitro 

viral replication (vpr, nef, vpu, and vif) were removed without adverse effects of viral yield or 

infectivity. (C) The tat gene was eliminated in the third generation of lentiviral packaging constructs as 

it was no longer required for transgene expression. Instead, it was replaced with a strong heterologous 

promoter. Rev was separated and delivered as an independent non-homologous plasmid to increase 

the biosafety of vectors, since now there were four events of recombination required for replication-

competent lentivirus (RCL) generation. (D) A fourth generation packaging plasmid consists of a five 

plasmid system by delivering Gag-Pro and Pol separately and replacing RRE sequences in the packaging 

construct with heterologous sequences that has similar functions without the need for the Rev protein 

(Adapted from Hélio et al.). 

 

 

A 

B 

C 

D 
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1.8.5 Self-inactivating lentivirus 

 

Despite the improved safety of conventional lentiviral vectors, they still integrate the transgene 

flanked by two LTRs, and therefore still carry the risk of strong viral promoter activity, particularly from 

the 3′ U3 region. Such strong LTR promoter activity may increase the risk of insertional mutagenesis 

like those reported in patients who developed leukaemia after gammaretrovirus-mediated gene 

therapy of X-SCID. This led to the development of third generation self-inactivating lentiviral vectors 

(SIN-LV) without strong LTR promoter activity. 

The U3 region in the 5′ LTR of the transfer vector constructs was replaced with the CMV 

promoter/enhancer, resulting in transcription independent of Tat. Furthermore, SIN-LVs contain a 

133bp deletion in the U3 region of the 3′ LTR (ΔU3), which removes its TATA-box-, Sp1-, NF-κB- and 

NFAT (nuclear factor of activated T-cells)-transcription factor binding sites 122,125,131-133. This deletion is 

transferred to the 5′ LTR after reverse transcription and integration into target cells, resulting in the 

inactivation of the transcriptional function of the provirus LTR.  Figure 7 illustrates the differences in 

structural features between non-SIN and SIN transfer vectors.  
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Figure 7. Comparison of non-SIN and SIN lentiviral transfer vectors. (A) The transfer vectors used in 

the first and second generation of packaging constructs comprised of a strong 5′ LTR, which includes 

the Psi (Ψ) packaging signal and other LTR sequences, the RRE and cPPT sequences, a heterologous 

promoter followed by the transgene of interest. (B) The SIN design forms a provirus in the host without 

enhancer/promoter sequences in both LTRs. The U3 region of the 5′ LTR was replaced with a strong 

promoter (e.g. CMV) that is capable of transcribing full-length viral RNA without the use of Tat. 

Additionally, the wild-type enhancer/promoter sequences within the U3 region of the 3′ LTR was 

deleted to allow for self-inactivation upon reverse transcription and integration into the host genome 

(Adapted from Hélio et al.).  

 

 

 

 

 

 

A 

B 
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1.8.6 Tropism and pseudotyping  

 

Viral vectors can be pseudotyped with surface proteins from different viruses to modify their tropism. 

The most commonly used is the envelope G glycoprotein derived from VSV-G. Other common 

envelopes are derived from MLV, measles virus, Ebola, baculovirus, filovirus and Hepatitis. VSV-G’s 

broad cell tropism makes it more appealing compared to other viruses, which may be limited to the 

tissue that they can infect. Importantly, using VSV-G instead of the HIV-1 envelope significantly reduces 

homologous sequences between the envelope and transfer vector plasmids. 138,140,141 

 

1.8.7 Replication cycle 

 

A hallmark feature of complex lentiviruses is the ability to infect efficiently non-dividing cells including 

quiescent HSCs, making them an attractive tool for HSC gene delivery. Earlier research into gene 

therapy for immunodeficiencies focused on simple gammaretroviral-based vectors that were used in 

the first clinical trials for X-SCID, WAS and CGD.  

The lentiviral virion structure and replication cycle is summarised in Figure 8. Despite the differences 

in the genome of simple and complex retroviruses, the replication cycles are similar. Initiated with 

surface envelope glycoprotein binding to host cellular receptors, causing a conformational change in 

the viral SU that exposes the transmembrane envelope subunit, resulting in fusion of virion envelop 

and release of the core into the cytoplasm 140,142-144.  
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Figure 8. Simplified schematic of the lentivirus virion structure and replication cycle. (A) Structure of 

a mature lentivirus virion and (B) its replication cycle. In the first stage, lentivirus binding to cellular 

targets is facilitates by interaction between viral envelope glycoprotein (SU) and a specific cell surface 

receptor (e.g. CD4, as well as its co-receptor CXCR4), which determines the cellular target of the virus 

(tropism). Following viral entry, the virion-bound matrix and capsid proteins disassemble to release 

the genome, as well as the viral proteins such as reverse transcriptase (RT), integrase (IN) and Vpr 

proteins into the cytoplasm. The viral RNA serves as a template and RT uses host nucleotides to 

synthesize viral DNA (provirus), which is integrated into the host genome by viral IN. Once integrated, 

viral mRNA is transcribed and exported into the cytoplasm viral proteins are synthesized to create 

immature virion particles, which leave the host cell by “budding” through the cellular membrane. 

Adapted from www.abmgood.com.  
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1.8.8 Integration sites 

 

It was initially thought that viral vector integration occurred at random sites in the genome 115. 

However, this was contradicted following early gene therapy trails for X-SCID using MLV-based 

gammaretroviral vectors. Sequencing analysis of vector integration sites showed that these vectors 

selectively integrated close to the transcriptional start sites of proto-oncogenes such as LMO2, CCND2, 

and MECOM 119-121.  

Over 70 % of the integration events in HIV-1- and HIV-2-based vectors occur in transcribed genes. 145,146 

Moreover, lentiviral vectors exhibit a preference for integration away from transcriptional start sites 

compared with the integration profile of gammaretroviral vectors that occurs close to the 5′ end of 

transcription start sites (within 2 kB), and account for over 20 % of all integration events 119. Integration 

site preferences can offer further safety insights into vector oncogenicity when choosing between 

gammaretroviral- or lentiviral-based vectors. Notably, lentiviral vectors have been shown to have a 

lower oncogenic potential compared to gammaretroviral vectors in vitro, and therefore clinical trials 

have moved towards this vector for gene transfer in patients.  

 

1.8.9 Codon optimisation 

 

Codon optimisation is the process of synonymously rearranging codon sequences to enhance 

transgene expression. Interestingly, studies have shown that mRNA encoding the same polypeptide 

through different codon sequences can increase protein expression by 10-100 fold in human cells. This 

process exploits the redundancy in the genetic code as up to six codons can encode the same amino 

acid, with a species-specific bias in codon usage. 

Codon-optimisation typically involves changing the third nucleotide of a codon. Identical mutations do 

not affect the amino acid sequence but have variously proposed strategies to enhance transgene 
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expression including, the minimisation of rare codons, removing mRNA instability elements and 

secondary structures, repetitive sequences, promoter sequences, splice donor and acceptor sites, and 

restriction enzyme binding sites. 147,148 

Taken together, lentiviral vector design and production has greatly advanced into a safer alternative 

to gammaretroviral vectors. These are now in clinical trials for various types of primary 

immunodeficiencies that demonstrate similar efficacy to the early gammaretroviral trials with no 

adverse events reported to date. 101,111,122,149,150 
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1.9 Alternative therapies  

 

1.9.1 Inhibitors 

 

Other therapeutic approaches include the use of small molecule inhibitors of signalling pathways 

affected by SAP and SLAM family members. Current data from the Graziani group 151 suggests that 

inhibition of Diacylglycerol kinase alpha (DGKα), an enzyme downregulated by SAP and implicated in 

the negative regulation of T cell activation can rescue certain phenotypes associated with SAP-

deficiency, including RICD and hyperproliferative responses to Lymphochoriomeningitis Virus (LCMV) 

in mice 151. Although, this approach is not curative it may offer potential treatment option for XLP1 

patients with lymphoproliferation prior to a long-term therapy.  

 

1.9.2 Gene editing 

 

Along with developments in gene therapy, the latter part of this decade has seen great advancements 

in the use of gene editing platforms for therapeutic benefits 152. Transcription activator-like effector 

nucleases and CRISPR/Cas9 nuclease systems have been used for TCR knockdowns as part of CAR-T 

cell therapy, to produce an ‘off the shelf’ donor T cell product for treatment of CD19+ B cell leukaemias 

153. Gene editing platforms hold great promise for effective correction of endogenous genes using 

corrected DNA copies as donor templates, utilising the cells own DNA repair machinery. This approach 

may be particularly beneficial for monogenic diseases such as XLP1 that can present with point 

mutations in the gene. Gene-editing also offers a resolution to the issue of gene regulation and risk of 

overexpression in anomalous haematopoietic compartments and could significantly improve the 

safety profile of genetically engineered cellular therapy. However, this type of therapy needs to be 

custom-designed to repair the genetic defect of each patient.  
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1.10 Project aims 

 

With the clinical manifestations and complex immunopathology in mind, the overall aim of this project 

was to develop novel T cell targeted therapies for treatment of XLP1 and to further our understanding 

of SAP dependent signalling mechanisms regulating T cell responses. We sought to carry this out by 

investigating the following 

 

1. Are we able to restore SAP gene expression in murine CD3+ T cells to rescue humoral immunity 

defects by utilising a previously described SAP KO murine model with a gamma-retroviral 

vector and thereby establishing a proof of concept T cell gene therapy approach?  

 

2. Can we restore CD8+ T cell cytotoxic function using a clinically applicable third generation 

lentiviral vector, in both an in vivo and in vitro setting along with in vitro restoration of XLP1 

patient CD4+ TFH cells?  

 

3. Is the repurposing of a small molecule inhibitor, targeting SHP2 in XLP1 patient T cells able to 

offer an alternative ‘bridging’ therapy to adoptive T cell gene therapy by rescuing a number of 

the T cell dependent clinical manifestations?  
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2 Chapter II: Materials and Methods 
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2.1 Materials   

 

Unless otherwise stated, all general reagents were purchased from Sigma-Aldrich, all tissue culture 

supplies from Gibco (Thermo Scientific) and recombinant cytokines from Peprotech.  

 

2.1.1 Equipment  

 

Device Manufacturer 

FLUOstar OPTIMA microplate reader  Heraeis Biofuge Fresco  

Microcentrifuge  Eppendorf 

Superspeed centrifuge Sorvall  

Tabletop centrifuge Thermo Scientific  

Ultracentrifuge  Sorvall 

Microscope Nikon DigitalSight DS-L1 digital 

LSRII Cytometer BD Bioscience 

Cyan Cytometer Beckman Coulter  
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2.1.2 General molecular biology reagents 

 

Reagent Manufacturer 

Agar MERCK 

Agarose Invitrogen 

Ampicillin Stratgene  

Kanamycin Stratgene 

 

2.1.3 Molecular biology kits 

 

Kit Manufacturer 

DNeasy Blood and Tissue kit  Qiagen 

QIAquick gel extraction kit  Qiagen 

QIAquick PCR purification kit Qiagen 

Plasmid mini/maxi prep Qiagen 

RNA extraction  Qiagen 

Human IL-21 ELISA Ready-SET-GO kit  eBioscience 

Human IgG ELISA Ready-SET-GO kit  eBioscience 

Human IgM ELISA Ready-SET-GO kit  eBioscience 
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2.1.4 Cloning 

 

Reagent/Service Manufacturer 

Restriction enzymes New England Biolabs (NEB) 

Klenow  New England Biolabs (NEB) 

DNA ladder Invitrogen 

Sanger sequencing Source Bioscience 

dNTPs Invitrogen 

Primers  Invitrogen 

T4 DNA ligase  Promega 

DH5α competent E. coli New England Biolabs (NEB) 

 

 

2.1.5 Real-Time Quantitative PCR (RT-qPCR) 

 

Reagent Manufacturer 

Primers Integrated DNA Technologies  

Probes Integrated DNA Technologies 

PrimeTime® Gene Expression Master Mix Integrated DNA Technologies 

iScript™ Bio-rad 

PrimePCR™ Gene expression plates Bio-rad 
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2.1.6 General tissue culture reagents and kit 

 

Reagents/consumables Manufacturer 

T175- flasks Corning costar, eBioscience 

T75- flasks Corning costar, eBioscience 

T25- flasks Corning costar, eBioscience 

96-well plates Corning costar, eBioscience  

48-well plates Corning costar, eBioscience 

24-well plates Corning costar, eBioscience 

Non-tissue culture 24-well plates Corning costar, eBioscience 

Fetal calf serum (FCS) Life technologies 

Penicillin/Streptomycin Life technologies 

Polybrene Sigma 

50 kDa Polyethyleneimine (PEI) Sigma-Aldrich  

OptiMEM Life technologies 

RPMI 1640 Life technologies 

DMEM Life technologies 

NEAA Sigma-Aldrich 

EMEM Sigma-Aldrich 

 

2.1.7 Flow cytometry-staining Kits 

 

IntraPrep Permeabilization                                     Beckman Coulter 

Phospho Cytoperm/fix                 BD Biosciences  
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2.1.8 Cell lines (communally available, generated or otherwise gifted)  

 

293T      Human embryonic kidney 

OMK      Owl monkey kidney 

LCL      Lymphoblastoid cells  

P815                                                                            Mastocytoma tumour cells 

 

2.1.9 Reagents and kits for murine primary and cell line work 

 

NP(65)-CGG      Biosearch technologies  

Red cell lysis buffer    eBioscience 

RetroNectin®     Takara Bio Europe 

Sodium pyruvate    Life technologies 

anti-CD3/CD28 T cell expansion beads  Miltenyi 

IL-2      Peprotech 

2-Mercaptoethanol    Life technologies 

Sodium pyruvate     Sigma  

Pan T cells isolation kit II     Miltenyi  
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2.1.10  Murine antibodies 

 

Table 3.  List of murine cell surface antibodies for ex vivo characterisation of murine T cell 
compartments. 

 

2.1.11  Reagents and kits for human primary and cell line work 

 

Human recombinant IL-2    Peprotech 

Human recombinant IL-6    Peprotech 

Human recombinant IL-7    Peprotech 

Human recombinant IL-21    Peprotech 

Ficoll-Pague™ PLUS     GE Healthcare 

Staphylococcal enteroxin B (SEB)   Sigma 

anti-CD3/CD28 Dynabeads™    Gibco 

Naïve CD4 isolation, kit                                                           Miltenyi 

Naïve/Memory B cell isolation, kit                                        Mitenyi  

Antigen: Expression: Fluorophore: Clone: Supplier: Cat #: 

CD4 Extracellular BV510 RM4-5 BD Bioscience 563106 

CD8a Extracellular APC 53-6.7 BD Bioscience 553035 

CXCR5 Extracellular PE 2G8 BD Bioscience 551959 

PD-1 Extracellular BV421 J43 BD Bioscience 565942 

CD19 Extracellular PE 1D3 BD Bioscience 557399 

GL-7 Extracellular AF647 GL7 BD Bioscience 561529 

GFP Extracellular GFP/FITC - - - 
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2.1.12  Human antibodies 

 

Table 4. List of human cell surface and intracellular antibodies for in vitro characterisation of T cell 
compartments. 

 

 

 

Antigen: Expression: Phospho-

site: 

Fluorophore: Clone: Supplier: Cat #: 

CD4 Extracellular -  APC-Cy7 RPA-T4 BD Bioscience 561839 

CD8 Extracellular -  APC RPA-T8 BD Bioscience 555369 

CD45RA Extracellular -  BV650 HI100 BD Bioscience 563963 

CD62L Extracellular -  BV421 DREG-56 BD Bioscience 563862 

CD95 Extracellular -  BV711 DX2 BD Bioscience 563132 

CXCR5  Extracellular -  BV510 RF8B2 BD Bioscience 563105 

PD-1 Extracellular -  BV421 EH12 BD Bioscience 565935 

CXCR3 Extracellular -  PE 1C6 BD Bioscience 560928 

CCR6 Extracellular -  APC 11A9 BD Bioscience 560619 

CD25 Extracellular -  BV605 2A3 BD Bioscience 562661 

CTLA-4 Extracellular -  APC BNI3 BD Bioscience 560938 

CD28 Extracellular -  PE CD28.2 BD Bioscience 561793 

LY9 Extracellular -  PE HLy9.125 BD Bioscience 565238 

ICOS Extracellular -  FITC M1H4 BD Bioscience 557860 

CD40L Extracellular -  PE-Cy5 TRAP1 BD Bioscience 561722 

FOXP3 Intracellular -  PerCP-Cy5.5 236A/E7 BD Bioscience 561493 

pSHP2 Intracellular pY542 PE L99-921 BD Bioscience 560389 

pZAP70 Intracellular pY292 AF488 J34-602 BD Bioscience 558516 

pERK1/2 Intracellular pT202/ 

pY204 

AF647 20A BD Bioscience 561992 

pAKT Intracellular pS473 BV421 M89-61 BD Bioscience 562599 

pSTAT5 Intracellular Y694 PE 47/Stat5 BD Bioscience 612567 
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2.2 Methods 

 

2.2.1  Cell culture 

 

The following methods and parameters below were strictly adhered to when working with bio-

hazardous reagent and culturing adherent and non-adherent cells for both viral production, 

propagation and cellular transformation. All cell culture work was carried out following standard tissue 

culture safety protocols in accordance with GM- risk assessments in place ensuring the safety of self 

and others whilst reducing the risk of cross-contamination of cell cultures.  

 

2.2.2 Adherent cell lines 

 

2.2.2.1 293T 

Human embryonic kidney (HEK) 293 cells containing the simian vacuolating virus 40 (SV40) large T 

antigen (HEK293T) were cultured and propagated in appropriate tissue culture flasks to a maximum 

cell confluency of 80-90 % in the presence of complete Dulbecco’s modified eagle medium (DMEM) 

containing GlutaMAX (GIBCO), supplemented with 10 % FCS and 1 % P/S. Upon reaching the required 

cell density, cells were washed with phosphate-buffered saline (PBS) and detached using 3-5 ml trypsin 

supplemented with 0.5 % EDTA and re-seeded at 1:4 dilution for further expansion of transfected for 

viral vector production.  

 

2.2.2.2 OMK 

Owl monkey kidney (OMK) cells were kindly provided to us by (Professor Greg Towers’s lab) for further 

generation of Herpes virus saimiri (HVS) (ATCC) in order to transform primary human lymphocytes. 

Upon receiving the cells from cryostorage, cells were counted and cultured at a seeding density of 5-
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10.0x104 cells/well of a 24 well tissue culture plate in the presence of Eagle’s minimum essential media 

(EMEM) supplemented with 10 % FCS, 1 % P/S, 1 % Non-essential amino acids (NEAA) and 2mM 

Glutamine (GIBCO). Cells were propagated at 80-90 % confluency and re-seeded for expansion until 

enough cells were generated for HVS infection of primary cells in T25 tissue culture flasks.  

 

2.2.2.3 Non-adherent cell lines 

Primary human B cells transformed using EBV to form a non-adherent lymphoblastic cell line (LCL) and 

P815 murine mastocytoma tumour cell line were cultured and grown in complete Roswell Park 

Memorial Institute (RPMI) 1640 Medium (GIBCO) supplemented with 10 % FCS and 1 % 

penicillin/streptomycin (Gibco) in T75 tissue culture flasks. Jurkat cells (immortalised T lymphocytes) 

were cultured and expanded in T75 tissue culture flasks and split 1:2 every three days.  
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2.2.3 Vector cloning 

 

2.2.3.1 Gamma-retroviral vector (GRV) 

 

In order to carry out SAP corrected murine adoptive T cell transfer experiments we used a gamma 

retroviral vector on the pSF91 backbone containing codon optimised human SAP cDNA with an internal 

ribosomal entry site (IRES) element and enhanced green fluorescent protein (GFP) under the control 

of endogenous viral long terminal repeat (LTR) promoter. Marlene Carmo, a senior post-doctorate 

research associate in the lab, provided the pSF91 GRV backbone and the codon optimised SAP 

transgene was previously synthesised by GeneArt. The below schematic (Figure 9) outlines the cloning 

steps carried out in the main lab.   

All plasmid DNA samples (1-3 μg) were treated with specified restriction enzymes in the provided 

buffer (NEB) in a final volume of 50 μl. Restriction enzyme treatments were performed as per 

manufacture’s guidelines for 1 h and confirmed by electrophoresis on a 1 % agarose gel (Invitrogen). 

Subsequently, fragments of the correct size were extracted from the gel and purified using the 

QIAquick Gel Extraction Kit (Qiagen) as per manufacturer’s guidelines.  

Gel purified DNA was quantified using the NanoDrop ND-1000 spectrophotometer and ligation of DNA 

fragments into donor plasmids were performed using the T4 DNA ligation enzyme, in the provided 

buffer as per manufacturer’s guidelines. Briefly, ligations were performed with 1:3 to 1:5 molar ratios 

of vector: insert. The ligation mixtures were incubated for 15 min at room temperature (RT) and 

transformed into Stbl3 competent E. coli (NEB) by heat shock and grown for 1 h at 37°C in a shaker 

incubator (250 rpm). Bacteria were plated onto agar plates containing 100 μg/ml Ampicillin or 

Kanamycin and incubated overnight at 37°C. 

Post ligation and transformation, single bacterial colonies were picked and grown in 3-5 ml Luria Broth 

(LB) media containing 100 μg/ml Ampicillin or Kanamycin overnight at 37°C in a shaker incubator at 

250 rpm. On the next day, 1 ml of the bacteria culture was centrifuged for 3 min at 6800 x g and DNA 
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was extracted using QIAquick Plasmid MiniPrep Kit (Qiagen) as per manufacturer’s guidelines. 

Extracted DNA from the colonies was treated with suitable restriction enzymes to confirm appropriate 

size of generated plasmids and plasmid sequence was confirmed using Sanger sequencing.  

Upon confirmation of the correct plasmid DNA construct, a large-scale preparation of the DNA was 

carried out to continue with viral vector production. Remaining bacterial cultures from the positive 

bacterial colonies were further inoculated into 500 ml of LB media containing either Ampicillin or 

Kanamycin and grown overnight at 37 °C in a shaker incubator (250 rpm). Amplified plasmid DNA was 

extracted using the Qiagen Maxi-Prep Kit as per manufacturer’s guidelines. Plasmid DNA purity and 

concentration was quantified using the NanoDrop ND-1000 spectrophotometer and stored at -20 °C 

until further use.  

 

2.2.3.2 Lentiviral vector 

 

The third-generation lentiviral vector on the pCCL backbone containing codon optimised SAP cDNA, 

IRES and GFP used for human primary T work was cloned and sequenced previously by Ben Houghton 

(senior post-doctorate research associate). 
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Figure 9.  Schematic representing cloning strategy to generate GRV vector containing coSAP-IRES-
GFP. 
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2.2.4 Virus production 

 

All viral vector production was carried out in GOSICH department of Molecular and Cellular 

Immunology category 2 retroviral tissue culture labs in accordance with in place GM risk assessments. 

Work pertaining to the use and handling of virus or virally infected cells was carried out under biosafety 

hoods using non-sharp materials, reducing the risk of needle stick injury and accidentally self-infection. 

The transport or movement of virus or virally infected cells between different locations was carried 

out in closed and sealed containers in order to reduce/prevent the risk of contamination.  

In summary, the production of viral vectors either GRV or LV was carried out in 293T packaging cells 

utilising the SV40 large T antigen expressed on the HEK 293T cells to facilitate viral replication within 

the cells. Cultured 293T cells were co-transfected using various transfection reagents (see below) with 

two packaging plasmids for viral assembly along with the vector plasmid containing the transgene 

and/or report of choice. Cells were cultured in complete DMEM media post-transfection and 

supernatant containing assembled viral particles was harvested 48 and 72 h post transfection, 

respectively. The supernatant was concentrated using ultra high-speed centrifugation and the virus 

was the resuspended in OptiMEM media on ice and stored at -80oC.  

 

2.2.4.1 Production of Gamma-retroviral vector for murine T cell studies 

 

The viral production of an LTR driven gamma retrovirus was carried out using calcium phosphate 

(CaCl2) as a transfection reagent (Sigma) of packaging plasmids GAG/POL, ENV (both provided by 

Marlene Carmo) and the vector containing codon optimised SAP cDNA, IRES, GFP or GFP only. 293T 

cells were plated at a density of 12.0x106/ 16 cm2 tissue culture dish in 10 ml complete DMEM media 

prior to co-transfection. Maxi-prepped plasmid(s) were adjusted to the desired concentration of 

18 µg/dish in a 50 ml falcon and 113 µL/dish CaCl2 was gently mixed in. This solution was then added 

dropwise to bubbling Hepes buffered saline (HBS) (Sigma) 113 µL/dish and the precipitate was allowed 
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to sit for 20 min at room temperature. Post incubation 2.25 ml of the final solution was added dropwise 

to each transfection plate and gently agitated to evenly distribute the transfection mix across the dish. 

Cultures were then incubated over night or approximately 16 h prior to a complete media change (12 

ml). Unconcentrated viral supernatants were then collected 48 h later and stored at -80 oC for cellular 

transductions.  

 

2.2.4.2 Production of Lentivirus vector for human in vitro studies 

 

The third-generation lentiviral vector on the CCL backbone was generated using second generation 

packaging plasmids that were communally available in the lab. Similarly, to the production of GRV- 

293T cells were seeded in at a density of 12-15.0x106 cells/ T175 flask in complete DMEM media. This 

was carried out 24 h prior to transfection in order to reach maximum confluency of 80-90 %.  Plasmid 

DNA (50 μg) and packaging plasmids pCMVΔ8.74 (32.5 μg) and pMDG.2 VSV-G (17.5 μg) envelope were 

mixed together in 5 ml OPTI-MEM (Gibco) and filtered through a 0.22 μm filter. Next, 1 μl of 10 nM 

polyethylenimine (PEI, Sigma) was added to 5 ml of OPTI-MEM and filtered. The plasmids and PEI was 

mixed and incubated for 20 minutes at RT to form the transfection mixture. The 292T cells were 

washed with 1x PBS and 10 ml of the transfection mixture was added drop-wise to each T-175 flask. 

Cells were then incubated for 4 hours at 37 °C / 5 % CO2, and subsequently replaced with 18 ml of 

complete DMEM. Viral supernatants were collected at 48 and 72 hours post-transfection, filtered 

through 0.45 μm filters and centrifuged at 23,000 rpm at 4 °C for 2 h. Viral pellets were resuspended 

in 50 μl of cold OPTI-MEM, placed on ice for 20 min, aliquoted and stored at -80°C. 
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Figure 10. Production of VSV-G pseudotyped lentivirus using second generation packaging. High titre 

lentiviral particles containing the transgene of choice is produced by co-transfecting a packaging cells 

line (e.g. 293T) with a therapeutic cDNA or shRNA expressing transfer plasmid along with two 

packaging plasmids that encode structural (Gag, Pol, Rev, and Tat) and envelope (VSV-G due to broad 

tropism) proteins.  
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2.2.4.3 qPCR for vector copy number and engraftment analysis 

 

Viral titres were quantified by transducing 293T cells in serial dilutions and analysed using quantitative 

PCR (qPCR). Briefly, 5 x 104 293T cells were seeded in a 24 well plate in 0.5 ml complete DMEM and 

virus added at 1:50 to 1:156,250 dilutions. After 72 h of incubation at 37°C/5 % CO2, genomic DNA was 

extracted using the DNeasy Blood and Tissue Kit (Qiagen) as per the manufacturer’s guidelines. Each 

qPCR reaction consisted of 12.5μl of PrimeTime® Gene Expression Master Mix (Integrated DNA 

Technologies, IDT) with 0.225μl forward and reverse primers of each target, 0.05μl of each PrimeTime® 

Multiplex dye probe and 5μl DNA sample. Each reaction was made up to a final volume of 25μl using 

DNA-free water and performed in triplicates. Standard curves of known copy number were generated 

using the gBlock® Gene Fragments (IDT) containing double-stranded DNA fragments of murine Titin, 

human β-actin and the WPRE sequence and were used to determine viral titres in samples. The human 

β-actin/WPRE probes and primer sets (shown below) were used to determine viral titres from 293T 

cells. Thermocycling were performed using the CFX96 Touch™ Real-Time PCR (Bio-Rad) system (1 cycle 

of 50 °C for 2 min, 1 cycle at 95 °C for 10 min, 1 cycle at 95 °C for 15 s then 1 cycle of 60 °C for 1 min 

followed by 39 cycles of 95 °C for 15 s. Data analyses were performed using the CFX Maestro software 

(Bio-Rad).  

 

2.2.5 Primer design 

 

Forward and reverse primer primers pairs were designed using NCBI Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) that identifies high specificity primers from a given 

template DNA sequence. Target amplicon sizes ranged between 200-800 bp and the GC content of 

primers ranged between 40-60 %. The optimal melting temperatures (Tm) of the primers were 60-64°C 

and the annealing temperatures were 3 °C above the primer with the lower Tm. Primer specificity was 

checked using the Basic Local Alignment Search Tool (BLAST). Primers were purchased from Thermo 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Scientific, resuspended in nuclease free H2O (Gibco) to achieve a stock concentration on 100 μM, and 

finally diluted to a 10 μM working concentration. 

 

Table 5. List of primers and probes and subsequent sequences used for VCN and engraftment 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Fluorescence Sequence 

β-Actin (5’ – 3’)  FWD: GCTAAGTCCTGCCCTCATTT 

 REV: GATGTCCACGTCACACTTCA 

WPRE (5’ – 3’) FWD: GCTTCCCGTATGGCTTTC 

 REV: GTTGCGTCAGCAAACACA 

Titin (5’ – 3’) FWD: ACCGAGAGAGGTGGTATTGA 

 REV: AGGATGCCTCCTGCTTAG A 

Sry (5’-3’) FWD: TCATGAGACTGCCAACCACAG 

 REV: CATGACCACCACCACCACCAA 

Probe Fluorescence Sequence 

β-Actin (5’ – 3’) HEX ATG TTC GTG/ZEN/GAT GCC ACA 

GGA CTC 

WPRE (5’-3’) FAM TTA TGA GGA/ZEN/GTT GTG GCC 

CGT TGT 

Titin (5’ – 3’) HEX AGC TCT TCG/ZEN/TCT CAG TCA 

GTC CAA 
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2.2.6 Titration of virus by flow cytometry 

 

Viral titres were quantified by transducing 293T cells in serial dilutions and GFP expression were 

analysed by flow cytometry. 1x105 293T cells were seeding onto 12 well plates in 0.5 ml complete 

DMEM and virus added in serial dilutions ranging from 1:50 to 1:1,250. Transduced cells were cultured 

for 72 h at 37 °C/5 % CO2, and subsequently washed with 1x PBS, detached using trypsin+ EDTA and 

GFP expression was analysed. Titre was calculated using the following equation: 
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2.2.7 Propagation of Herpes virus saimiri  

 

HVS was purchased from ATCC and was further generated in Owl Monkey Kidney cells (OMK). OMK 

cells were plated in complete EMEM at a concentration of 5-10x104cells/cm2 or per well in 24 well plate 

and incubated for 3-4 days before expanding. Media was then removed and cells were washed with 

PBS followed by 0.5 ml 0.25 % trypsin+ EDTA and incubated for 5-10 min at 37 oC. Cells were then 

harvested in EMEM media and split cells 1:2 into 25cm2 flasks. Sub-culturing was repeated every 3-6 

days until cells were expanded into 75cm2 flasks. 2 days before infection with HVS cells were split at a 

ratio of 1:3 in 15-20 ml complete EMEM. *On the day of infection media was removed and replaced 

with 3-5 ml complete EMEM containing up to 1000 infectious particles of HVS.  Infected cells were 

Incubated for 2-4 h and then 10 ml complete EMEM was added and incubated for up to 7-14 days 

(most cells will have detached from the bottom by this point) after which the viral supernatant was 

collected and centrifuged at 2200 rpm to clarify cellular debris from supernatant.  

*two flasks were set up- one containing 10 µl of stock virus and the other containing 1 ml of stock virus. 
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2.2.8 Primary murine cell culture 

 

All animal studies were approved by the University College London Biological Services Ethical Review 

Committee and licensed under the Animals (Scientific Procedures) Act 1986 (Home Office, London, 

United Kingdom). NSG mice were obtained from Jackson Laboratory and raised under specific 

pathogen-free conditions.  

Wild type and SAP KO murine splenocyte derived T cell cultures were carried out in complete RPMI 

1640 media additionally supplemented with 1 mM betamercaptoethanol and 1 mM sodium pyruvate 

(all Life Technologies). T cells were then further stimulated with 100 ng/ml murine Interleukin (IL) 2 

(Peprotech, Rocky Hill, NJ, USA) and 100 µg/ml anti-CD3e and 100 µg/ml anti-CD28 T cell 

activation/expansion (Miltenyi, Bergisch Gladbach, Germany). Cultures were phenotyped on day of 

harvest to ascertain CD4:CD8 T cell ratios and incubated for 72 h prior to GRV transduction for either 

in vivo reconstitution or in vitro functional assays.  

 

2.2.9 Isolation of splenic murine lymphocytes 

 

Total Pan CD3+/CD4+/CD8+ or CD19+ B cells were isolated by negative magnetic selection microbeads 

(Miltenyi, Bergisch Gladbach, Germany) from whole splenocytes. Briefly, spleens were taken from 

either WT or SAP KO mice post mortem and macerated in 22 µM filters using a 1ml syringe plunger. 

Cells were washed with cold PBS into 50ml falcons and centrifuged for 5’ at 1400 rpm. Supernatant 

was then removed and the cell pellet was resuspended in 5 ml of x 1 red blood cell lysis buffer (RBC) 

(eBioscience) for 5 min at 37 oC. Lysis was stopped using 30 ml PBS and cells were centrifuged for 5 min 

at 1400 rpm after which the cell pellet was resuspended in 10 ml PBS for cell counting. Once the cell 

concentration/ml was determined a further 30 ml was added to the suspensions and centrifuged for 5 

min at 1400 rpm. Supernatant was removed and the cell pellet was resuspended in 40 µl MACS 
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buffer/107 cells followed by addition of 10uL/107 biotinylated antibody and incubated for 5 min at 4 oC. 

Post incubation a further 30 µl/107 cells MACS buffer was added along with 20 µL/107 cells of 

microbeads. Cells were incubated for 10 min at 4 oC then column selected. For column-based selections 

of a total of 109 cells, we used LS columns (Miltenyi, Bergisch Gladbach, Germany) primed with 3 ml 

MACS buffer prior to addition of cells. Post priming, cells were added and collected in 15 ml conical 

tubes and columns were washed three times with 3 ml of MACS buffer. The unlabelled, negative 

fraction was collected representing the enriched population of cells of choice and cellular density was 

adjusted to 1.0x106 cells/ml in complete media and plated in 24 well tissue culture plates.  

 

2.2.10  Gamma retroviral transduction of murine CD3+ T cells 

 

Isolated CD3+ murine T cells were cultured at a seeding density of 1-2.0x106 cells/ml with RPMI 

medium (Gibco®) with 10 % FCS, 1 % PenStrep (Gibco®), 1 mM β-mercaptoethanol, 1 mM sodium 

pyruvate, 100 U/ml IL-2 and 2.5 µg/ml anti-CD3 (BD Pharmigen™) in 24 well plates at 37 °C for 24 

hours. Meanwhile, non-tissue culture 24-well plates (BD Falcon™) were prepared for spinoculation by 

adding 1 ml DPBS with 20 µg/ml RetroNectin® (Takara Bio Inc.) and incubating at room temperature 

for 2-3 hours. After incubation, RetroNectin® can be stored at -20 °C for a second use and discarded 

after the second use.  Transduction was performed 24 h later with retroviral supernatant via 

spinoculation (90 min at 1000 g) in pre-coated plates. 72 h post ex-vivo transduction cells were 

harvested and phenotyped for CD4 and CD8 population percentage and transduction efficiency.   
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2.2.11  Preparation of Antigen Emulsification for I.P Immunisation 

 

NP (65)-CGG vaccine was reconstituted in PBS at a final concentration of 1mg/ml. Using a three way 

‘T’ connector and Luer-Lok syringes; 1 part antigen (NP (65)-CGG) was mixed with two parts adjuvant 

(Alum (SERVA)) in a dropwise manner. Sample was then kept on a roller at RT for 1 h to ensure 

adequate mixing. Mice were then immunised via intraperitoneal injections using 150 µl NP (65)-CGG-

Alum mix. 

 

2.2.12  Murine in vivo reconstitution 

 

2.2.12.1 Adoptive T cell transfer 

 

The immune reconstitution protocols and timeline for restoration of humoral immunity was initially 

developed using an adoptive T cell transfer model of WT murine cells into SAP -/- receipts. The same 

experimental design was used for transfer of SAP corrected T cells. Initially, 1.0x107 splenic WT T cells 

were harvested and activated for 72h. Cells were then transduced ex vivo using a mock (GFP only) GRV 

vector for WT experiments and controls or SAP-IRES-GFP GRV for gene therapy experiments. Cells were 

prepared in 200μl aliquots in PBS using the Plastipak 1 ml syringes with 27G needle (BD Biosciences) 

and placed on ice. Virally modified cells were then transplanted by I.V tail vein injection into sublethally 

(6Gy) irradiated SAP-/- recipient mice. At the time of injection, recipient mice were warmed to 37°C 

for no longer than 10 min in order to visualise the vein and allow for easier injections. Eight weeks post 

reconstitution all cohorts of recipient mice were immunologically challenged via i.p injections of T cell 

dependent antigen; chicken gamma globulin conjugated to hapten: 4-Hydroxy-3-nitrophenylacetly 

(NP-CGG). 10 days post immunological challenge mice were sacrificed via cervical dislocation and the 

spleen was removed and placed in cold PBS for processing. 50-100 µl blood was also taken via cardiac 

puncture in 20 µl 1000 U Heparin for peripheral blood analysis serum extraction for ELISA assay(s).  
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The mouse immunoglobulin standard panel was obtained from Southern Biotechnology Associates. 

Germinal centre B cells were detected by flow cytometry in single-cell suspensions of splenocytes after 

erythrocyte lysis using anti-CD19 and anti-Gl-7 antibodies (BD Biosciences). In parallel, splenic sections 

were fixed in formalin, sectioned and stained with hematoxylin and eosin to allow visualisation of 

tissue structure. Germinal centre B cells were stained by immunohistochemistry using unconjugated 

Peanut agglutinin (PNA) (Vector Laboratories). Imaging: The images were captured by Olympus BX51 

with Olympus Paln Apo objectives, and Nikon DigitalSight DS-L1 digital microscope camera with 

automatic exposure and on camera white balancing.  

 

2.2.12.2  Histology 

 

All embedding, sectioning and staining was carried out by UCL GOSH histology services. 

Briefly, spleen segments were fixed in 10 % formalin solution post- harvest and paraffin embedded for 

microtome sectioning. Sections were then placed on treated slides and placed in an alcohol gradient 

followed by antigen retrieval prior to staining. PNA staining was used to indicate germinal centres by 

binding to expressed lectins on the surface of germinal centre cells and these slides were analysed and 

images captured using confocal microscopy at 10x and 40x magnifications.   
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2.2.13  Humanised NSG tumour model 

 

2.2.13.1 Tumour generation 

 

Allogeneic LCLs were transduced with a viral vector (constructed by Dr. Benjamin Houghton) 

expressing fire-fly luciferase and blue fluorescent protein reporter gene to select on highly expressing 

cells. A cell dosage of 5.0x106 was injected into NOD SCID Gamma mice (NSG) subcutaneously at the 

nape of the neck and localised tumours were left to form for a period of 48 h.  

 

2.2.13.2 CTL injections and IVIS imaging 

 

5x106 in vitro generated CTLs were injected I.V via tail vein 48 h post tumour establishment using IVIS 

imagining. Healthy donor and XLP patient CTLs were injected intravenously via the tail vein and tumour 

regression was monitored using IVIS every 48 h for 10 days post tumour establishment in the presence 

of 15 mg/kg i.p injected D-Luciferin. 
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2.2.14  Primary human cell culture 

 

All healthy donors providing blood samples for R&D purposes were informed and signed consent forms 

prior to blood donations. Ethics for the use of patient material are in place (19-LO-0720). Patients or 

family members were consented prior blood donation and cryopreservation.  

 

2.2.14.1 Isolation of peripheral blood mononuclear cells (PBMCs) 

 

PBMCs from heparinised peripheral blood were isolated via density gradient centrifugation using 

Ficoll-Paque (GE Healthcare). Briefly, blood was diluted 1:1 with 1x PBS, slowly added onto Ficoll-paque 

and centrifuged for 1000x g for 20 min (with slow break setting). PBMCs were collected from the 

middle serum/ficoll layer using a Pasteur pipette. The PBMCs were then washed with 1x PBS and 

seeded onto 24 well plates at 1 x 106/ml in complete RPMI media. 

 

2.2.14.2 Generation of LCLs and CTLs  

 

PBMCs were isolated using Ficoll-Paque (GE Healthcare, Amersham, UK) isolation from EBV 

seropositive healthy donors for generation of autologous and allogeneic LCLs. LCLs were generated in 

vitro using EBV B95.8 supernatant to infect whole PBMCs in the presence of 50 µg cyclosporine.  

Autologous and allogeneic PBMCs from healthy donor and XLP patient samples were stimulated with 

40 Gy irradiated LCLs in vitro over a period of 4 weeks with repetitive stimulations. Healthy donor CTLs 

transduced with EFS-GFP and XLP patient CTLs were transduced with either EFS-GFP or EFS-SAPGFP 

viral vectors at an MOI of 50. Generated CTLs were phenotyped and tested for cytotoxic function prior 

to murine infusion. 
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2.2.14.3 Generation of HVS transformed cells  

 

Whole PMBCs were taken from healthy donors and XLP1 patients and stimulated in vitro with PHA 

20 µg/ml and cultured in X-VIVO media with 5 % human serum without IL-2 for a period of 72 h. IL-2 

at a concentration of 20 ng/ml was added to supplement the media and cells were incubated for a 

further 48 h for T cell expansion to occur. HVS virus supernatant generated using Owl Monkey Kidney 

cells (as previously published) was added to the cultured cells seeded at a density of 2.0x106 cells per 

well of a 48 well plate. Phenotype of transformed cells was assessed at two-week intervals to 

determine longevity and viability of cells.  

Further functional assessment was carried out in parallel to healthy donor non-transformed T cells. 

HVS and non-transformed cells were tested for cytotoxicity function and through in vitro co-culture 

assay to determine level of B cell help by measuring cytokine and immunoglobulin secretion.  

 

2.2.14.4 In vitro cytotoxicity  

 

Generated CTL were transduced using LV-EFS-coSAP-GFP or LV-EFS-GFP vectors at MOI 50 and 

phenotyped using; Mouse anti-CD4; Mouse anti-CD8; Mouse anti-Human CD45RA; Mouse anti-Human 

CD62L (BD Bioscience) to establish memory phenotype and transduction efficiency prior to NSG 

tumour model. CTL function was determined using in vitro 51Cr labelled (Na251CrO4, PerkinElmer, 

Waltham, MA, USA)  release assay with allogeneic LCL target and non-specific P185 murine 

mastocytoma cell target with anti-CD3 conjugation (BD Biosciences) to determine EBV directed and 

redirected killing. An effector to target ratio of 30:1 was used and serial dilutions carried out to 

determine cytotoxicity range and incubated for 4 hours at 37°C. 51Cr release in the supernatant was 

measured with a beta counter (Trilux, 1450 MicroBeta, PerkinElmer). 
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2.2.14.5 In vitro B cell help TFH assay 

 

Healthy donor and patient PBMCs were isolated using Ficoll-Pague™ according to manufacturer’s 

protocol. Naive CD4+ T cells were isolated from non-transformed healthy donor PBMCs and HVS 

transformed XLP patient samples using Miltenyi MACs negative selection following manufacturer’s 

protocol. Selected cells were activated using either anti-CD3/CD28 Dynabeads at a 1:1 ratio with RPMI 

media supplemented with 5 % human serum and human recombinant IL-2 at a concentration of 

10 ng/ml or with cytokine cocktail of human recombinant; IL-6 (100 ng/ml); IL-7 (2 ng/ml); IL-21 

(20 ng/ml). Cells were incubated for 72 h and transduced using EFS-GFP or EFS-SAPGFP at a multiplicity 

of infection (MOI) of 50.  

Activated and transduced cells were subsequently cultured maintaining in vitro conditions at a density 

of 5.0x104 cells per well of a 96 well round bottom plate in the presence of 15 ng/ml Staphylococcal 

enterotoxin B (SEB). Either alone or with allogeneic memory B cells isolated from tonsillar mononuclear 

cells at a ratio of 1:1.  

Co-culture of cells was carried out for 10 days and cells were harvested for phenotyping using LSRII 

and BD conjugated antibodies. Supernatant of cultured cells and ELISA assays were performed on 

biological and technical triplicates using Platinum ELISA technology from ebioscience for quantification 

of IL-21 and IgM/IgG concentration levels. 

 

2.2.14.6 qPCR for gene expression 

 

Total CD4+ and CD4+ PD-1+ CXCR5+ T cells were FACS sorted at d10 post TFH: B cell co-culture under the 

different T cell activatory conditions. Total RNA was subsequently harvested following manufacturer’s 

standard protocol (QIAGEN) and reverse transcribed (RT) to generate cDNA using iSCRIPT™ (BIO-RAD) 

as follows:  
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Samples were loaded with SYBR® Green mastermix onto pre-prepared BIORAD 96 well gene expression 

plates containing relevant primers and read using the following parameters:  

Thermocycling were performed using the CFX96 Touch™ Real-Time PCR (Bio-Rad) system (1 cycle at 

50 °C for 2 min, 1 cycle at 95 °C for 10 min, 1 cycle at 95 °C for 15 s then 1 cycle at 60 °C for 1 min 

followed by 39 cycles at 95 °C for 15 s. Data analyses were performed using the CFX Maestro software 

(Bio-Rad).  
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2.2.15  Small molecule inhibitor treatment 

 

2.2.15.1 Reconstitution of RMC-4550 

 

Initial stock of RMC-4550 (obtained from Elsa Quintana RevMed, CA) was reconstituted with 100 % 

DMSO at a concentration of 10 mg/ml. Further dilutions were carried out in appropriate cell media 

maintaining 0.01 % DMSO concentration across all working dilutions.  

 

2.2.15.2 RMC-4550 cell treatment 

 

Primary human T cells were obtained from PBMCs and cultured as previously stated in the presence 

of T cell activation conditions plus or minus varying concentration(s) of RMC-4550. Cells were then 

harvested at different time points for immunophenotyping and functional analysis.  

 

2.2.15.3 RICD assay 

 

Assessment of T cell sensitivity to undergo TCR reactivation induced cell death was carried out by 

activating T cells using a standard T cell activation protocol. Cells were cultured for 72 h in the presence 

of 10 ng/ml IL-2 and subsequently harvested, washed with PBS and reseeded at a density of 0.5x106 

cells/ml with varying concentrations of OKT3 for a further 5 days.  Samples were then harvested, 

stained with PI and analysed using flow cytometry to identify cell death.  
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2.2.16  Flow cytometry: immunophenotyping  

 

Flow cytometry analysis was performed using the LSR II (BD Biosciences) with FACSDiva 8.01 software 

or the CyAn ADP flow cytometer with Summit 4.4 software (Beckman Coulter).  

 

2.2.16.1 Cell surface antigen staining 

 

Cells were pelleted at 1200 rpm for 5 min, resuspended in appropriate amount of 1x PBS containing 

2 % FCS (FACS buffer) and stained with appropriate amount of antibody. All staining was performed 

for 30 min at RT in the dark. Cells were washed in 2 ml 1x PBS, centrifuged at 1200 rpm for 5 min and 

resuspended in 200 µl FACS buffer for analysis.  

Single-cell suspensions were prepared from human PBMCs or murine splenic tissue. Samples were 

incubated for 60 min at room temperature with various antibodies (Table 6).  

 

Table 6. List of antibodies against cell surface antigens to distinguish between T cell compartments. 

 

Murine T 

cells 

memory: 

Murine 

TFH: 

Murine 

GC: 

Activation: Human 

Memory: 

Human 

cTFH: 

Human 

CD4 

subsets: 

Th 

Human 

Tregs: 

CD3 CD4 CD3 CD25 CD4 CD4 CD4 CD25 

CD4 CXCR5 CD19 CD28 CD8 CD45RA CD45RA CTLA-4 

CD8 PD-1 GL7 CD40L CD45RA CXCR5 CXCR5 CD28 

CD44   ICOS CD62L PD-1 PD-1  

CD62L    CCR7  CCR6  

    CD95  CXCR3  

    IL-2β    
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2.2.16.2 SAP staining 

 

Cells were lysed using the IntraPrep permeabilisation solutions (Beckman Coulter) and stained with 

anti- SAP primary antibody (Abnova) according to the Standard Operating Procedures of the Camelia 

Botnar Laboratories. Briefly, 1 μl of SAP primary antibody or 1 µl anti-IgG1 isotype control was added 

to fixed and permeabilised cells, gently mixed and incubated for 15 min at RT.  Cells were washed twice 

with FACS buffer, centrifuged and resuspended in 100 μl with 2.5 µl secondary antibody. The cells were 

incubated for 15 min at RT, washed, pelleted and resuspended in 400 μl FACS buffer for subsequent 

analysis by flow cytometry.  

 

2.2.16.3 Intracellular phospho-flow protein staining 

 

Phospho-flow is a highly sensitive method allowing multiplex analysis of many different 

phosphorylated proteins in one given sample, which is advantageous when working with limited 

patient samples. We utilised this technique in conjunction with extracellular antigen staining. Briefly, 

0.2-0.5x106 cells were harvested and centrifuged at 1200 rpm for 5 min. Cells were then resuspended 

in 200 µl FACS buffer and stained with cell surface antibodies in the dark for 30 min. Cells were then 

washed with a further 3 ml of FACS buffer and centrifuged at 1200 rpm for 5 min. Subsequently, 250 µl 

of BD Phospho-perm/fix was added to cell pellets and incubated at RT for 20 min. Samples were then 

washed with 3 ml BD Phospho-buffer and centrifuged at 1200 rpm for 5 min. Samples pellets were 

resuspended in 200 µl of BD Phospho-buffer and intracellular staining carried out for 30 min in the 

dark. Cells were then washed with 3 ml BD Phospho-buffer and resuspended in 200 µl FACS buffer for 

flow cytometry analysis.  
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2.2.17  Cytokine and immunoglobulin quantification 

 

2.2.17.1 NP-specific murine IgG1 ELISA: Antibody response 

 

All control and reconstituted animals were injected i.p with NP(65)-CGG (1mg/ml) (Biosearch 

Technologies) mixed with alum (Serva) in a 1:2 ratio. Serum was collected at various time points after 

immunisation and NP-specific immunoglobulins were detected and quantitated by enzyme-linked 

immunosorbent assays (ELISAs) using NP(65)-CGG (Biosearch Technologies) as a capture antigen.  

 

2.2.17.2 IL-21, IgG, IgM ELISA 

 

Cytokine immunoglobulin secretion analysis was performed on primary T: B cell culture supernatants 

to quantify the expression of IL-21, IgG and IgM in response to adequately restored TFH cell function 

using the affymetric ELISA Ready-SET-Go kit (eBioscience). Corning-Costar 96 well ELISA plates were 

coated overnight with 100 μl/well capture antibody, sealed and incubated overnight at 4 °C. The next 

day, plates were washed 5 times with wash buffer (1x PBS + 0.05 % Tween) and blocked with 1x ELISA 

diluent (eBioscience) containing BSA for 1 h at RT. The plates were washed and 100 μl diluted samples 

and standards of known concentrations added to wells in triplicates, and incubated for 2 h at RT. The 

plates were washed and 100 µl/well detection antibody diluted in 1x ELISA diluent was added to each 

well and incubated for 1 h at RT. Next, 100 µl/well Avidin-HRP was added for the detection of 

biotinylated antibodies and incubated for 30 min at RT. After washing 7 times, 100 μl/well 1x TMB 

substrate solution (eBioscience) was added and incubated for 15 min or until colour change in the 

samples were observed. The reaction was stopped with 50 μl 0.19 M H2SO4 and absorbance read at 

450 nm using the FLUOstar Optima plate reader (BMG Labtech). 
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2.2.18  Statistical analysis  

 

All statistical analysis was performed using GraphPad Prism version 5.04 for Windows, (GraphPad 

Software, California USA, https://www.graphpad.com/). 

Mean values are depicted in all graphs generated using GraphPad Prism 6.0 (La Jolla, CA, USA). 

Statistical significance was determined by two-way analysis of variance for tumour growth cytotoxicity 

and humoral reconstitution end-point analysis along with Mann-Whitney Two-tailed Student t test for 

unpaired non-Gaussian distributed ELISA samples to calculate significance. 
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3 Chapter III: Results part I - Development of an 

in vivo gene therapy approach to restore 

humoral and cytotoxic defects 
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3.1 Aims and investigative points 

 

The aim of this study was to demonstrate a proof of concept for adoptive T cell gene therapy using 

viral vector mediated SAP gene delivery for 

 

• Reconstitution of humoral immunity in a SAP KO murine model  

• Restoration of XLP patient cytotoxic function in vitro 

• Restoration of XLP patient cytotoxic function in vivo using an NSG mouse tumour model.  

 

 

3.2 Introduction 

 

Many of the immunological abnormalities XLP1 patients present with are T cell mediated. Therefore, 

we have utilised previously established SAP KO and humanised NSG murine models to develop a proof 

of concept T cell gene therapy approach. With the SAP KO model, we were able to recapitulate the 

humoral deficiency component of XLP1 with impaired germinal centre formation and subsequent 

immunoglobulin secretion, whilst utilisation of the humanised NSG model allowed us to address T cell 

cytotoxicity defects associated with a malignancy phenotype.  
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3.3 Murine models 

 

3.3.1 SAP deficient mice 

 

The generation and study of SAP deficient mice has provided many insights into phenotypes associated 

with SAP deficiency, some of which were not previously described in patients, for example, the role of 

NKT cells in development of immune pathogenesis. One key feature that has been noted in both XLP1 

patients and the murine model is the lack of long-term humoral (antibody) responses and memory B 

cells in response to infection and to immunisation.24,63,64,154 46,63,64,68,100,154,155These phenotypes have 

been studied extensively and are proven T cell intrinsic defects due to due to the lack of SAP function 

and are associated with impaired formation of germinal centres (GCs) 63,68,91,92. GCs are the site where 

B cells undergo Immunoglobulin gene class-switching and hypermutation in response to antigen in the 

context of contact-dependent signals from specific CD4 T helper lymphocytes, now known as follicular 

T helper (TFH) cells. The GC is also the site where most memory B cells and long-lived plasma cells are 

derived. Subsequent evaluation of XLP1 patients revealed that they also lacked IgG+ memory (CD27+) 

B cells and an autopsy confirmed a lack of GCs in lymph nodes from an XLP1 patient 12,108. In addition 

to the well-documented dysgammaglobulinemia in XLP1 patients, evidence of impaired responses to 

immunisation had been reported 11. However, characterisation of SAP deficient mice has provided a 

clearer picture of the nature of these humoral defects. 

Further insight into these phenotypes came from intravital microscopy in mice, which revealed that 

SAP-deficient T cells exhibited impaired adhesion to B cells, a defect that was confirmed using in vitro 

flow-based cell conjugation assays 69,156. This defect was relatively specific, as that adhesion to antigen-

presenting dendritic cells was less affected. The B cell specificity correlated with very high levels of 

expression of multiple SLAM family members including SLAMF6 (Ly108/NTB-A), SLAMF5 (CD84) and 

CD48 (the ligand for 2B4) on activated B cells. In the absence of SAP, some of these ligands trigger an 
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inhibitory response in SAP-deficient T cells, preventing full activation by and adhesion to B cells, likely 

by affecting TCR-induced inside-out signaling to integrins 55,157. 

Consistent with these observations, SAP deficient T cells initially activate normally in response to 

immunisation or infection, but fail to form mature TFH cells, a process now recognised to require B cell 

interactions. Understanding the critical role of TFH cells in humoral immunity has been greatly advanced 

by studies of SAP deficient mice. Such findings further suggested that defective adhesion to B cells was 

likely to contribute to the inability of SAP deficient T cells to provide contact-dependent help for GC 

generation and long-term humoral immunity, and thus the dysgammaglobulinemias seen in XLP1. 

Moreover, the observation of defective interactions with B cells has provided mechanistic insight into 

other phenotypes of XLP1, many of which share a common feature of B cell involvement. SAP deficient 

CD8 cells exhibit defective adhesion to and killing of activated B cell targets, especially EBV-

transformed cells, which express high levels of certain SLAM family members and CD48. Thus, the 

sensitivity to EBV may occur because EBV primarily infects B cells.  Impaired immunosurveillance of B 

cell malignancies may contribute to the increased incidence of lymphomas, even in the absence of 

EBV-infection 7,49. Since defective CD8 and NK cell cytolysis has been linked to HLH, defects in killing 

EBV-infected B cells may trigger this phenotype as well, although the exact mechanism by which HLH 

develops in this population is yet to be elucidated. Since other haematopoietic cells also express SLAM 

family members, defects may be extended to cytolysis of other haematopoietic targets; defects in NK 

cell cytolysis of multiple haematopoietic cell tumor lines that express SLAM family members have been 

observed. It is also of note that NK cells deficient in SAP can kill non-haematopoietic cell targets better, 

perhaps accounting for the lack of increases in other types of cancer in XLP1. Finally, the absence of 

NKT cells may result from impaired interactions between lymphocytes, as that NKT cells are not 

selected on the thymic stroma, but rather on double-positive thymocytes that express high levels of 

SLAM family members 52. 
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3.3.2 NOD SCID gamma (NSG) mice 

 

NSG mice are immunodeficient mice lacking mature T, B and NK cells with cytokine signalling defects 

first developed by the Jackson Lab.  The mutations on the NOD genetic background allow for 

engraftment of donor primary human cells in order to model specific characteristics of human disease 

158-160.  The murine model contains a loss of function mutation in the murine homolog of PRKDC gene, 

where PRKDC encodes for DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) involved in the 

non-homologous end joining (NHEJ) pathway for DNA repair during V(D)J recombination in developing 

T and B cells 161. Therefore, the PrkdcSCID mutation in this model results in an eliminated endogenous 

adaptive immune response. Other features of this model include an Il2rgtm1Wjltargeted null mutation 

encoding for the IL-2 receptor gamma chain resulting in functional defects and impaired differentiation 

of murine haematopoietic stem cells from the bone marrow, preventing development and maturation 

of lineage positive cells. Given the nature of the mutations and arising phenotypes, this model is 

advantageous for studying human T cell responses against engrafted EBV-specific B cell tumours that 

can be recapitulated using B-LCL cell lines and treated with gene corrected patient T cells.  
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3.4 Establishing a baseline humoral response to NP(65)-CGG challenge in WT 

and SAP KO mice 

 

In order to assess and validate the phenotypic and functional readouts of our murine model, we chose 

to immunologically challenge both WT and SAP KO mice using a T cell dependent antigen; NP(65)-CGG. 

This was carried out prior to T cell adoptive transfer experiments to establish baseline humoral 

responses. Animals aged between 6-8 weeks remained unvaccinated or received intraperitoneal (IP) 

injections of 150mg NP(65)-CGG and were sacrificed 10 days post vaccination. Spleens were harvested 

from all cohorts and splenocytes extracted. Cells were then stained for extracellular surface markers 

GL7 and CD19, representative of germinal centre B cells and CD4+, CXCR5+, PD-1+ T follicular helper 

cells.  

We observed similar baseline levels of TFH population percentages in both WT and SAP KO unvaccinated 

groups (Figure 11 (A)) (i). However, upon T cell antigen challenge there was a 50 % reduction in the 

expanded SAP KO TFH cell population compared to WT (Figure 11 (A)) (i). This data is also reflected in 

positive germinal centre staining (Figure 11 (B)) (ii) where baseline GL7/CD19+ levels are similar across 

WT and SAP KO unvaccinated groups. However, upon vaccination, in SAP KO mice there is a failure in 

germinal centre associated B cell expansion compared to WT vaccinated mice indicative of a cell 

intrinsic defect in TFH cell numbers as well as function due to SAP deficiency (Figure 11 (B)) (ii).  

These findings were consistent across a number of animals (n=6) (Figure 12 (A-B)) and we were able 

to visualise this defect in germinal centre production using confocal microscopy. We used peanut-

agglutinin (PNA) as a GC marker due to its binding properties to cell surface lectins present on GCs 

preserved during formalin fixation and paraffin embedding of splenic sections (Figure 12 (C)). We also 

established baseline immunoglobulin (IgG1) secretion in response immunological challenge and were 

able to correlate the lack of GC production in SAP KO vaccinated mice with low IgG 1 levels (Figure 12 

(D)).   
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Overall, with this study we were able to confirm humoral defects in our SAP KO murine model and 

progressed to investigating and optimising the parameters for adoptive T cell transfer experiments.  
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Figure 11. Representative FACS plots of murine germinal centre and TFH cell staining. Flow 

cytometry-based phenotyping of wild type and SAP KO murine splenocytes. (A) Pre-gated on CD4+ T 

cells followed by CXCR5+PD-1+ for T follicular helper cell identification and (B) CD19+GL-7+ Germinal 

centre B cells. (i) Top panels demonstrate responses from unvaccinated cohort and (ii) bottom panel, 

responses upon vaccination.  Representative n=2 

 

 

A 

B 

(i) 

(ii) 

(i) 

(ii) 
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Figure 12. End-point analysis day 10-post NP(65)-CGG challenge. Phenotyping of wild type and SAP 

KO murine splenocytes for (A) CD4+CXCR5+PD-1+ T follicular helper cells and (B) CD19+GL-7+ Germinal 

centres (tabulated) (C) germinal centre staining histology (D) Immunoglobulin secretion (functional 

assessment) (n=6) 
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3.5 Optimising ex vivo transduction of murine CD3+ cells using an LTR driven 

γ-retroviral vector 

 

Upon validation of the humoral defects in our SAP KO model, we progressed to optimising ex vivo 

transduction protocols of murine splenocyte derived CD3+ T cells. To test the efficacy of optimal SAP 

gene delivery into murine T cells we opted to utilise a gamma retroviral vector (GRV) with an 

endogenous long terminal repeats (LTR) viral promoter to drive transgene expression. Although, this 

vector is not clinically relevant, it has been of note that murine T cells are difficult to transduce with 

lentiviral vectors due to endogenous inhibitors preventing viral entry 162. Our gamma retroviral vector 

was pseudotyped with the VSVG envelope and contained either a codon optimised SAP sequence with 

IRES GFP or GFP mock control vector (Figure 14 (A) (i-ii).  

CD3+ T cells were isolated from WT and SAP KO splenocytes and activated following a standard murine 

T cell activation protocol. Post activation, 1.0x106 cells were transduced with 2 ml of GRV supernatant 

for 72 h and subsequently flow phenotyped to assess GFP expression in both CD4 and CD8 CD3+ T cell 

compartments.  

We observed preserved levels of CD3+  T cells in both untransduced and transduced samples post-T cell 

activation (Figure 13 (A)) with a differential subset skewing towards the CD4+ compartment; 85 % CD4+ 

vs 15 % CD8+ cells (Figure 13 (B)). This was reflected in an overall higher GFP expression percentage of 

70 % in CD4+ T cells compared to less than 10 % in CD8+ cells. However, as we aimed to address CD4 

associated humoral defects with our murine model we deemed this preferential skewing of towards 

CD4 cells upon transduction as beneficial. We then progressed to an adoptive T cell transfer of GFP- 

transduced WT cells with endogenous SAP expression. 
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Figure 13. Optimising in vitro transduction efficiency using LTR driven gamma-retro viral vector(s). 

Day 3 analysis of GFP percentage in whole WT murine splenocytes (A) demonstrates gating strategy 

on untransduced FACS sample data, establishing GFP threshold in T cell compartments. (B) Analysis of 

GFP transduced splenocytes with gates applied from (A) in all T cell compartments, demonstrating a 

transduction efficiency of 8-70 % whilst conserving cellular phenotyping (n=3). 

 

 

A 
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3.6 Adoptive transfer using SAP replete WT cells into SAP KO recipient  

 

Prior to carrying out adoptive T cell transfers of SAP corrected CD3+ cells, we wanted to know the 

minimal number of cells required for successful engraftment and phenotypic correction. Therefore, 

we conducted adoptive transfers of WT T cells transduced with a mock vector, to assess (i) the effect 

of transduction efficiency on subsequent vector copy number and overall splenic engraftment and (ii) 

to determine the minimum number of cells required for humoral reconstitution with endogenous 

levels of SAP from WT T cells thus establishing a threshold corrective baseline.  

Once we ascertained optimal transduction parameters using our GFP only vector we were able to 

transduce female WT CD3+ T cells containing an endogenous copy of SAP we were able to adoptively 

transfer 2x107 cells with an average transduction efficiency of 60 % back into male SAP KO recipients 

via intravenous (I.V) injections. Recipients were sublethally irradiated at 6Gy to lymphodeplete 

endogenous T cell populations and secure engraftment of donor cells. Following the timeline 

illustrated in Figure 14 (B) below, tail bleeds were carried out at weeks 3 and 6 to determine 

engraftment of donor T cells in peripheral blood.  

Based on GFP percentage and MFI (Figure 15 (A) (i-ii)) alone we observed a steady drop in peripheral 

expression over 6 weeks. At week 3, the average GFP expression had reduced by 50 % and by week 6 

it was 20 %. We hypothesised that this drop in GFP could be attributed low engraftment levels of donor 

T cells. Therefore, we carried out engraftment analysis of splenic CD3 + T cell using qPCR to detect a 

decrease in Y chromosome due to the presence of female donor WT cells. We coupled this with vector 

copy number (VCN) analysis and found an average engraftment of 25-30 %, with lowest value at 15 %, 

and highest close to 50 % with a VCN in the range of 1-4 copies/cell (Figure 15 (A) iii-iv).  

We then assessed the functional end-point readouts as previously optimised to assess GC formation 

and subsequent IgG1 secretion (Figure 15 (B-E) and based on this data we were able to establish that 

transfer of WT cells containing endogenous SAP protein is able to restore humoral defects seen in SAP 

KO mice with modest engraftment levels and low peripheral GFP expression. Therefore, this study set 
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the minimum engraftment threshold required to achieve functional correction, which we hoped to 

recapitulate with our gene therapy model. We then progressed to carrying out an adoptive transfer of 

SAP corrected murine T cells using our optimised parameters.  

 

 

 

Figure 14. GRV vector maps and in vivo reconstitution time line. (A) Representative diagrams of LTR 

driven gamma retroviral constructs containing (i) GFP only (ii) codon optimised SAP transgene with 

IRES GFP. (B) In vivo reconstitution and humoral challenge experimental timeline with points of sample 

analysis.  
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Figure 15. Data analysis of WT reconstituted SAP KO mice assessing GFP and donor T cell engraftment 

along with end-point functionality data day 10-post NP(65)-CGG challenge. (A) Tabulated data of GFP 

levels (i) percentage (ii) MFI over a period of six weeks demonstrating a gradual decline in GFP 

expressing peripheral donor T cells. (iii) End-point analysis of donor T cell engraftment in the spleen 

post humoral challenge, detected using qPCR against donor Y chromosome (SRY). (iv) End-point vector 

copy number analysis on whole splenocytes demonstrating an average VCN of ~2. (B) Germinal centre 

(PNA) staining on WT, SAP KO, WT-reconstituted cohorts post humoral challenge. (C) Tabulated data 

of germinal centre expression markers, GL7/CD19. (D) Tabulated data of TFH cell expression markers, 

PD-1/CXCR5. (E) Assessment of germinal centre functionality upon humoral challenge, determined 

using NP(65)-CGG specific ELISA assay detecting IgG1 secretion (n=6). 

C D 

E 
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3.7 Adoptive SAP corrected T cell transfer 

 

Based on our optimisation experiments, we transduced 2.0x107 cells with either GRV-GFP as a control 

vector or GRV-SAP-IRES-GFP as our experimental vector using a standard activation protocol of anti-

CD3/CD28 beads and IL-2. We obtained an average transduction efficiency of 60 % (data not shown) 

and flow-sorted on this GFP+ population, resulting in 1.0x107 GFP positive cells for infusion into 

sublethally irradiated SAP KO recipients. We maintained the same reconstitution timeline previously 

used for WT transfer experiments (Figure 14 (B)) and immunologically challenged all cohorts for 10 

days post reconstitution However, for this study we opted to assess only end-point donor splenic 

engraftment as we found that peripheral levels of donor T cells did not accurately correlate with overall 

engraftment levels.  

Final phenotypic and functional end point analysis revealed significantly higher levels of GL7+/CD19+ 

cells in the spleens of animals receiving the GRV-SAP-GFP vector compared to those receiving the 

control GFP vector (p<0.01) with levels comparable to WT animals (Figure 16 (A)).  GC formation was 

again confirmed by PNA staining of splenic sections in SAP-deficient animals receiving gene corrected 

T cells (Figure 16 (C)).  We also found significantly improved NP-specific IgG1 levels (p< 0.01) in the 

GRV-SAP-GFP vector treated group in comparison to animals in the SAP-deficient or GFP control group 

demonstrating functional humoral reconstitution following correction of the T cell compartment 

(Figure 16 (B)). Higher levels of GFP were seen in the TFH population (Figure 16 (E)) of immunised 

animals receiving both vectors consistent with expansion of this population in response to antigen 

challenge confirming that SAP is required for not only TFH cell function but also development. Together 

these data suggest that infusion of gene corrected SAP-deficient T cells with a final engraftment of 

approximately 40 % (Figure 16 (D)) and average vector copy number of 2.4, can lead to restoration of 

functional humoral responses to T dependent antigens.  
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Figure 16. Analysis of humoral function following immunological challenge. (A) Analysis germinal 

centre B cells by flow cytometry in splenic lymphocytes stained with anti-CD19 and anti-GL7 

antibodies.  Results from individual mice are represented by dots with mean value represented by a 

horizontal bar.  (** p<0.05) (B) NP-specific antibody production analysis using an ELISA assay 

performed on blood serum samples of all cohorts post NP(65)-CGG vaccination demonstrating 

functional restoration of germinal centre activity in SAP reconstituted animals comparable to that of 

WT littermates (**p<0.05). (C) Germinal centre staining in splenic follicles PNA marking for germinal 

centre B cells, 10 days after immunisation with NP(65)-CGG at a magnification of x40.  Slides are 

representative of results seen in wild type (WT) and SAP KO (KO) control animals and animals receiving 

gene modified T cells (transduced with GFP only of SAP-GFP vectors) demonstrating recovery of 

germinal centres in SAP KO mice receiving SAP containing vector. (D) Y chromosome end-point splenic 

engraftment analysis of donor cells (E) GFP percentage values in whole splenocytes and CD3+ T cell 

compartments post NP(65)-CGG challenge (n=8). 
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3.8 Restoration of SAP mediated CD8+ T cell cytotoxicity 

 

As one of the defining features of XLP1 is the inability of CD8+ cytotoxic lymphocytes to clear EBV 

infected B cells resulting in malignancies, we investigated if lentiviral mediated restoration of SAP 

expression in deficient T cells could restore cytotoxicity against EBV infected lymphoblastoid cell lines 

(LCLs). We carried out a number of in vitro studies to optimise lentiviral transduction of primary human 

T cells derived from PBMCs and assessed subsequent functionality before infusing SAP corrected cells 

into our NSG tumour model. We opted for this model as SAP KO mice do not respond to EBV infection 

and due to limitations in our animal facilities; we were unable to carry out any Lymphocytic 

Choriomeningitis Virus (LCMV) challenges, the murine equivalent to EBV infection 67. Is it also of note 

that many studies have demonstrated the lack of cytotoxic defects in SAP KO murine CD8+ T cells, and 

therefore this model would not have recapitulated XLP1 associated cytotoxic defects and subsequent 

restoration.  
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3.9 In vitro assessment and optimisation of CD8+ cytotoxic lymphocyte function 

using an HVS model 

 

In order to examine the effect of lentiviral mediated SAP gene transfer on cytotoxicity in human CD8+ 

EBV specific CTLs we utilised a Herpes Virus Saimiri (HVS) mediated cell transformation model163-165 of 

healthy donor and XLP1 patient derived PBMCs. We propagated HVS virus originally sourced from ATCC 

in an OMK cell line.  Viral supernatant was then used to culture whole PBMCs for a period of two weeks 

in the presence of IL-2. Cellular transformation was determined using periodic immunophenotyping 

and observation of cell expansion and cell death in response to IL-2. We observed a retention of the 

memory phenotype in both HD and PT transformed cells (Figure 17) with a large proportion of central 

memory or naïve cells coupled with a greater expansion of 80 % HD CD8+ T cells (Figure 17 (A)). 

This was compared to PT derived PBMCs that preserved an equivalent percentage population 

distribution of CD4+ and CD8+ T cells displaying an TEMRA or TEM phenotype (Figure 17 (B)). Overall, 

transformed cells continued to proliferate and differentiate maintaining similar percentages of bulk 

CD3+ T cells in culture over a period of 6-8 weeks, despite differences in T cell subsets between HD and 

PT. Therefore, with adequate volumes of cellular material we were able to investigate the generation 

of EBV specific CTLs from both autologous and allogeneic LCL donor cell lines.  
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Figure 17. Immunophenotyping of post- HVS transformed PMBCs. Healthy donor (A) and XLP patient 

(B) PBMCs were transformed using HVS viral supernatant supplemented with IL-2. Subsequent cellular 

phenotyping was carried out 10-14 days post transformation demonstrating a preservation of 

immunophenotype (n=3).  

A 

B 
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The need for an in vitro model demonstrating SAP-dependent and EBV directed CTL cytotoxicity was 

essential for further establishing a proof of concept for XLP1 T cell gene therapy. However, due to the 

scarcity of patient material and many patients receiving Rituximab treatment, we were unable to 

derive peripheral B cells in order to generate autologous LCL cell lines. Therefore, the HVS 

transformation model allowed for expansion of patient material to assess if HD donor derived EBV+ 

LCL cell lines are capable of generating PT EBV specific CTLs. The cytotoxicity function of subsequently 

generated cells was then assessed using in vitro Cr51 release assay.  

We then demonstrated the cytotoxicity potential of two independent healthy donor CTLs generated 

using autologous or allogeneic LCLs (Figure 18). Healthy donor 1 CTLs generated using autologous LCLs 

were able to carry out 85 % cell lysis and CTLs generated from the same healthy donor 1 using 

allogeneic LCLs from healthy donor 2 had percentage cell lysis of 65 % (Figure 18 (A)). We carried out 

the same experiment with an alternative permutation of using healthy donor 1 as an allogeneic LCL 

source for generating healthy donor 2 CTLs. Here we observed greater differences between autologous 

and allogenic CTL cytotoxicity (90 % vs 60 %, respectively) (Figure 18 (B)). A difference we attributed 

to donor variability and proceeded to assessing HVS transformed allogenic CTL function. 
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Figure 18. In vitro establishment of autologous versus allogeneic cytotoxic T cell lymphocyte activity. 

Healthy donor PBMC cells were stimulated with either autologous or allogeneic EBV+ specific B-LCLs to 

generate cytotoxic lymphocytes. Here we demonstrate (A-B) two different combinations of autologous 

and allogeneic LCL targeted killing in healthy donor samples. Both permutations achieved cytotoxic 

activity within a range of 50-90 %. 
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Corresponding HVS lines from healthy donors 1 and 2 (Figure 19) were generated to further evaluate 

the cytotoxicity capacity of HD non-transformed PBMC derived CTLs (HD 1) against HVS transformed 

PBMC derived CTLs (HD 1 HVS) using allogeneic LCLs. We demonstrated 90 % cell lysis for HD 1 and HD 

2 HVS suggesting a retention in cytotoxic function (Figure 19 (A)). After utilising healthy donor sources 

and establishing that we were, able to (1), generate functional EBV specific CTLs from an allogeneic 

LCL source and (2) maintain cytotoxicity function in HVS transformed allogeneic-CTLs. We then 

generated XLP1 patient HVS transformed allogeneic CTLs using healthy donor EBV-specific LCLs.  We 

show here the baseline cytotoxic function of XLP1 patient HVS CTLs (Figure 19 (B)) and as expected 

SAP uncorrected PT cells were unable to mount a response to LCLs (dotted and dashed line), however, 

upon SAP gene delivery we were able to restore function close to 50 % (dotted line only) with HD 

control levels at 70-100 %. Despite the significant functional improvement of XLP PT cells upon SAP 

gene delivery, we observed a low transduction efficiency of 20 % (not shown) which may have 

contributed to cytotoxicity levels lower than that observed with HD CTLs.  
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Figure 19. In vitro establishment of cytotoxic T cell activity between primary PBMC derived CTLs and 

HVS cells using an allogeneic LCL target. In order to utilise healthy donor and XLP EBV sero-positive 

samples, whole PBMCs were transformed with Herpes virus saimiri in vitro for greater cell expansion. 

Here we demonstrate similarities in overall T cell phenotype and cytotoxic CTL function using 

allogeneic healthy donor B-LCL target which was established to be efficacious in cytotoxic activity. 
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However, in order to demonstrate that this response is mediated via a SAP-dependent pathway and 

not only through CD3 receptor engagement 5,94, we co-cultured healthy donor and non-corrected and 

corrected XLP1 T cells against p815 tumour cells incubated with soluble CD3 (Figure 20). All three lines 

demonstrated cytotoxicity against p815 cells suggesting that in XLP1, T cell cytotoxicity is maintained 

against non-LCL targets but expression of SAP is required for cytotoxicity against EBV-LCLs via 2B4 

SLAM signalling.  

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Determining SAP dependent cytotoxicity against EBV specific B-LCLs. (A) Both Healthy 

donor and XLP1 PT corrected CTLs are able to mount a cytotoxic response against allogenic B-LCL target 

cells with a strong defect in XLP1 PT uncorrected cells. (B) CD3 mediated cytotoxicity responses against 

epitope unspecific P815 cell line; no functional defects observed in XLP1 PT uncorrected cells.  
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3.10 Adoptive transfer of gene corrected XLP1 patient EBV-CTLs leads to 

regression of EBV-lymphoma in an in vivo xenografted NSG mouse model 

 

Upon in vitro generation of EBV+ LCL-CTLs from both healthy donors and XLP1 patients, we sought to 

determine whether adoptive transfer of gene corrected T cells could mediate tumour clearance in NSG 

mice engrafted with EBV+ LCL tumours.  EBV+ LCLs from healthy donors (we previously utilised in vitro) 

were transduced with a luciferase expressing cassette (provided by Benjamin Houghton) and 

transplanted into NSG mice to form a palpable tumour. Healthy donor and XLP1 patient CTLs were 

once again generated from PBMCs and subsequently transduced with the EFS-SAPGFP vector 

(Figure 24) post allogeneic LCL stimulation. 72 h post-transduction cells were immunophenotyped and 

transduction efficiency determined using flow cytometry (Figure 21 (A) (B)).  Phenotyping of 

transduced CD8+ CTLs demonstrated persistence of both central memory (CD45RA- CD62L+) and naïve 

populations (CD45RA+ CD62L+) across donors (ranges 40-70 % and 8-20 % respectively) suggesting 

maintenance of long-lived T cell populations after transduction with our lentiviral vectors.  

Transduction efficiencies in the range of 24-50 % were achieved, as evidence by GFP expression, which 

was associated with an increase in intracellular SAP expression (Figure 21 (C)) and restoration of 

cytotoxic function (data not shown). 
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Figure 21. Phenotype of transduced and gene corrected cytotoxic T lymphocytes. (A) Representative 

flow cytometry contour plots of CTL phenotype following in vitro stimulation with allogeneic LCLs in 

mock transduced healthy donor and patient cells and patient cells transduced with a corrective 

lentiviral SAP vector (CM, central memory; EM, effector memory; TEMRA, CD45RA+ effector memory; 

N, naïve). Transduction efficiency was assessed by flow cytometry; GFP expression ranged from (24-50 

%). (B) SAP expression in healthy donor, patient uncorrected and patient gene corrected cells was 

analysed by intracellular FACS staining (control IgG2b, solid line; anti-SAP antibody, dotted line) (n=6). 

 

11.7% 11.0% 
54.4% 16.0% 

17.9% 11.7% 

63.5% 8.27% 

17.3% 11.0% 
41.7% 19.0% 

27.7% 11.5% 

75.6% 24.4% 

50.0% 50.0% 

66.1% 33.9% 

74.1% 25.9% 

90.1% 9.93% 
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EBV+ CTLs were then injected intravenously 48 h after establishment of tumours at ratio of 1:1 LCL:CTL 

and bioluminescence analysed every 48 h subsequently (Figure 22 (A)).  Regression of tumours could 

be visualised by Day 2 post CTL infusion with complete clearance observed in both healthy control and 

gene corrected XLP1 patients by day 10, in stark contrast to animals receiving uncorrected patient cells 

(Figure 22 (B) (C)). We observed tumour persistence in untreated (n=3) and patient uncorrected (n=6) 

(EFS-GFP transduced) CTL treated mice within in a range of 3.0-6.0x106 p/s/cm2sr by day 10 post LCL 

infusion. In contrast mice treated with healthy donor CTLs (n=9, CTLs from 3 donors) demonstrated a 

significant reduction in tumour burden 48 h post-CTL treatment with bioluminescence values dropping 

from 3.0x106 p/s/cm2/sr to 4.0x104 p/s/cm2/sr. This dropped even further by day 10 to a final value of 

1.0x103 p/s/cm2/sr equivalent to that of an animal, which was not subjected to tumour engraftment.  

Similarly, we found a considerable reduction in tumour burden in animals infused with gene corrected 

patient CTLs (n=6, CTLs from 2 patients) which, by day 10, was equivalent to the level of tumour 

clearance observed in animals treated with healthy donor CTLs and significantly better than CTL 

mediated tumour clearance in animals receiving uncorrected patient CTLs (p <0.0001).  
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Figure 22. Adoptive transfer of gene corrected XLP1 patient CTLs induces regression of EBV+ LCL 

generated tumours in an NSG mouse model. (A) EBV+ B-LCL xenograft tumour model experimental 

design: EBV specific LCLs were transduced with a lentiviral vector containing a luciferase reporter gene 

and infused subcutaneously at D0 at a concentration of 5x106 cells per mouse. Localised tumour 

burden was established at the site of injection after 48 hours using IVIS imaging.  Corresponding 

allogeneic or autologous cytotoxic T lymphocytes from healthy donors or patients (corrected and 

uncorrected) are infused intravenously at a ratio of 1:1 CTL:LCL ratio (5x106 total cells per mouse). 

Tumour burden was monitored every 48 h post CTL infusion until animals are sacrificed at D10 post 

CTL treatment.  (B) (i) Bioluminescence images of NSG mice 48 hours after subcutaneous LCL injections 

displaying formation of localised solid tumours  (ii) Tumour burden after 10 days in untreated mice 

(top left hand panel, n=3), and mice treated with healthy donor CTLs (3 donors, 3 animals per donor)  

(iii) Tumour burden after 10 days in mice receiving uncorrected XLP1 patient CTLs (top panel) or gene 

corrected patient CTLs (bottom panel), (2 patient donors, 3 animals per donor) showing reduction in 
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tumour burden in animals receiving gene corrected XLP1 patient cells. (C) Dot plot representing 

quantification of tumour burden determined using average photon density per second per cm2 per 

steradian (p/s/cm2/sr) on day of CTL infusions (D0), after 48 h (D2) and after 10 days (D10).  

***p<0.0001 
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3.11 Discussion  

 

Overall, using a gamma-retroviral vector containing codon optimised SAP cDNA we were able to 

effectively transduce and adoptively transfer SAP KO donor CD3+ T cells into pre-conditioned SAP KO 

recipient mice. We have demonstrated 

• Successful in vivo reconstitution of humoral immunity  

• Restoration of T cell functionality upon immunological challenge  

• Subsequent restoration of GC formation and secretion of antigen specific immunoglobulins 

 

We achieved optimal transduction efficiencies within a range of 20-60 % whilst maintaining 

preservation of T cell compartments upon gene modification both pre and post immune 

reconstitution. We also observed the cellular engraftment required for functional correction using a 

WT T cell transfer and found that a minimum splenic donor engraftment level of 15 % was sufficient 

to restore SAP mediated humoral defects. Therefore, from 2.0x107 infused WT T cells we achieved a 

minimal engraftment of 3.0x106 SAP replete cells. Based on this our infusion of 1.0x107 SAP-GFP+ T cells 

in to sub-lethally irradiated SAP KO mice attained engraftment levels of approximately 40 % 

corresponding to a value of 4.0x106 engrafted gene modified donor T cells- slightly over the minimum 

number of SAP replete cells required for functional correction.  

This data however did not correlate with peripheral assessment of donor T cells at different time 

points. We observed a significant decrease in GFP expression over time; this could possibly be due to 

a decrease in IRES activity driving GFP expression. However, investigation of this was beyond the scope 

of this study as we were still able to obtain functional correction and provide evidence of donor cell 

engraftment in the spleen.  
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Using a humanised NSG murine model and in vitro cytotoxicity assay, we have also established XLP1 

PT cytotoxic T cell correction upon lentivirus mediated SAP gene transfer. Along with the well-

described EBV+LCL-CTL model, we were able to utilise successfully an HVS system to transform human 

primary T cells in order to optimise in vitro transduction and functional assays. This system was used 

to demonstrate functional correction in an in vitro cytotoxicity assay before transplantation of gene-

modified cells in to NSG mice. Building on this data, we were able to generate B-LCL driven tumours 

and transplant ex vivo corrected T cells for successful tumour regression, indicating a restoration of 

SAP mediated CTL function in a physiological environment.  

In summary, PT derived HVS cells transduced with the pCCL-EFS-coSAP-GFP vector restored EBV-CTL 

cytotoxicity in a SAP dependent manner against both autologous and allogeneic LCL targets assessed 

using 51Cr release assay.   Our results demonstrate recovery of killing activity in gene corrected patient 

CTLs with transduction efficiency ranging from 24-48 % and average final vector copy number of 1.9 

viral copies per cell along with no significant differences in cytotoxic function when using an autologous 

and allogeneic target. Carrying out in vivo NSG murine experiments utilising the functional cells 

produced from to assess further cytotoxicity potential of gene modified PT CTLs against an EBV driven 

malignancy 

Although, our initial data provides sufficient evidence for further development of a T cell gene therapy 

approach in a clinical setting, many factors still require investigation and consolidation in order to 

eliminate potential risks associated with this type of therapy. However, due to current limitations 

within the model systems used, alternative approaches to address further investigative points may be 

required.  

As our initial SAP KO model does not recapitulate majority of the clinical features XLP1 patients present 

with, it is difficult to determine what level of SAP gene expression is required at a physiological level 

for complete immune reconstitution in all T cell compartments. Therefore, using this model we are 

only able to address with clarity the restoration of humoral defects. Another caveat with this in vivo 

approach is the requirement of a non-clinically applicable viral vector to drive SAP transgene 
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expression in T cells. This proves to be a disadvantage as full assessment of the nature of the gene 

delivery vehicle within in a physiological setting is required to determine accurately as possible the 

biosafety and associated toxicity of the vector.   

There have been numerous humanised and non-humanised murine models developed to engraft 

modified effector cells in order to assess tumour or viral clearance.  Although these models provide 

some insight into the functionality and efficacy of the effector cells, little information is obtained 

regarding the mechanisms deployed in order to maintain immune health and therefore many 

limitations arise when interpreting results.   
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4 Chapter IV: Results part II - in vitro 

phenotypic and functional characterisation 

of SAP deficient TFH cells and assessment of 

transduction efficiency  
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4.1 Aims  

 

The aim of this study was to demonstrate in vitro restoration of SAP expression and function in XLP1 

patient T cells using a third-generation lentiviral vector with an established backbone construct already 

in clinical trials. This was in order to demonstrate the efficacy of SAP correction and provide further 

evidence to support a T cell gene therapy approach. We aimed to achieve this by carrying out 

•  In vitro experiments to optimise transduction protocols using different pro-T cell activatory 

conditions whilst investigating the preservation of TSCM and TFH cell populations 

• Immunophenotyping of XLP1 patient T cells both pre and post gene correction  

• In vitro functional assessment of SAP restored XLP1 patient TFH cells using a specialised co-

culture assay.  

 

4.2 Introduction 

 

It has been well established that SAP expression is limited to T cells and is a key modulator of T cell 

responses therefore, we decided to investigate the transduction efficiency and maintenance of gene 

modified TSCM and TFH cells, whilst utilising the latter as an in vitro model system. As the role of SAP has 

been the most clearly defined within this population the level of lentiviral mediated, functional 

restoration should provide an indication on the effectiveness of this therapy approach.  

 

4.2.1 Stem cell like memory T cells (TSCM) 

 

TSCM cells are a highly proliferative population of T memory cells that account for 2-3 % of the circulating 

T cell pool in humans. 166,167 They are defined by their expression of CD95 within a CD45RA+ CD62L+ 

naïve cell compartment and this population has been demonstrated to not only encompass a 
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transcriptional profile of both naïve and central memory cells, but is also sustained in a constant state 

of dynamic flux. 168 This allows for rapid proliferation and cellular turnover upon antigenic stimulation 

and the capacity to reconstitute a complete spectrum of T memory cells, in both in vivo and in vitro 

systems 169-172 . For this reason, targeting and analysis of TSCM for gene modification is desirable as the 

population offers a potential reservoir of sustained and self-renewing memory T cells, increasing the 

longevity of a T cell gene therapy approach.   

 

4.2.2 T Follicular Helper cells (TFH) 

 

As previously described TFH cells are a specialised subset of naïve CD4+ T cells that provide cognate B 

cells with ‘help’ upon antigen presentation 91. They play a critical role in formation of germinal centres 

-highly specialised structures within B cell follicles found in secondary lymphoid organs where antibody 

class switching occurs in response to external stimuli. A process that is mediated by cell surface 

proteins such as ICOS, CD40L and SLAM family of co-receptors that initiate and maintain a T and B cell 

immune synapse. 92 98,173 

However, prior to these interactions, an intricate program of cytokine and transcription factor 

mediated signalling pathways are initiated to regulate expression of such cell surface proteins as well 

as distinct homing molecules such as chemokine receptor CXCR5 that guide the TFH committed CD4+ T 

cell towards B cell follicles. Many studies have shown that it is at this level of regulation of TFH 

differentiation that SAP is critical in controlling cell number in and out of the T zone within the B cell 

follicle. 174-178   

Upon dendritic cell (DC) priming of CD4+ T cells 179, transcription factor and cytokine context dependent 

differentiation occurs (Figure 23). In the presence of high levels of IL-21 and IL-6, signalling events 

through STAT3 take place to upregulate expression of master transcriptional factor, Bcl-6, which in 

turn regulates a further multistage differentiation process and promotes SAP expression. 180-186 In order 
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to regulate cell numbers and subsequent B cell interactions, CD4 differentiation can be inhibited by IL-

2 induced transcription factor, BLIMP-1 expressed on B cells 187,188 (Figure 24).  

 

 

Figure 23. Schematic demonstrating multistep priming and differentiation process of TFH cells. Naïve 

CD4+ T cells are activated via MHC Class II presentation on APCs (e.g. dendritic cells) leading to a context 

dependent differentiation process. Committed TFH cells are further primed by follicular APCs regulating 

cellular entry into B cell follicles.  
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Therefore, TFH cells have a distinct transcriptional profile to other CD4 Th subsets and are characterised 

on their subsequent cytokine secretion profile of IL-21 and IL-4. Based on this we developed a novel 

cytokine cocktail consisting of IL-6 and IL-21 to promote TFH cell differentiation in vitro, supplemented 

with IL-7 to maintain overall T cell proliferation.   

 

 

Figure 24. Illustration of cytokine induced Bcl-6 expression; a master transcriptional factor mediating 

TFH differentiation. Upon initial CD4+ activation, TFH cell differentiation is regulated by Bcl-6 in response 

to exogenous IL-6 and IL-21 cytokine signalling. This in turn results in cellular homing molecules such 

as CXCR5 towards cognate B cells.  
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4.2.3 Role of SAP in TFH cells 

 

As SLAM family receptors play a fundament role in immune synapse formations via homophilic 

interactions, SAP recruitment to these receptors expressed on TFH cells has been implicated in the 

maintenance and length of duration of such interactions. 49,92,93,157,187 Upon doing so, SAP is able to 

mediate signalling events affecting cell adhesion, cytokine secretion and overall strength of TCR 

signalling. 63,68,77,91 This in turn regulates the magnitude of the germinal centre response and 

subsequent antibody class switching and somatic hypermutation, but also promotes B cell 

differentiation in long-lived plasma and memory cells for sufficient humoral responses.  

Therefore, the absence of SAP leads to abrogated SLAM mediated positive signalling and increased 

potent negative signalling via phosphatase activity of SHP1/2/SHIP. This reduces the contact time 

between TFH: B cells by truncating T cell activatory signals required by the B cell receptor for a typical 

germinal centre response.  

Although this role of SAP has been well elucidated, it is still unclear as to what extent the requirement 

of SAP is in the differentiation process of TFH cells, as many murine studies demonstrate normal cellular 

numbers with Bcl-6 and CXCR5 expression 49,63,65,79,92 whilst others report conflicting data. 

With this in mind, we developed and adapted an in vitro co-culture assay to drive differentiation and 

demonstrate preservation of phenotype and function of a TFH cell population from XLP1 patients using 

our developed cytokine cocktail. In this study, we intended to preserve and assess the functional 

properties of this population both pre and post gene delivery.  
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Figure 25. Schematic illustrating cell surface expression on TFH and B cells mediating immune synapse 

formation. SLAM receptors provide T cell docking to B cells for relay of positive signals in a SAP 

dependent manner. ICOS and PD-1 further facilitate T and B cell signalling for B cell maturation and 

subsequent germinal centre production.  
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4.3 Investigating the use of different culture conditions on in vitro transduction 

efficiency and phenotype of human PBMCs 

 

After establishing an in vivo proof of concept murine model of SAP gene therapy, we further 

investigated, in vitro, the phenotypic and functional outcomes of SAP reconstitution in XLP1 patient T 

cells.  

 

Table 7. List of T cell activatory culture conditions used to promote cell differentiation and proliferation 

coupled with efficient lentiviral transduction.  

 

The primary goal of this study was to investigate the effects of pro-T cell activatory culture conditions 

(Table 7) on lentiviral transduction efficiency and VCN with parallel assessment of subsequent T cell 

phenotypes and function both pre and post SAP gene delivery.  We also investigated the effects of 

these culture conditions on T cell proliferation and differentiation from peripheral blood mononuclear 

cells (PBMCs) in order to develop a clinical protocol for scaling up gene modified XLP1 patient T cells.  

We began the study by optimising activatory conditions with transduction and developed a 

phenotyping panel encompassing all relevant T cell compartments derived from healthy donor (HD) 

PBMCs collected using a ficoll density gradient. Upon collection cells were seeded in RPMI at a cell 

Label Condition Concentration Function 

C.1 anti-CD3/CD28  

 IL-2 

1:1 Cell: Bead ratio 

10ng/ml 

TCR activation 

C.2 IL-6 

IL-7 

IL-21 

100ng/ml 

10ng/ml 

20ng/ml 

 

Pro-TFH cytokine 

cocktail 

C.3 IL-2 10ng/ml T cell differentiating 

cytokine 
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density of 2.0x106/ml in a 24 well plate supplemented with the different culture conditions (C1-3) for 

72 h. 72 h post activation we carried out lentiviral transductions using either a GFP only mock vector 

or SAP-IRES-GFP vector, both driven by the EFS promoter, with a multiplicity of infection (MOI) 10 

(Figure 26 (A)(i-ii)). Cultured cells were then harvested 5 days post transduction and 

immunophenotyped using a gating strategy to identify CD4+ TFH cells along with other T cell memory 

subsets; Central memory (CM), Naïve, T-effector memory RA (TEMRA), T effector memory (TEM) and 

TSCM (Figure 26 (B)).  

 

 

Figure 26. LV vector maps and FACS phenotyping gating strategy. (A) Schematics of third generation 

lentiviral vectors on pCCL backbone. (i) GFP only containing mock vector (ii) vector containing 

mammalian EFS promoter driving codon optimised SAP cDNA with IRES driving GFP reporter gene 

expression. (B) Gating strategy for T cell phenotyping post T cell activation and transduction.  

 

A 

 

(i) 

 

(ii) 

 

B 
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Here we demonstrate phenotypic analysis carried out on PBMCs pre-activation and transduction 

(Figure 27) (A) and post-culture with (B) with C1-3. Overall we observed that in all conditions there was 

a preferential expansion in the CD4+ population compared to  the CD8+ population with an average 

population percentage of 50-60 % vs 25-30 % (Figure 27 (B-D)). Within the CD4+ compartment we 

assessed the TFH  population; all three conditions maintained this population based on PD-1+CXCR5+ 

expression. We also carried out analysis of CD8+ memory using CD45RA+/- and CD62L+/-  to differentiate 

between, CM, Naïve, TEMRA and TEM populations both pre and post-cell stimulation. Although there 

were no significant differences in the aforementioned populations between culture conditions, we 

observed varying levels of CD95+ TSCM cells gated within CD45RA+CD62L+ (naïve) cell population.  
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Figure 27. Day 5 post transduction flow-based phenotyping. Data depicting gating strategies defining 

T cell compartments between (A) pre and (B) post activatory conditions and GFP %. Whole PBMCs from 

healthy donor(s) were stimulated with activatory conditions (A-D) for 72 h prior to transduction with 

pCCL-EFS-GFP at MOI 10 (n=7).   

B 
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We then assessed the efficacy of our clinically applicable  vector on transducing different T cell 

compartments. Using our different lymphocyte activatory conditions we carried out analysis of GFP 

expression using flow cytometry and VCN via qPCR. We observed roughly equal transductions across 

all cellular compartments within all three conditions with preferential skewing towards CD4+ T cells 

(Figure 28 (A)). C.1 resulted in the greatest expansation of bulk lymphocytes with the highest 

transuction efficiency ranging from 65-80 % across the cellular compartments (Figure 28 (B)). This is 

likely due the effect of the strong stimulatory molecules resulting in pan TCR activation and subsequent 

cellular proliferation and differentiation. C.2 using the TFH polarising cytokine cocktail should result in 

less strong T cell activation as the molecules used here are less powerful in terms of stimulating T cell 

activation. This resulted in  modest T cell expansion with transduction efficiency ranging from 20-45 % 

across the different T cell compartments (Figure 28 (B)). However, we observed using this cytokine 

cocktail a greater preservation of memory phenotype which could be attributed to the action of IL-7 

used here. This may be beneficial for long term effectiveness of a T cell gene therapy approach. Finally, 

C.3- a historical T cell activatory condition of IL-2, alone was used as a control to determine 

transduction efficiency using a lentiviral vector. As IL-2 is availble at GMP grade and validated for use 

in patients, we wanted to assess if we could preserve a T cell memory phenotype similar to C.1-2 and 

achieve sufficient transduction levels. Our data demonstrates that while we are preserving T cell 

memory phenotypes there is sub-optimal T cell expansion during the transduction period and 

therefore we observe transduction efficiencies ranging from 10-40 % (Figure 28 (B)). 
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Figure 28. Graphical representation of flow-based T cell phenotyping and GFP+ expression at day 5 

post transduction. (A) TFH, bulk CD4 and CD8+ staining 72 h post T cell stimulation with anti-CD3/CD28 

+ IL2, IL-6/7/21 and IL-2 only (B) GFP+ expression in T cell compartments 5 days post transduction. 

Overall, all experiments were repeated with multiple healthy donor controls (n=5) to account for donor 

variability and ensure experimental reproducibility. Our preliminary phenotyping and transduction 

data on whole PBMCs indicated a preferential CD4+ subset skewing when using all three activatory 

conditions with maximum transduction achieved using C.1 (n=7).  
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4.4 In vitro stem cell like memory T cell differentiation and function  

 

As we identified the greatest difference between TSCM populations between activatory conditions, we 

decided to assess further the potential functional capacity of this population. In previous gene therapy 

clinical trials this population of cells has been shown to give rise to long-lived gene modified progeny 

populations, therefore, we aimed to investigate which culture condition is able to best maintain not 

only TSCM population but also its functional capacity.  

We carried out a primary activation of HD PBMCs using the same parameters as above with C.1-3 for 

72h, along with subsequent transduction with a mock vector at an MOI 10. 5 days post transduction 

cells were FACS sorted for the TSCM population based on the CD95+ expression within the CD3+ CD45A+ 

CD62L+ naïve compartment (Figure 29 (A)) and re-cultured once again using C.1-3 for a further 5 days. 

After this time cells were reanalysed against a number of parameters; further lymphocyte 

compartment staining (Figure 29 (B)), persistence of average transduction efficiency (Figure 29 (C)) 

and functional assays using (A) IFN-gamma secretion and (B) cytotoxicity potential (Figure 30) as 

readouts.  

From our primary experiment, we began with initial average TSCM populations of 75-80 % when 

stimulated with C.1, 82 % for C.2 and 63 % for C.3 compared to a baseline pre-stimulated population 

of 45 % (Figure 27 (A)). This population was then FACS sorted and restimulated for 5 days after which 

memory phenotyping was performed on bulk CD3+ T cells to determine differentiated cell populations 

(Figure 27 (B). We observed a different pattern upon stimulation when starting with isolated TSCM cells 

rather than whole PMBCs suggestive of alternative signalling based modulation of this population. 

There was a significant (fifteen-fold) increase in the TEMRA population when re-stimulating TSCM cells 

with C.1 (Figure 29 (B)) compared to primary stimulation of whole PBMCs using the same condition. 

With conditions C.2 and C.3, we observed retention of a CD45RA+CD62L+ naïve population with fewer 

central and effector memory cells (Figure 29 (B)). However, TSCM cell populations under all three 

stimulatory conditions from transduced PBMCs demonstrated sustained GFP+ expression 5 days post 
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re-stimulation of this population (Figure 29 (C)) with only a marginal drop, which can be attributed to 

increased cell death due to prolonged in vitro cell cultures.  
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Figure 29. D5 data from FACS sorted CD95+ TSCM population restimulated with T cell activatory 

conditions. (A) PBMC derived TSCM population percentage pre and post primary stimulation. (B) 

Tabulated flow cytometry phenotyping data of Bulk T cell memory compartment. (C) GFP positive % 

cells upon primary and secondary re-stimulation (n=3).  
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We then assessed the functional properties of TSCM derived CD3+ T cells and found that cells re-

stimulated under all three conditions were able to effectively secrete IFNγ (Figure 30 (A)) and retained 

cytotoxicity capacity measured using Cr51 release assay against a non-EBV specific P185 target cell line 

(Figure 30 (B)). Overall, this in vitro data is encouraging, supporting the hypothesis of targeting T cells 

with stem cell like self-renewal properties for long-term gene correction for an adoptive T cell gene 

therapy model. Potentially this could provide a longer-term therapeutic option as opposed to a bridge 

to bone marrow transplantation.  

 

Figure 30. Isolated TSCM functional data. (A) IFNγ ELISA on D5 pro-T cell activatory culture media. All 

stimulatory conditions enabled IFNγ secretion from CD3+ T cells differentiated from a TSCM starting 

population compared to a non-stimulated TSCM control.  (B) Cr51 release assay on TSCM differentiated 

bulk lymphocytes using non-EBV specific P815 target cell line. Average cytotoxicity function ranging 

from ~50 % for IL-2 only stimulated cells to 80 % for cells stimulated with anti-CD3/CD28+IL-2, 

correlating with high IFNγ secretion and increase in effector memory phenotype (n=3). 
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As these experiments were used to optimise and assess transduction efficacy of our vector on different 

T cell compartments we then moved on to explore lentiviral mediated in vitro reconstitution of XLP1 

patient cellular function. We opted to utilise conditions C.1 and C.2 as they provided the highest 

transduction efficiencies whilst giving rise to different T cell phenotypes which we wanted to explore 

in SAP deficient T cells pre and post- SAP gene correction.  

 

4.4.1 T follicular helper cell functional assay  

 

We chose to use TFH cells as an in vitro model system to demonstrate the recovery of the indispensable 

role of SAP in regulating and maintaining adequate T cell function. We adapted and optimised the T 

cell activatory conditions in a previously published in vitro TFH: B cell co-culture assay to determine the 

functional capacity of our therapeutic vector to restore XLP1 patient TFH function.  

Initial experimental set-up involved isolation of healthy donor naïve CD4+ T cells from PMBCs, 

activation for 24h using C.1-C.2 and subsequent lentiviral transduction with a mock vector and culture 

for a further 72h. Post activation and transduction, T cells and healthy donor allogeneic splenic or 

tonsillar B cells were co-cultured together at a ratio of 1:1 in the presence of 150ng/ml SEB (a super 

antigen mimicking MHC class II presentation). Control samples included activated and transduced CD4+ 

T cells and B cells cultured alone in the presence of SEB. Cultures were kept for 10 days and cells and 

culture supernatants were harvested for further analysis.  

In depth immunophenotyping of healthy donor CD4+ T cells post activation using anti-CD3/CD28 + IL-

2 or IL-6/7/21 and d10 post co-culture with allogeneic tonsillar B cells was performed (Figure 31). We 

investigated the CD4+ T cell differentiation pattern into TFH and other TH subsets upon contact with B 

cells and the effect of pro-TFH polarising cytokines. Figure 31 (A) demonstrates the gating strategy used 

to differentiate between, CD4+ CCR6-/+ CXCR3-/+ Th subsets, CD4+CXCR5+PD-1+ TFH cells, CD4+ memory 

cells and TSCM cells. Upon assessment of TH subset populations within whole CD4+ T cell and CD4+ TFH 
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cell compartments, no variability was observed therefore all further analysis of TH subsets was carried 

out on bulk CD4+ T cells.  

The purpose of this immunophenotyping strategy was to identify preferential skewing towards subsets 

that may be associated with potential autoimmune events45,47,189-193 in vivo. Day 10 analyses of co-

cultures and single cultures with healthy donor cells transduced with a mock vector (Figure 31 (B)) 

demonstrated preservation of TFH cell population in both stimulatory conditions (i-ii). However, Figure 

32 demonstrating graphed immunophenotyping results clearly displays a significantly higher 

proportion of Th1/17 transitional cell population in both healthy donor, SAP uncorrected (XLP1 

patient) and SAP corrected (pCCL-EFS-coSAP-IRES-GFP transduced cells). The observed Th1/17 increase 

in samples from healthy donors with no known underlying autoimmune or auto-inflammation led us 

to hypothesis that this may have been a result of a specific component of the in vitro assay, the SEB 

used to promote T:B cell interaction. As SEB is bacterial secreted enterotoxin it likely to be driving the 

differentiation of Th1/Th17 cells that have been shown to be specific for bacterial and fungal 

pathogens. This also supports the low levels of other TH subsets (excluding TFH) that do not appear to 

expand in response to SEB. (Figure 32 A, C-D).  

We can conclude from this data that both SAP uncorrected and SAP corrected XLP1 patient cells are 

responding in a similar manner to healthy donor cells in terms of CD4 differentiation, with a marginal 

impact on Th subsets using TFH polarising cytokines. The overall effects on XLP1 patient TFH populations 

upon SAP gene delivery is described in the next study.  
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Figure 31. Representative FACS plots demonstrating T cell immunophenotyping post co-culture with 

allogenic B cells. (A) Demonstrates gating strategy used to distinguish between TH subsets and memory 

cells. (B) FACS plots of T cells co-cultured alone or with B cells under C.1 or C.2 (n=5). 

 

A 

B B 
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Figure 32. Tabulated flow-based phenotyping results of CD4+ Th subset staining d10 post co-culture 

with allogeneic B cells. (A) TH17 population increase SAP corrected cells cultured with anti-CD3/CD28 

+ IL-2 compared to SAP uncorrected and healthy donor. (B) TH1/17 transitional cell population is the 

predominant Th subset with highest levels in IL-6/7/21 cultured healthy donor cells and SAP 

uncorrected cells under both conditions. (C) TH2 subset containing (D) TH1 population (n=5).  
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We next carried out gene expression analysis using RT-qPCR on healthy donor cDNA from FACS sorted 

CD4+ bulk and TFH populations in order to observe any changes in key transcription factors and 

signalling proteins (Table 8) that regulate CD4+ T cell lineage commitment and plasticity 194 upon T cell 

activation using C.1-C.2 and subsequent B cell co-culture.  

 

Table 8. List of transcription factors mediating CD4 T cell subset differentiation  

Transcription 

factor 

Cell type Function role 

Bcl-6 TFH Provide B cell help 

FOXP3 Treg Protection against autoreactive 

lymphocytes 

GATA3 Th2 Protect against extracellular 

parasites 

RORC Th17 

Th1/17 

Protect against extracellular bacteria 

and fungi 

TBX21 Th1 

Th1/17 

Protect against intracellular 

parasites 

 

Interestingly, from a bulk CD4+ population stimulated with C.1 (Figure 33 (A)) we observed an 

approximate two-fold increase in Bcl-6 transcript expression responsible for regulating TFH 

differentiation compared to C.2, supportive of an early TFH lineage committed population. This was 

seen together with increases in ICOS and PD-1, cell-signalling proteins responsible for maintaining 

cognate interactions between T and B cells. This was in conjunction with high RORC expression, a 

transcription factor responsible for mediating TH17 responses, correlating with immunophenotyping 

data (Figure 32). However, analysis of a TFH sorted population (Figure 33 (B)) demonstrated high 

expressions of CXCR5 and STAT3 transcripts upon C.2 stimulation, which may be indicative of a 

bonafide TFH cell population.  
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Therefore, we can hypothesise that PBMCs cultured for 72h with a pan T cell activation condition (C.1) 

results in upregulation of transcriptions factors for multiple CD4+ subset lineages but are to be fully 

committed. Whereas, a TFH polarising cytokine cocktail (C.2) leads to TFH lineage committed CD4+cells 

within the same period as indicated by low Bcl-6 expression (A) and high CXCR5 expression (B).  

 

 

 

 

A 
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Figure 33. RT-qPCR based gene expression data on healthy donor cells. (A) Total CD4+ T cells and (B) 

isolated TFH cells both d10 post co-culture. (A) Demonstrates fold change in relative gene expression 

of key transcription factors regulating CD4 differentiation into subsequent Th lineages. (B) Shows fold 

change of relative gene expression within in TFH lineage committed CD4+ T cells mediating function 

upon B cell interaction (n=3).  

 

 

 

 

 

B 



151 
 

4.5 SAP gene transfer restores TFH cell function 

 

In conjunction with immunophenotyping, we investigated whether restoration of SAP expression in 

TFH cells from XLP1 patients could ameliorate defective TFH activity using an established in vitro TFH cell 

functional assay.  

We found that XLP1 patient TFH cells secrete less IL-21, representing a cell intrinsic abnormal function 

in the absence of SAP and subsequently B cells fail to secrete immunoglobulins. Given the scarcity of 

primary patient samples, we once again utilised the HVS system of cellular transformation and 

generated patient T cell lines.  

We were able to demonstrate that the function of HVS transformed lymphocytes was comparable to 

that of non-transformed T cells in terms of cytotoxicity and memory phenotype.  Naive CD4+CD45RA+ 

cells from both patient HVS transformed cells and HD PBMCs (untransformed) were selected then 

cultured with C.1 and C.2 to determine whether maintenance and transduction of the TFH population 

could be optimised through cytokine stimulation followed by lentiviral transduction at MOI 10 with 

either EFS-GFP or EFS-SAP-GFP vectors.  

Activated and subsequently transduced cells (transduced at 35-40 % efficiency determined by GFP 

expression with a vector copy number in the range of 2-3 copies per cell- data not shown) were 

cultured alone or co-cultured with allogeneic memory B cells derived from healthy donor tonsillar 

samples at a ratio of 1:1 for a 10-day incubation period. Cell populations from both C.1 and C.2 

activated samples were analysed to determine the overall TFH percentage (CD4+CXCR5+PD-1+) (Figure 

34) and supernatant tested to quantify the concentration of secreted IL-21 and immunoglobulin levels 

(Figure 35).  The TFH populations from both C.1 and C.2 were significantly reduced in XLP1 patients 

compared to healthy controls (Figure 34 (A)) and this was associated with lower levels of IL-21 

secretion and immunoglobulin production (Figure 35).  In contrast, we found that the TFH population, 

once again characterised by CD4+CXCR5+PD-1+ expression, was restored to normal levels when XLP1 

patient cells were gene corrected with SAP expressing vector (Figure 34 (B)). There was no difference 
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in the XLP1 corrected TFH population between cells transduced using C.1 or C.2. We also demonstrated 

functional recovery of the TFH population in gene corrected XLP1 patient cells with significantly 

increased IL-21 secretion, IgM levels and IgG levels (including IgG1, IgG2 and IgG3 subclasses) (p<0.01) 

that were similar to healthy controls (Figure 35).  

In these functional studies, there is a difference between the TFH activity of cells transduced using the 

different transduction conditions in comparison to uncorrected cells. Thus, XLP1 cells transduced with 

the pro-TFH cytokine cocktail of IL-6 and IL-21 (C.2) have significantly greater IL-21 secretion and Ig 

production in comparison to XLP1 uncorrected cells. XLP1 cells transduced using the anti-CD3/CD28 + 

(C IL-2 (C.1) show increased function but did not reach statistical significance.  These results 

demonstrate that upon SAP correction, naïve T cells from XLP1 patients can be stimulated to 

differentiate into TFH cells, which in turn are capable of providing adequate B cell help to allow for 

immunoglobulin secretion in vitro.  
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Figure 34. Correction of XLP1 patient PBMC derived T Follicular Helper cells. (A) Representative flow 

cytometry contour plots demonstrating endpoint phenotype of differentiated CD4+ cells either 10 days 

post co-culture with allogeneic tonsillar memory B cells or CD4 cell culture alone. Top two panels from 

middle to right are of healthy donor cells pre-stimulated with standard activatory conditions anti-

CD3/CD28 + IL-2 (10ng/ml) or with TFH polarising cytokines IL-6 (100ng/ml) /7 (10ng/ml) /21 (20ng/ml). 

Bottom two panels from left to right are of PBMC derived and HVS transformed XLP1 patient 

differentiated CD4+ T cells using the same activatory conditions as above. Cells were transduced 3 days 

post stimulation with vector and cultured with or without allogeneic B cells. (B) Results of overall 

recovery of TFH population as determined by CXCR5 and PD-1 cell surface staining in XLP1 patient 

corrected cells post B cell co-culture assay (n=3).  

B 
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Figure 35. Functional correction of XLP1 patient TFH cells in vitro. Quantification of IL-21 concentration 

and IgM, IgG levels in supernatant 10 days after co-culture of naïve CD4+ T cells and allogeneic B cells 

by ELISA. (**p<0.05) (n=3).   

 

IL-21 IgG IgM 
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4.6 Discussion  

 

In this study, we have investigated (1) the optimal culture conditions for preservation of T 

lymphocyte phenotype and maximum transduction using a third-generation lentiviral vector. and 

(2) demonstrated in depth immunophenotyping and functional correction of XLP1 patient T cells 

upon SAP gene delivery.  

 

The most typical and commonly used T cell activation method for either in vitro or ex vivo use is with 

antibodies against CD3 and CD28, components of the T cell receptor-signalling complex. These 

antibodies can be either used in a soluble format or conjugated to magnetic beads for easier 

dissociation from cells. This method is often coupled with IL-2 media supplementation to promote cell 

proliferation and expansion. There are many advantages to using this method, the most fundamental 

of which is the large T cell expansion from a small starting population. This enables optimal utilisation 

of scarce patient material not only for investigative purposes but also for developing clinical therapies 

and final patient product(s). Although the use of anti-CD3/CD28 antibodies with IL-2 alleviates the 

need for specific signals from MHC class presentation for T cell activation, it is difficult to uncouple cell 

proliferation from differentiation. In terms of developing a protocol that can be clinically applicable for 

adoptive T cell transfer therapy, it was important to investigate in detail the target population for gene 

correction and how best to preserve gene corrected cells for long-term efficacy.  

Initial phenotyping data 72h post T cell activation demonstrated intact CD4+ and CD8+ subpopulations 

with a preserved central memory phenotype. However, upon transduction and analysis an additional 

72h later, our data indicated an overall skewing towards a CD4+ cell population under all three T cell 

activatory conditions. Although, we have demonstrated a preservation of functional TSCM cells in a bulk 

CD3+ population with cytotoxicity potential and IFNγ secretion, we hypothesised that this preferential 

bifurcation towards a CD4 phenotype is likely due to the prolonged length of in vitro cultures.  Thus, 

low CD8+ T cell numbers; a population known to exhibit a primary effector function, may be attributed 
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to the lack of repeat stimulation and exogenous signals from antigen presenting cells, the absence of 

which could be a potential cause for a shift in CD3+ T cell differentiation, promoting helper cell function. 

Therefore, in regards to clinical applicability and patient application our data suggests decreased 

cultured periods post lentiviral mediated gene delivery with a pre-transduction activation period of 

72h allowing for maximum cell expansion and differentiation, along with preservation of T cell 

populations.  

In regards to lentiviral transduction, post T cell stimulation with all three-culture conditions, we 

observed an optimal transduction efficiency of 80 % with a vector copy number of 2-3 when activating 

bulk healthy donor and XLP1 patient PMBCs with anti-CD3/CD28 + IL-2. Transduction efficiency was 

approximately two fold higher compared to cultures supplemented with IL-6/7/21 and approximately 

four times more than IL-2 alone. We attributed these differences to the sustained potent effect of TCR 

antagonists in triggering cell expansion of both gene unmodified and modified cells.  

Continuing, we focused on TSCM cells as they have the potential to maintain a pool of long-lived gene 

modified T cells and we explored the differentiation and functional capacity of a CD45RA+CD62L+CD95+ 

TSCM isolated population. Our data indicated a contrasting cell differentiation pattern upon primary 

culture of TSCM vs whole PBMCs under our activatory conditions. The effects of anti-CD3/CD28 + IL-2 

was greater in driving a more terminally differentiated memory phenotype of PBMCs derived bulk CD3+ 

expressing cells, whilst IL-6/7/21 and IL-2 only, maintained cell naivety, once again suggestive of the 

dominant effect of TCR activation and signalling on driving cell differentiation. However, all culture 

conditions maintained TSCM functional properties as determined by IFNγ secretion ELISA and Cr51 

release assay and retention of cellular transduction measure via GFP expression with a VCN in the 

range of 2-3 copies/cell, the same value as the originally transduced parent pool of PMBCs. 

Finally, we utilised TFH cells as our in vitro functional model as SAP protein function in TFH cells has been 

well elucidated and shown to play an indispensable role in maintaining long-lived immune synapse 

interactions for adequate cell-to-cell signalling to occur. Therefore, using an in vitro co-culture assay 

with allogeneic B cells, we demonstrated defects in XLP1 patient TFH cellular numbers and IL-21 
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secretion along with impaired helper cell function, indicated by the lack of B cell mediated 

immunoglobulin secretion upon cell-to-cell contact. We subsequently demonstrated restoration of 

such functional defects upon lentiviral mediated SAP gene delivery, with a transduction efficiency in 

the range of 35-40 % and VCN of 2-3 copies per cell, further reinforcing the role of SAP in early CD4 T 

cell differentiation and TFH cell intrinsic signalling.  Functional restoration was achieved using both C.1 

and C.2 activatory conditions, despite an overall TFH polarising effect of IL-6 and IL-21 on healthy donor 

T cells.  

In summary, our study demonstrates the use of PMBCs as starting material under different activatory 

conditions with subtle changes in immunophenotyping, with preservation of cellular expansion and 

optimal transduction for a T cell gene therapy approach. The use of positive mediators of cell expansion 

such as TCR antibodies result in greater lentiviral transduction efficiencies coupled with the 

preservation of an advantageous TSCM population capable of retaining gene-modified cells. However, 

as these are in vitro assays they do not fully recapitulate a physiological environment, therefore it is 

difficult to predict the persistence and any selective advantage or disadvantage of gene modified T 

cells.  
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5 Chapter V: Results part III - Investigating the 

in vitro use of a SHP2 small molecule 

allosteric inhibitor to restore XLP1 patient T 

cell function 
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5.1 Aims  

 

The aim of this study was to demonstrate the use of a small molecule allosteric inhibitor against SHP2 

(RM-4550) to restore in vitro XLP1 patient T cell function. This was carried out using 

• In depth immunophenotyping and assessment of T cell activation and differentiation profiles 

upon inhibition of SHP2 

• Functional assessment of HD control and XLP1 PT derived T cells both pre and post SHP2 

inhibition.  

We hypothesised that in the absence of SAP inhibition of SHP2, a potent mediator of negative T cell 

signalling, will overcome a number of cellular phenotypes that arise due to defective SAP dependent T 

cell signalling.  

 

5.2 Introduction 

 

SAP is a Src-homology domain (SH2) containing intracellular adaptor protein that relays downstream 

T cell activatory signals from the T cell receptor (TCR) via ITSM motifs on SLAM family receptors. In the 

absence of SAP, alternative SH2 domain containing proteins such as SHP1, SHP2 and SHIP bind and 

induce T cell inhibitory signals leading to abnormal T cell responses. Therefore, SAP has a dual 

mechanism of activity: 1. activatory signal transduction via recruitment of FYN tyrosine kinases and 2. 

through preventing binding of other SH2 domain containing proteins acting in a cell inhibitory manner 

(Figure 36). 

SHP2 (PTPN11), a non-receptor protein tyrosine phosphatase, plays a role as a negative regulator of 

SLAM mediated T cell signalling 34,37,48,50,195 and is implicated in other pathways that regulate cell 

survival, apoptosis, growth, proliferation and differentiation. 195 It functions as a positive inducer of 

the Ras/MAPK/ERK signalling pathway by upregulating receptor tyrosine kinases (RTKs) responsible for 
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transducing external growth factor signals from membrane bound receptors to the cell nucleus where 

they are responsible for transcriptional control of genes regulating cell growth and division. Therefore, 

in many human tumours/specific cancer types where there is a case of aberrant Ras/MAPK/ERK 

signalling, SHP2 is a potential target for inhibition with small molecule inhibitors. Several SHP2 

inhibitors of which are currently in clinical trial to treat RASopathies. 196  

As SHP2 is ubiquitously expressed in many cell lineages including T cells, it has a specific affinity via the 

SH2 domain for conserved ITSM motifs. These motifs are found on the cytoplasmic domain of many 

cell surface receptors responsible for cellular trafficking and extrinsic signalling. One such receptor is 

PD-1, a checkpoint inhibitor upregulated on activated T cells and responsible for mediating T cell 

exhaustion197,198. It has been recently demonstrated that SHP2 bound to PD-1 allows for 

dephosphorylation of TCR proximal signalling molecules such as, CD28, ZAP70, PI3K and AKT 197(Figure 

36) via its protein tyrosine phosphatase (PTP) catalytic unit, truncating the T cell response and allowing 

further upregulation or persistence of T cell exhaustion markers. Thereby, SHP2 functions on two 

distinct T cell signalling pathways, mediation of downstream TCR events and SLAM family of receptors 

to inhibit T cell responses.  

However, in the same study it has also been demonstrated that SAP functions as a ‘molecular shield’ 

by protecting key ITSM tyrosine residues on the PD-1 cytoplasmic tail from SHP2 phosphatase activity 

and subsequently preventing interaction between SHP2 and PD-1. This results in premature SHP2/PD-

1 mediated dephosphorylation of CD28 and subsequent T cell exhaustion along with the truncation of 

TCR signalling. 197  

As XLP1 patients are lacking SAP activity, we hypothesise that increased binding and activity of SHP2 

modulates T cell responses via multiple signalling pathways (Figure 37). SLAM-SHP2 negative signalling 

has been previously demonstrated in detail, as has the role of SHP2 as a positive mediator of 

RAS/MAPK signalling modulating lymphoproliferation. Most recent data from Peled et al., now show 

the role of SAP in protecting TCR proximal molecules from SHP2 mediated premature 

dephosphorylation via PD-1. PD-1 has been shown to pay a crucial role in many T cell functions such 
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as a germinal centre formation along with T cell exhaustion, many features of which are defective in 

XLP1 patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Overview of (A) TCR mediated signalling and subsequent downstream events regulating 

cellular responses, growth, differentiation and proliferation (B) SLAM receptor signalling events in the 

presence and absence of SAP. 
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Figure 37. Overview of SHP2 mediated signalling pathways. (A) Without SHP2 inhibition (B) 

hypothesised modulation of signalling events upon SHP2 inhibitor treatment.  
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5.3 Investigating the dose dependency of RMC-4550 on healthy donor PBMCs 

 

We began by utilising an allosteric SHP2 inhibitor (RMC-4550) on healthy donor PBMCs, developed to 

target a PTP catalytic site to prevent autophosphorylation and subsequent ITSM binding potential, in 

order to ascertain a viable concentration range.  

Previous studies conducted using RMC-4550 in HEK293T cells 196  have demonstrated the IC50 value 

(half the maximum inhibitory concentration required for effectiveness in inhibiting a specific biological 

function) to be 0.583nM. However, as this was a novel study, there was no historical in vitro IC50data 

available on primary T lymphocytes; therefore we chose to carry out a basic dosage experiment 

starting with a high clinically irrelevant concentration of 1mM down to 1.6uM. By doing so, we aimed 

to gather initial information on cell viability and phenotype prior to more refined in-depth studies using 

optimal concentrations on XLP1 patient T cells.  

Healthy donor PBMCs were plated at a cell concentration of 1.0x106 cells/ml in a 24 well plate and 

activated using anti-CD3/CD28 + IL-2. In parallel to lymphocyte activation, varying concentrations of 

RMC-4550 was supplemented in RPMI media, with media with 0.05 % DMSO or media only as control 

conditions. The media plus DMSO control was used to assess off target effects such as increased cell 

death and media only control was used to establish baseline effects of the cell activatory culture 

conditions. Cells were then cultured for 24h, 48h and 72h and at each time point cells were harvested, 

cell surface stained and fixed for final staining with BrdU/7AAD. 
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5.4 Intracellular SHP2 protein levels and cell viability 

 

Total SHP2 protein was determined using intracellular protein staining and flow cytometric analysis. 

We demonstrate MFI values across a period of 72h with the greatest reduction in SHP2 protein 

expression seen at 24h post treatment with 1mM inhibitor (Figure 38 (A)). No inhibitor represents cells 

on the day of PBMC harvest establishing a baseline endogenous SHP2 protein level without in vitro 

modifications. The reduction of SHP2 protein at 1mM is consistent across the time course, however, 

we can observe that protein expression levels drop considerably at 48h compared to 24h when treated 

with 200uM RMC-4550 and remain at a similar level to 1mM treatment by 72h (Figure 38 (A)). This 

provides some insight into the biochemistry of the compound regarding the regulation and maximum 

expression of SHP2 protein by 72h with higher doses of RMC-4550.  

Therefore, based on this initial observation, further SHP2 intracellular staining was carried out using 

phospho-flow to assess SHP2 phosphorylation rather than total protein at a tyrosine specific site Y542 

which is a target site covered by the allosteric inhibitor 196,197.  

In parallel, we assessed the overall cell viability of bulk PBMCs and CD3+ T lymphocytes upon inhibitor 

treatment and found that by 72h the number of apoptotic cells is reduced in comparison to initial 

treatment with the highest concentration of 1mM at 24h (Figure 38 B-C). This could potentially be due 

to decreased activity of RMC-4550 across the 72h period.  
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Figure 38. Assessment of total intracellular SHP2 protein levels and of apoptotic cell death using 

BrdU/7AAD staining. (A)  Tabulated MFI values of total SHP2 protein at different time points (0-72 h) 

post inhibitor treatment in bulk HD PBMCs. (B) (C) Percentage of bulk HD PBMCs or T cell lymphocytes, 

respectively, gated on BrdU/7AAD+ cells representing cell death (n=2).   

In tra c e llu la r  S H P 2

0 2 4 4 8 7 2
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

N o  in h ib ito r

1m M

2 0 0 uM

4 0uM

1 .6 u M

D M S O

M E D IA

T im e  (h r )

S
H

P
2

 (
M

F
I)

P e rc e n ta g e  c e ll d e a th :
 L y m p h o c y te s

0 2 4 4 8 7 2
0

2

4

6

8

1 0

N o  in h ib ito r

1m M

2 0 0 uM

4 0uM

1 .6 u M

D M S O

M E D IA

T im e  (h r )

%
 p

o
p

u
la

ti
o

n
 (

B
rd

U
- 7A

A
D

- )

P e rc e n ta g e  c e ll d e a th :
P B M C

0 2 4 4 8 7 2
0

5

1 0

1 5

N o  in h ib ito r

1m M

2 0 0 uM

4 0uM

1 .6 u M

D M S O

M E D IA

T im e  (h r )

%
 p

o
p

u
la

ti
o

n
 (

B
rd

U
- 7

A
A

D
- )

A 

B C 



167 
 

5.5 T cell memory phenotyping 

 

T cell memory phenotyping was also performed on the samples, assessing the effect of SHP2 inhibition 

on T cell differentiation post activation of the TCR. Cells were maintained in the presence of IL-2 with 

or without inhibitor for 72h and subsequently stained with CD3, CD4, CD8, CD45RA and CD62L to 

differentiate between central memory (CM), naïve, T-effector memory RA (TEMRA) and T-effector 

memory cells (TEM). The differentiation of lymphocytes post TCR engagement is regulated by a 

complex network of downstream signalling cascades that are dependent on a number of 

phosphorylation and dephosphorylation events.  

One of the key complexes downstream of both TCR and SLAM receptor signalling is PI3K. Upon CD28 

co-receptor engagement in the presence of SAP canonical PI3K mediated signalling occurs, a strong 

indicator of which is phosphorylation of AKT, which in turn is able to regulate key transcription factors 

via intermediary signalling complexes for cell cycle progression and subsequent differentiation. This 

results in lymphocytes transitioning from a ‘less’ activated naïve state to a more active and 

differentiated state acquiring an effector or memory phenotype. Therefore, by using cell surface 

markers indicative of cell differentiation we assessed indirectly the effect of the varying concentrations 

of RMC-4550 on signalling networks that regulate cell differentiation- post TCR activation in a SHP2 

dependent manner.  

We observed the greatest differences in the CM compartment in both CD4+ and CD8+ T cells using high 

doses of RMC-4550 (1mM) consistently across all time points. This was coupled with a reduction in 

naïve, TEMRA, TEM compartments with a similar trend across both CD4+ and CD8+ populations (Figure 

39 (B, D)). Although cells remained viable across 72h and no proliferation defects were observed (data 

not shown here) at this point, we were unable to offer an explanation as to why there was such an 

increase in a CM (Figure 39 (A)) cell phenotype using higher inhibitor doses. Therefore, based on these 

initial observations we concluded that the concentration range was too broad to provide any 

meaningful results thus we reduced inhibitor concentration in line with a more clinically applicable 
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range (as recommended by the company providing the molecule) and continued with further 

phenotypic and functional investigations on healthy donor and XLP1 patient T cells.  
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Figure 39. Demonstrating the effects on CD4/CD8 immunophenotype post treatment with varying 

SHP2 inhibitor concentrations. (A) Both (i) CD4 and (ii) CD8 compartments show an increase in a CM 

population post treatment with 1mM-40uM SHP2i treatment across 72 h. (B) Decrease in both (i) CD4 

and (ii) CD8 naïve T cell compartment upon 1 mM and 200 µM inhibitor treatment. (C) Increase in CD4 

TEMRA phenotype over 72 h with 1.6 µM inhibitor treatment (i) marginal increases in CD8 

compartment (ii). (D) Increase in TEM phenotype in both (i) CD4 and (ii) CD8 cells post 72 h 1.6 µM 

inhibitor treatment (n=1).  
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Moving forward, to investigate the use of RMC-4550 as a potential therapy option for XLP1 we carried 

out functional assays previously described in our gene therapy model. As such, we could compare 

levels of functional recovery to those obtained with gene transfer whilst evaluating intracellular 

signalling events to elucidate SAP dependent and independent signalling pathways. This is also in 

conjunction with determining pathway redundancies that potentially could be circumvented by 

inhibiting SHP2, a mediator of negative T cell signalling.  

We began by investigating and establishing baseline differences between HD and PT CD3+ T cells by 

analysis of several parameters and examining any alterations occurring on addition of RMC-4550.  We 

further assessed a range of concentrations (data not shown) and deemed 5 µM to be the most 

relevant, therefore data presented here will relate to 5 µM of RMC-4550.  
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5.6 Determining baseline differences between healthy donor (HD) and XLP1 

patient (PT) T cells 

 

As the initial experiment was carried out using a wide range of RMC-4550 concentrations on healthy 

donor cells, we decided to explore concentrations in more depth that would be clinically relevant on 

healthy donor and XLP1 patient T cells. First we determined how SHP2 inhibition influences conserved 

signalling pathways in the presence and absence of SAP in order to gain insight into possible 

mechanisms that may result in functional restoration.  

We therefore analysed significant molecules that are active in signalling transduction pathways 

downstream of the TCR complex. These are key positive or negative regulators of T cell responses and 

their mode of action is dependent on their phosphorylation state governed by surrounding active 

proteins. We hypothesised that upon SHP2 inhibition, signalling proteins dependent on SHP2 

phosphorylation will be subsequently dephosphorylated either directly or indirectly depending on 

their place in signalling pathway (Figure 37). One such protein of interest is pERK1/2, a member of the 

RAS/MAPK signalling complex, which is upregulated by SHP2 mediated signalling.  

We demonstrate here the fundamental differences in flow based immunophenotyping data of healthy 

donor (HD) and XLP1 patient (PT) CD3+ T cells, both pre and post TCR engagement and with or without 

inhibitor treatment (Figure 40).  

We observed that both HD and PT cells pre-activation expressed similar levels of ICOS, CD28 and CD40-

L in a ‘resting state’ (Figure 40 (A-i)), however, 24h post-activation PT T cells (solid red line) (Figure 40 

(A-iii)) displayed an increase in ICOS and decrease in CD28 expression compared to that of HD (solid 

grey line) (Figure 40 (A-ii)). These expression levels appear to normalise across 72h but upon addition 

of RMC-4550 (dotted line), this normalisation occurs within the first 24h (Figure 40 (A-iv)).  
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We further validated the effect of RMC-4550 by carrying out intracellular phospho-flow staining of 

various key signalling molecules, particularly the effect on SHP2 phosphorylation rather than total 

protein expression. 

Between 24-48 h post addition of 5 µM of RMC-4550, we observed the greatest decrease in SHP2 

phosphorylation in both HD and PT cells and by 72 h phosphorylation levels begin to return to normal, 

similar to that in pre-activation states (Figure 40 (B)). However, there is also little difference between 

pre-activation and post-activation SHP2 phosphorylation in both untreated HD and PT cells suggestive 

of constitutively bound SHP2 (phosphorylated state) (Figure 36) independent of TCR activation.  

We also analysed signalling proteins that are part of larger fundamental T cell signalling networks such 

as ERK and AKT. The effect of SHP2 on each of these networks varies (Figure 40) however, as a general 

trend, addition of 5 µM RMC-4550 resulted in reduced ERK1/2 phosphorylation in both HD and PT cells 

at 24-48 h with normalisation by 72 h (Figure 40 (B)). This data correlated with increased AKT 

phosphorylation in PT cells compared to untreated PT samples sustained across 72h. Suggestive of 

increased PI3K signalling in SHP2 inhibited patient T cells (Figure 40 (B)). Data was collected over a 

number of repeated experiments (n=3) and provided some preliminary insight into the effect of SHP2 

inhibition on T cell signalling. 
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Figure 40. Representative histograms from immunophenotyping and phospho-flow data from 

healthy donor (grey) or XLP1 patient (red) PBMC derived CD3+ T cells. (A) Baseline expression pre-

activation and inhibitor treatment (B-D) Expression 24-72 h post activation (solid line) and 5μM 

inhibitor treatment (dotted line) (n=3).  
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5.7 In vitro restoration of CD4+ T follicular helper cell function 

 

Next, we assessed the efficacy of RMC-4550 on functional restoration of PT cells, utilising established 

in vitro assays. Previously, for our XLP1 gene therapy model we described the functional requirement 

for SAP as an adaptor protein within the TFH compartment. Therefore, we postulated a possible 

compensatory mechanism to exploit in the absence of SAP and SHP2, by a distinct pathway, or 

reinforcement of pre-existing SLAM mediated positive signalling, we should be able to achieve 

restoration of adequate TFH cell function. 

However, prior to carrying out functional assays we chose to assess the effects on SHP2 inhibition on 

CD4+ cell phenotype, specifically on that of TFH and FOXP3 expressing T follicular regulatory (TFR) cells 

which have been demonstrated to play a key role in regulating germinal centre responses.  

Following standard protocols, PBMCs from HD and PT were activated for 24 h with or without 5 µM 

RMC-4550 and cell surface staining was performed using CD4/CXCR5/PD-1/CTLA-4 antibodies in 

addition to intracellular FOXP3 staining (Figure 41). We observed that upon PT T cell activation there 

is a significantly reduced number of PD-1+ CXCR5+ expressing TFH cell population compared to HD 

activated T cells (40 % vs 70 %) (Figure 41 (A-B)). However, this observable defect in TFH cell numbers 

was increased upon inhibitor treatment to almost 54 %, putting this in a closer range to HD levels. We 

also saw that within the CTLA-4+ FOXP3+ cell populations there is an overall increase in PT FOXP3 

expressing CD4+ cells upon SHP2 inhibition (green boxes) that is coupled with the increase in TFH cell 

population. This too is reflected in an increase in CTLA-4+ FOXP3+ expression within TFH cells (red boxes) 

in the both PT treated cells compared to marginal changes within the HD untreated and treated groups.  

It has been demonstrated in the literature that Induced T regulatory cells (Tregs) differentiate from 

CD4+ T cells upon activation but have a distinct signalling mechanism to that of other CD4+ subsets 

192,199-204. The primary function of Tregs is to suppress the number of alternatively differentiated and 

activated cellular subsets and their subsequent function preventing adverse events such as 

autoimmune phenomena. Within the context of TFH cells, TFR cells act to suppress TFH cell numbers and 
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function to prevent increased germinal centre reactions leading to possible follicular lymphomas. 

Therefore, in our observation we postulate that the increased number of Tregs and TFR cells is a result 

of increased TFH cells upon SHP2 inhibition, indicating intact cell regulatory mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. Immunophenotyping of TFH  and CTLA-4/FOXP3 expressing CD4+ T cells. (A) Healthy donor 

staining representing no difference in TFH and Treg cell expression with or without inhibitor treatment 

(B) XLP1 patient staining demonstrated increased TFH cell population upon inhibitor treatment with 

marginal increases in Treg cells (n=3).  
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5.8 Analysis of TFH cell signalling 

 

As described in previous chapters, one of our key in vitro functional assays focuses on the dependency 

of SAP in CD4+ TFH cells to provide adequate B cell help for class switched immunoglobulin secretion. 

This assay is carried out by co-culturing naïve CD4+ T cells with allogeneic tonsillar or splenic B cells in 

the presence of SEB. 10 days post co-culture the supernatant is harvested for ELISA assays and the cells 

are immunophenotyped. In this study, we observe and assess restoration of cellular function by 

inhibiting SHP2 in the absence of SAP. 

Using phospho-flow, we carried out end-point signalling analysis of HD and PT T cells post in vitro co-

cultures in order to assess significant differences in T cell signalling molecules upon inhibitor 

treatment. We found consistently reduced SHP2 phosphorylation in both HD and PT treated bulk CD4+ 

and TFH cells at day 10 post-cell culture (Figure 42 (A)). We also observed a trend of reduced ERK1/2 

phosphorylation and increased AKT phosphorylation in both HD and PT treated cells, however, it is of 

note that PT untreated cells are have reduced AKT phosphorylation compared to HD untreated cells, 

yet this was restored back to that of HD pAKT levels upon inhibitor treatment (Figure 42 (B)). 

We also carried out analysis of the effect of SHP2 inhibition on CD4 differentiation into Th subsets 

(Figure 42 (C-D)). In total PT CD4+ cells (C) there appears to be a preferential subset skewing towards 

Th1/17 transitional cells (a subset implicated in the pathogenesis of autoimmunity189,193,205  in both 

untreated and treated cells and TFH cells, with lower levels of Th1/2/17 across both HD and PT treated 

and untreated groups. More notably within the CXCR5+ TFH compartment (D) there is a higher level of 

Th1/17 population in HD untreated group which is reduced upon addition of the inhibitor.  

We also analysed MFI values of TCR signalling molecules ZAP70 and CD28 along with the TFH master 

transcription factor, Bcl-6 in both bulk CD4+ (E) and TFH populations (F). Lower levels of ZAP70 

phosphorylation are observed upon SHP2 inhibition in both HD and PT cells at day 10  post co-culture 

in bulk CD4+ cells (E) and TFH cells (F). Despite the decrease in pZAP70, an indicator of early TCR 

signalling, we observed an overall increase in total CD28 protein levels indicating possible restoration 
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of TCR signalling events.  We were unable to assess CD28 phosphorylation at this point due to technical 

difficulties with available antibodies. 

 Finally, coupled with the increase in Bcl-6 in PT treated samples, suggestive of CD4 differentiation into 

TFH cells, we carried out immunophenotyping of other key cell surface molecules required for TFH cell 

function, one of which is ICOS.  

ICOS is a key signalling molecule required for adequate T: B cell interaction and subsequent B cell 

function96,98,173,206. In conjunction with increased Bcl-6 protein levels and larger CXCR5+PD-1+ 

populations, we have evidence to indicate that SHP2 inhibition does not reduce TFH cell numbers in 

treated PT samples but rather upon B cell interaction, maintains the preferential skewing of CD4+ 

subset differentiation towards a TFH phenotype in the case of both HD and PT samples. Further, with 

our analysis of increased AKT mediated PI3K signalling we carried out functional analysis of inhibitor 

treated HD and PT cells to see if we are able to restore T: B helper cell function.  
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Figure 42. Tabulated immunophenotyping results from d10 post TFH: B cell co-culture assay with and 
without 5 µM SHP2i. (A) Demonstration of reduced SHP2 phosphorylation upon inhibitor treatment 
in both bulk CD4 and TFH compartments.  (B) ERK1/2 and AKT phosphorylation levels in bulk CD4+ T 
cells. (C-D) CCR6-/+CXCR3-/+ TH subset staining in bulk CD4 and TFH compartments, respectively. (E-F) 
ZAP phosphorylation and CD28, Bcl-6 expression within bulk CD4 and TFH compartments, respectively. 
(G-H) Cell surface receptor staining; ICOS, LY9 and CD40L on bulk CD4 and TFH compartments, 
respectively (n=3).  
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10 days post co-culture the supernatant from cell cultures were harvested and analysed using pre-

coated ELISA assays for total IgG, IgM and IL-21 secretion. We demonstrate normal immunoglobulin 

and cytokine secretion from both untreated and treated HD cells (Figure 43). PT untreated cells have 

a significant deficit in secreted IgG, IgM and IL-21 concentrations in the supernatant, (p= 0.0002, 0.002, 

0.0086 respectively). However, upon addition of 5 µM RMC-4550, immunoglobulin and cytokine levels 

increase towards HD concentrations with no significant difference between HD untreated and PT 

treated samples. Coupled with signalling data demonstrating increased AKT mediated signalling 

downstream of CD28, we postulated that the functional restoration in the absence of SAP is due to 

restored positive signalling by inhibition of SHP2.  
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Figure 43. ELISA assays performed on supernatants of co-cultured cell to determine TFH cell 

functionality in the presence or absence of 5μM SHP2 inhibitor. Total IgG, IgM and IL-21 ELISA assays 

demonstrating significant defects in inhibitor untreated XLP1 PT samples compared to HD (*** 

p<0.0005) with subsequent restoration in XLP1 PT TFH mediated B cell secretion back to HD levels (ns 

p>0.1) upon 5 µM inhibitor treatment. HD TFH remained unaffected in both inhibitor treated and 

untreated groups (n=3).  
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5.9 In vitro restoration of CD8+ CTL cytotoxicity 

 

T cell memory phenotype was analysed showing both untreated HD and PT CD8+ T cells retain similar 

levels of CM, naïve, TEMRA and TEM cells upon LCL stimulation. However, upon inhibitor treatment 

the PT TEMRA cell population increased from 8 % to 55 % and HD TEMRA cell population increased 

from 12 % to 26%. In addition, we observed a two-fold increase in TEMRA cells in PT treated cells 

compared HD cells. This observation suggests that reduction in SHP2 mediated negative signalling 

potentially inhibits signalling mechanisms that regulate the transition of cells from memory to effector 

and back to memory. No differences were observed in TSCM cell populations across patient or healthy 

donor cells in the presence or absence of inhibitor (Figure 44). 
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Figure 44. Representative FACS dot-plots of CD8+ T cell memory phenotyping upon CTL stimulation 

with LCLs at 24 h with or without 5µM SHP2 inhibitor treatment. Both HD and XLP1 PT samples 

demonstrate an increase in TEMRA phenotype upon inhibitor treatment and reduction in naïve 

population. TSCM population remains unaffected (n=3).  
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Further investigating signalling events in CTLs post-LCL co-culture, we demonstrated reduced SHP2 

phosphorylation in CTLs cultured with RMC-4550 consistent with previous data (Figure 45 (A)). We also 

observed an overall higher level of pERK1/2 in untreated HD CTLs compared to untreated PT CTLs but 

this was reduced in both samples upon treatment. A similar trend of increased pAKT levels was also 

observed upon inhibitor treatment in both HD and PT samples, but strikingly we obtained significantly 

higher levels of pZAP70 in HD treated samples (Figure 45 (B)) an observation to which we currently 

have no explanation.  

 

 

 

 

  

 

  

   

 

Figure 45. Tabulated CD8+ T cell phosphorylation FACS data upon CTL stimulation with LCLs at 24 h 

with or without 5µM SHP2 inhibitor treatment. (A) Decrease in SHP2 phosphorylation upon inhibitor 

treatment. (B) Increased ZAP70 and AKT phosphorylation in both HD and XLP1 PT upon inhibitor 

treatment, with decrease in ERK1/2 phosphorylation (n=3).  
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Finally, we demonstrated restored cytotoxicity function of inhibitor treated PT cells against EBV 

specific LCL cells with no adverse effects on HD CTL function (Figure 46). We observed similar levels of 

functional restoration to that of our gene therapy model implying that the use of RMC-4550 alone may 

be sufficient to restore cellular function without the need for SAP.  

 

Figure 46. Assessment of HD and XLP1 PT inhibitor treated CTLs function. HD and XLP1 PT EBV+ CTLs 

were generated using allogeneic LCLs and put through a 51Cr release assay, as previously described. 

Both HD treated and untreated groups retained cytotoxicity function with no observed negative effects 

in phenotype and function upon SHP2i. Whilst a significant defect in XLP1 PT untreated compared to 

HD untreated, was observed (**** p<0.0001). Upon inhibitor treatment, this impairment in 

cytotoxicity was restored back to HD levels (ns p>0.05) (n=3).  
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5.10 In vitro restoration of sensitivity to re-stimulated induced cell death (RICD) 

 

Another key feature of XLP1 patient T cells is impaired re-stimulation induced cell death (RICD) thus 

we investigated if SHP2 inhibition could also restore T cell sensitivity to RICD.  

Upon TCR reactivation, a number of apoptosis signalling cascades are initiated207,208 both in a caspase 

dependent and independent manner by utilising both FAS death receptor (CD95) and checkpoint 

inhibitors such as PD-1 in order to remove exhausted cells and prevent over-proliferation. However, 

SAP deficient lymphocytes cannot be cleared via RICD and continue to proliferate upon TCR mediated 

antigen stimulation. The mechanism regulating RICD in a SAP dependent context is not fully 

understood but a number of studies have described SAP to be a positive regulator of FAS signalling to 

induce apoptosis and in the absence of SAP, FAS signalling can be bypassed.209,210 

Following standard activatory protocols bulk CD3+ T cells were activated and cultured for 48h, after 

which cells were harvested, washed and (1) stained and fixed for immunophenotyping or (2) re-seeded 

at a fixed density in the presence of increasing concentrations of OKT3 with and incubated for a further 

7 days. Day 7 post-secondary TCR activation cells were harvested and phenotyped for viable cells 

through PI exclusion (Figure 47 (A-B)). We observe a decrease in viable cells in both HD treated and 

untreated samples, indicating that inhibiting SHP2 in the presence of endogenous SAP levels does not 

affect RICD. However, in PT untreated samples the percentage of viable cells is maintained in both 

activated and OKT3 reactivated groups. This defect is restored upon SHP2 inhibition and PT cells then 

increase sensitivity to RICD.  

We also analysed cell surface markers including (Figure 47 (C) (i) CD69 for cellular activation, (ii) CD95 

(FAS) as indicator for apoptosis and (iii) PD-1 as a cell exhaustion marker. Green boxes highlight 

expression levels on cells prior to primary stimulation, the blue boxes are around samples post primary 

cell activation without inhibitor treatment and the red box is around samples that have been 

restimulated and analysed 7 days post-secondary stimulation with and without inhibitor. We observe 
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similar levels of CD69 expression between HD and PT samples (blue box) indicating there are no initial 

activation differences.  

Low levels of CD95 expression, expected after a short activation period of 24h, increased post-

secondary activation in HD untreated cells, HD, and PT treated cells. Interestingly, PD-1 expression is 

higher in HD primary stimulated cells compared to that of PT cells but greatly reduced upon inhibitor 

treatment in both HD and PT cells, suggesting a reduction in an exhaustion phenotype but this may be 

due to increased cellular apoptosis as indicated by increased FAS expression and reduced cell viability.  

In summary, cell viability data against OKT3 mediated restimulation coupled with immunophenotyping 

of key cell surface markers implicated in apoptosis signalling demonstrates a restoration in RICD 

sensitivity of PT T cells with no impairment of HD T cell function on SHP2 inhibition. This data along 

with restorative data from the above assays provides strong in vitro evidence on efficacy of SHP2 

inhibition in XLP1 patient cells.  

 

 

 

 

 

 

 

 

 

 

 



189 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. RICD on bulk HD and PT CD3+ T cells. (A) Representation of gating strategy used via PI 

exclusion to calculate percentage of viable cells.  (B) Tabulated data from multiple experiments 

demonstrating restoration of RICD. (C) Data from key cell surface markers from pre-T cell stimulation, 

primary stimulation with anti-CD3/CD28 + IL-2 and secondary stimulation with OKT3 (i) CD69 T cell 

activation marker (ii) CD95 (FASR) cell surface expression (iii) PD-1- T cell exhaustion marker expression 

(n=3).  

A  B  

(i)  (ii (iii)  C  



190 
 

5.11 Discussion 

 

T cell signalling is a complex and only partially understood area of immunobiology that is comprised of 

intricate networks regulating a number of finely tuned, context dependent responses. SAP deficiency 

is an example of how disturbances to this balance between T cell activation and exhaustion can lead 

to debilitating and life-threatening clinical manifestations.  

A major contributing factor to XLP1 T cell abnormalities is the alteration in the SLAM-SAP signalling 

axis occurring in conjunction with TCR activation. Although the requirement of SAP recruitment to 

SLAM family of receptors has been well described for positive T cell signalling and responses, we 

present here preliminary and novel in vitro data to demonstrate that ablation of SHP2 mediated 

negative signalling via both SLAM and PD-1 receptors results in functional restoration of XLP1 patient 

T cells.  

Upon our initial assessment of key intra and extracellular signalling molecule and receptor expression 

on pre-activated whole CD3+ T cells, no differences were observed between HD and PT samples, 

indicating no abnormalities in a resting state of SAP deficient T cells. However, across a time-period of 

72h post TCR engagement the most significant difference between HD and PT immunophenotype can 

be attributed to reduced pAKT expression, a central signalling molecule mediating the PI3K pathway 

responsible for T cell differentiation and function 200,211,212. Although, there are no reports describing 

the direct interplay of SAP and PI3K signalling, our XLP1 PT data suggests that aberrant AKT signalling 

in the absence of SAP can be rescued upon inhibition of SHP2.  This further reinforces the role of SAP 

as not only an adaptor protein but also a key regulator in maintaining the critical balance and 

coordination between PI3K/SAP/SLAM mediated positive signalling, and SHP2 dependent inhibitory 

SLAM/PD-1 signalling, both of which are perturbed in XLP1 patients leading to lymphoproliferation and 

reduced T cell responses.  

The primary evidence of restoration in T cell intrinsic and extrinsic signalling was obtained from 

functional in vitro assays using an optimal concentration of 5 µM RMC-4550. One such assay was 
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assessment of immunoglobulin and cytokine secretion from B cells cultured with PT naïve CD4+ T cells. 

This along with increased ICOS and AKT signalling, can be construed as indicative of a SAP independent 

restoration in TFH cell function and positive T cell signalling. Alongside this, we have shown 

reconstituted function of EBV specific CD8+ CTL mediated cytotoxicity back to healthy donor levels. In 

addition, we have also demonstrated restored sensitivity to RICD upon TCR restimulation of PT bulk 

CD3+ T cells. All three assays performed address the major immune abnormalities seen in XLP1 

patients, from impaired humoral immunity leading to dysgammaglobulinaemia, reduced or 

dysfunctional immunosurveillance against EBV infected B cells leading to malignancies and 

lymphoproliferation due to T cell apoptotic defects mediated by RICD.  

Verification of SHP2 inhibition carried out using phospho-flow analysis provided assessment and 

quantification of SHP2 phosphorylation levels. We demonstrated reduced SHP2 phosphorylation in all 

functionally restored T cell compartments in a dosage dependent manner over a period of 72hrs, 

corresponding with the compounds’ half-life. However, despite this short activity period, analysis of 

our inhibitor treated cells with prolonged cultured, displayed consistently reduced SHP2 

phosphorylation levels, correlating with the functional readout. This is suggestive of a critical period 

during early T cell activation for targeted SHP2 inhibition and subsequent immune modulation. This 

was also evident through consistently decreased pERK1/2 phosphorylation levels throughout all 

functional assays, suggestive of reduced RAS/MAPK/ERK signalling in the absence of SHP2 

phosphorylation.  

In conjunction with functional analysis, further immunophenotyping of cell surface receptors 

representing various lineage committed T cell compartments revealed no alterations in HD donor 

differentiation potential in response to external stimuli. In addition, upon SHP2 inhibition, any 

differences observed in untreated XLP1 PT T cells were restored back to HD levels, once again signifying 

circumvention and rescue of typical T cell signalling events in the absence of SAP.  

Although, our in vitro functional data is promising in showing the restoration of functional defects from 

XLP1 PT T cells whilst maintaining HD donor function, there are many limitations still associated with 
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the models, as they do not provide explicit data pertaining to the underlying signalling mechanisms 

regulating or contributing to functional restoration. There are many other factors regarding 

alloreactivity between XLP1 PT T cell samples and HD donor B cell samples within the co-culture 

experiments to consider which may be exacerbated by HLA-mismatching, resulting in alloantigen 

driven artefact cytokine profiles. This alongside the immune context in which HD donor B cells are 

derived from may not be an accurate recapitulation of B cells derived from a SAP deficient environment 

in XLP1 patients. Although no reports of SAP expression in B cells have been verified it is likely the 

impaired signals resulting from SAP deficient T cells may play a critical role in immune training and 

therefore contributing to overall cellular health and function. Keeping these considerations in mind 

there is further requirement for in-depth mechanistic and cellular analysis to assume efficacy of SHP2 

inhibition in XLP1 patient T cells as a potential therapeutic treatment.  

As SHP2 is also expressed in other cell lineages besides T cells, it would be advantageous to assess the 

effect of SHP2 inhibition on the function and immunophenotype of other immune subsets such as NK 

and innate cells to rule out any potential dysregulation contributing to side effects.  

Overall, we have provided strong data substantiating the use of an allosteric SHP2 inhibitor for in vitro 

rescue of XLP1 PT T cell function. However, as with most investigative and therapeutic studies with 

limited patient material there are significant constraints to what can be achieved outside of a clinical 

trial.  
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6 Chapter VI: General discussion, conclusions 

and future work 
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6.1 Discussion 

 

The first reported case and description of XLP1 was in the 1970s as an EBV associated 

lymphoproliferative disorder where patients succumbed to aggressive clinical manifestations during 

early childhood 12,13,17,213. Over the last few decades great advances have been made in understanding 

the immunopathology behind XLP1, but even in cases of early diagnosis, provision of prophylactic 

therapies and close monitoring; the condition can be fatal due to the development of HLH or 

malignancy 7,213.  Currently, patients are offered HSCT as a long-term curative option to improve both 

survival and quality of life. However, a great deal of transplant related morbidity and mortalities are 

still associated particularly following HSCT in a mismatched donor setting.  

Therefore, with this mind we have developed potential alternative therapeutic options for XLP1 

patients for both long-term treatment and management of this debilitating disease. We have 

presented here data to support a novel autologous adoptive T cell gene therapy approach as well as 

the use of a small allosteric SHP2 inhibitor that may offer a ‘bridging’ therapy to transplantation. We 

have demonstrated using murine models and in vitro assays functional restoration of patient T cells 

that may contribute to alleviation of clinical symptoms and potentially reduce risk of transplant related 

complications.  
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6.2 Adoptive T cell gene therapy: SAP gene transfer 

 

A number of haematological and immunological diseases, many of which are PIDs, have been treated 

with haematopoietic stem cell gene therapy as an established alternative treatment option for patients 

lacking suitable donors for HSCT. In our previous studies we have described correction of a SAP-

deficient murine model using gene corrected HSCs with SAP transgene expression controlled by the 

ubiquitously active EFS promoter 72.  However, given the role of SAP as a tightly regulated intracellular 

signalling molecule and the lack of normal SAP expression in HSCs, we believed the use of SAP gene 

transfer in T cells, where it is normally expressed, might be a safer and viable option.  

We believe T cell gene therapy may also be beneficial as the majority of immune abnormalities in XLP1 

arise from defects in the T cell compartment. Therefore, as supported by our data, correction of CD3+ 

lymphocytes may afford protection from HLH, caused by dysregulated T cell activation and impaired 

cytotoxicity, alongside reduced risk of malignancy through improved tumour surveillance, and 

improved humoral immunity through correction of TFH function.  Although the NK cell population will 

remain uncorrected, there is evidence of redundancy in the role these cells play in the pathophysiology 

of HLH and correction of the CD8+ compartment alone may be sufficient 14,15,214,215.  

In an established SAP-deficient murine model we have shown, in vivo, that transfer of SAP corrected T 

lymphocytes leads to recovery of functional humoral immunity following T cell dependent antigen 

challenge through formation of germinal centres and specific antibody responses, both absent in SAP-

deficient animals. This is achievable at levels of engraftment close to 40 %, which is clinically feasible 

with current lentiviral transduction platforms in human primary cells.   

We have also demonstrated functional correction of patient TFH cells, in vitro, with significantly 

improved IL-21 and immunoglobulin secretion profiles.  The functional profile of gene corrected TFH 

cells from XLP1 patients was enhanced when cells were cultured with IL-6, IL-7 and IL-21; cytokines 

which had been chosen based on their role in the differentiation and maintenance of the TFH cell 
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population 183.  Together this data suggest that T cell gene therapy could be of considerable clinical 

benefit to XLP1 patients with dysgammaglobulinaemia.       

Our data also confirms that lentiviral mediated SAP gene transfer can correct cytotoxic defects in 

patient CD8+ CTLs in the context of EBV essential in preventing and treating HLH and 

lymphoproliferative complications.  This has been demonstrated through both in vitro cytotoxicity 

assays and an in vivo EBV-LCL lymphoma tumour model in NSG mice.  We convincingly show that gene 

corrected patient CTLs are able to induce tumour regression to the same level as healthy donor CTLs.  

We may therefore assume that gene modified patient CD8+ T cells would be functional in the context 

of EBV viral challenge and potentially HLH in XLP1 patients.    

The anticipated level of engraftment of gene corrected T cells required to permit functional immune 

reconstitution in patients is an important question but there is limited clinical experience of patients 

post HSCT with low level mixed chimerism.  We have shown here that patient T lymphocytes can be 

efficiently transduced leading to restoration of SAP expression and, although levels of expression are 

below that seen in healthy donor cells, a modest increase in protein correlates with correction of TFH 

function and cytotoxicity.  Although it is challenging to define the exact level of engraftment required, 

we can extrapolate from the data presented here that as little as 15 % correction can restore immune 

function. Taking in the clinical context, these results are encouraging, suggesting that low levels of 

engraftment may be sufficient to rescue phenotype.     

The long-term persistence of autologous gene modified T cells, and thus the longevity of clinical 

benefit, also remains to be determined.  Early clinical trials for Adenosine deaminase deficient severe 

combined immune deficiency (ADA-SCID) employed peripheral T cells transduced with a 

gammaretroviral vector and gene marked cells were detectable over 10 years post-infusion 216.  Similar 

findings have also been reported in the context of suicide gene therapy clinical trials 167.  It has now 

been established that specific T cell subsets are capable of sustaining the T cell compartment, namely 

stem cell like memory T cells (TSCM) and central memory (TCM) cells 170.  Here we have shown 
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maintenance of the TSCM and central memory population following transduction with our lentiviral 

construct, supporting the idea that SAP corrected patient cells may persist for several years.  

Whether T cell gene therapy offers a definitive treatment for patients with XLP1, lacking a donor for 

transplant will only become evident through a clinical trial.  Although a T cell strategy should provide 

long-term benefit, it also does not prevent patients from receiving a subsequent stem cell procedure 

and in this context, may be used to treat XLP1 patients prior to HSCT if a suitable donor is unavailable 

within the necessary period.  

In conclusion, the data presented here strongly supports the clinical translation of a lentiviral mediated 

T cell gene therapy approach to treat patients with XLP1 who lack a suitable donor for HSCT.  Given 

that we have shown amelioration of both humoral and cellular immune defects, patients with a range 

of clinical phenotypes may benefit from this therapeutic strategy.    

 

6.3 Alternative ‘bridging’ therapy: SHP2 allosteric inhibitor 

 

Another approach we explored as a potential therapeutic option was the use of a small molecule 

allosteric inhibitor against SHP2. As previously described, SHP2 is an SH2 domain containing protein 

kinase that binds to both ITSM and ITIM domains on the cytoplasmic tail of SLAM family of cell surface 

receptors with similar domain homology to SAP. It has also been recently demonstrated that SHP2 

binds to the tail end of PD-1, a check point inhibitor expressed on T cells that forms microclusters upon 

TCR engagement and in the absence of SAP, SHP2 binding to PD-1 negatively modulates proximal TCR 

signalling molecules leading to premature T cell exhaustion. Thus, the interplay between SAP and SHP2 

is required to maintain the equilibrium between T cell activation and T cell exhaustion197.  

Our data reveals that by using a SHP2 allosteric inhibitor we are able rescue XLP1 patient T cell function, 

in vitro. We utilised previously established functional assays used in our gene therapy model and with 

an optimised dosage of 5 µM, we have demonstrated restoration of TFH cell function by analysis of IL-
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21, IgG, and IgM upon allogeneic B cell co-culture. We have also shown data indicating restoration of 

XLP1 patient CTL cytotoxicity against EBV+ LCLs and an overall increase in CD3+ mediated sensitivity to 

RICD, without affected healthy donor T cell function. Once again addressing the hallmark features of 

XLP1.  

We also investigated the modulation of key signalling pathways in the absence of SAP and found that 

in XLP1 patient T cells there are low levels of AKT signalling compared to healthy donor T cells, which 

we were able to rescue upon SHP2 inhibition.  

This demonstration that small molecule inhibitors can ameliorate the immune defects seen in the T 

cell compartment of XLP patients, could represent a complementary bridging treatment for XLP 

patients to stabilise them and keep them in optimal clinical condition whilst awaiting a definitive 

procedure such as gene therapy or haematopoietic stem cell transplantation. This therapeutic small 

molecule approach could afford patients improved cellular immune function to fight on-going 

infections, the ability to generate adequate antibody responses and potentially improved immuno-

surveillance against malignancy.  

Overall, the combination and development of these novel T cell therapy strategies may hold great 

potential clinical application, whilst providing further insight and understanding of T cell mechanisms 

that under pin immunopathologies associated with XLP1.  
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6.4 Future work  

 

6.4.1 Clinical translation  

 

Further work regarding our T cell gene therapy approach now involves large-scale lentiviral production 

and scaling up of autologous XLP1 patient T cells for gene modification (Figure 48). This will also require 

in-depth immunophenotyping of cells post lentiviral transduction to ensure maintenance of key T cell 

compartments and SAP expression, along with validation of an optimal VCN. Following establishment 

of these parameters, a biosafety and toxicology studies will be carried out to assess vector distribution 

and identification of adverse events in a relevant murine model, prior to patient treatment. This will 

provide further information on the safety and efficacy of the approach.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48. Schematic illustrating gene therapy workflow, from harvesting of XLP1 PT T cells to 

infusion of gene modified product.  
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6.4.2 Investigating SAP expression in TFH cells and role in autoimmunity 

  

As XLP1 is a complicated PID with a range of clinical manifestations, the role of SAP has not been 

completely elucidated in key T cell signalling pathways. Therefore, a great deal of further investigation 

is required in understanding the function of this complex signalling molecule in regulating immune 

responses. One of which is the role of SAP overexpression in TFH cells as many studies have been 

published implicating this specific population in autoimmunity or autoimmune disease phenotypes 217. 

One of the many concerns surrounding our T cell gene therapy approach is the use of a constitutively 

active EFS promoter to drive SAP expression. As SAP is tightly regulated, is it unclear at this point how 

SAP overexpression may influence other T cell related and conserved signalling pathways. Therefore, 

further investigation is required detailing the signalling pathways that lead to hyperactivation and 

proliferation of T cells in the context of potential SAP overexpression (Figure 49).  

 

 

 

Figure 49. Workflow demonstrating the parameters to assess on SAP restored TFH cells looking for 

discrepancies at the genetic and protein level. 

We hypothesise that within the context of developing T cell gene therapy for XLP1 treatment, the use 

of a constitutively active promoter to drive SAP expression in TFH cells will result in increased signalling 
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downstream of SLAM family members due to increased PI3K and tyrosine phosphorylation-based 

signals. This can be further evaluated using different modes of T activation of downstream pathways 

with subsequent analysis using high-dimensional multiparameter phosphoflow and CyTOF of signalling 

intermediates implicated in pathways activated by tyrosine phosphorylation mediating PI3K 

dependent pathways in healthy donor, SAP deficient and SAP overexpressed T cells.  

 

6.4.3 SHP2 murine work  

 

Moving forward with this study, we propose to carry out in vivo murine experiments using a previously 

established SAP deficient model in order to support our in vitro data. This model will allow for 

functional assessment in a physiological setting along with identification of a clinically applicable 

dosage of RMC-4550 and potential adverse effects. We will also be able to interrogate further the 

relevant signalling pathways and provide evidence of crosstalk and abolition of SHP2 mediated 

negative signalling.  

As our in vitro data so far demonsrates a potential therapeutic use of SHP2 allosteric inhibition we can 

progress to in vivo testing using our previously described SAP knock-out murine model which 

recapitulates humoral and cellular immune defects seen in XLP1 patients (Figure 50). In vivo work will 

allow us to optimise dosing and further assess biodistribution and toxicities. This additional data will 

then allow us to initiate early discussion with the relevant agencies (MHRA, EMA) to ensure we 

undertake the most relevant studies to allow drug repurposing for XLP1 patient benefit and achieve 

this in the shortest time possible.   

We hope that this work will lead to a clinical trial of a small molecule inhibitor to treat patients with 

XLP1.  Given we will be repurposing drugs already in clinical trial for other indications we are confident 

that this will accelerate the translational process and clinical trials could be underway within 2 years. 

If this treatment proves succesful it could transform the care of XLP1 patients, offering protection from 
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potentially fatal disease complications whilst awaiting a stem cell transplant and reducing the risk of 

infections and tissue damage that can very adversly affect transplant outcome.    
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Figure 50. Workflows demonstrating in vivo SHP2 inhibitor experiments. (A) SAP KO murine model 

to assess restoration of humoral immunity (B) Humanised NSG murine model to address cytotoxic 

defects.   

A 

B 
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6.5 Concluding remarks 

 

So far, the data gathered from both in vitro and in vivo studies assessing modified T cells supports the 

use of T cell therapy for treatment of XLP1 patients, with either gene modification or small molecule 

inhibition. Through our investigative models, we have not observed evidence of possible 

disadvantageous events at both a cellular and molecular level, whilst restoring functionality. Therefore, 

this work carried forward with further safety studies will provide a readily available treatment option 

for patients who are lacking suitable donors for HSCT and in time may become the first line of 

treatment. This study also offers insight into how other monogenic PIDS with a strong T cell immune 

defect can be treated with a similar therapy, by circumventing complications associated with HSCT and 

or a HSC gene therapy approach where constitutive expression in multiple cell lineages in undesirable.  
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Transfer of gene-corrected T cells corrects
humoral and cytotoxic defects in patients with
X-linked lymphoproliferative disease
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Background: X-linked lymphoproliferative disease 1 arises from
mutations in the SH2D1A gene encoding SLAM-associated
protein (SAP), an adaptor protein expressed in T, natural killer
(NK), and NKT cells. Defects lead to abnormalities of T-cell and
NK cell cytotoxicity and T cell–dependent humoral function.
Clinical manifestations include hemophagocytic
lymphohistiocytosis, lymphoma, and dysgammaglobulinemia.
Curative treatment is limited to hematopoietic stem cell
transplantation, with outcomes reliant on a good donor match.
Objectives: Because most symptoms arise from defective T-cell
function, we investigated whether transfer of SAP gene–corrected
T cells could reconstitute known effector cell defects.
Methods: CD31 lymphocytes from Sap-deficient mice were
transduced with a gammaretroviral vector encoding human
SAP cDNA before transfer into sublethally irradiated
Sap-deficient recipients. After immunization with the
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T-dependent antigen 4-hydroxy-3-nitrophenylacetly chicken
gammaglobulin (NP-CGG), recovery of humoral function was
evaluated through germinal center formation and antigen-
specific responses. To efficiently transduce CD31 cells from
patients, we generated an equivalent lentiviral SAP vector.
Functional recovery was demonstrated by using in vitro
cytotoxicity and T follicular helper cell function assays
alongside tumor clearance in an in vivo lymphoblastoid cell line
lymphoma xenograft model.
Results: In Sap-deficient mice 20% to 40% engraftment of
gene-modified T cells led to significant recovery of germinal center
formation and NP-specific antibody responses. Gene-corrected
T cells from patients demonstrated improved cytotoxicity and
T follicular helper cell function in vitro. Adoptive transfer of
gene-corrected cytotoxic T lymphocytes from patients reduced
tumor burden to a level comparable with that seen in healthy
donor cytotoxic T lymphocytes in an in vivo lymphoma model.
Conclusions: These data demonstrate that autologous T-cell
gene therapy corrects SAP-dependent defects and might offer
an alternative therapeutic option for patients with X-linked
lymphoproliferative disease 1. (J Allergy Clin Immunol
2018;142:235-45.)

Key words: X-linked lymphoproliferative disease, T-cell gene therapy,
follicular helper T cells, T-cell cytotoxicity

X-linked lymphoproliferative disease 1 (XLP1) is a severe
primary immunodeficiency arising from mutations in the
SH2D1A gene, which encodes an intracellular adaptor protein
called SLAM-associated protein (SAP). The absence of SAP
leads to multiple immunologic defects, including impaired
T-cell and natural killer (NK) cell cytotoxicity,1-4 lack of NK
T-cell development,5,6 and defective CD41 T follicular helper
(TFH) cell help,

7-9 which leads to abnormal humoral function.
The clinical disease phenotype is characterized by severe
immune dysregulatory phenomena, including abnormalities in
immunoglobulin production and T-dependent humoral immune
responses, T-cell effector defects leading to hemophagocytic
lymphohistiocytosis (HLH), and development of lymphoma.

Specific disease manifestations can be treated supportively
with replacement immunoglobulin for dysgammaglobulinemia,
HLH chemotherapeutic protocols, monoclonal serotherapy for
EBV-driven disease, and appropriate chemotherapy regimens for
malignancy, but curative treatment for patients with XLP1 is
limited to allogeneic hematopoietic stem cell transplantation
(HSCT). Results are highly dependent on a good donor match and
235

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:c.booth@ucl.ac.uk
http://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1016/j.jaci.2018.02.053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaci.2018.02.053&domain=pdf


J ALLERGY CLIN IMMUNOL

JULY 2018

236 PANCHAL ET AL
Abbreviations used
BV: B
rilliant Violet
CTL: C
ytotoxic T lymphocyte
HLH: H
emophagocytic lymphohistiocytosis
HSCT: H
ematopoietic stem cell transplantation
HVS: H
erpesvirus saimiri
LCL: L
ymphoblastoid cell line
MOI: M
ultiplicity of infection
NK: N
atural killer
NP-CGG: 4
-hydroxy-3-nitrophenylacetly conjugated chicken

gammaglobulin
PD-1: P
rogrammed cell death protein 1
PE: P
hycoerythrin
SAP: S
LAM-associated protein
TFH: T
 follicular helper
XLP: X
-linked lymphoproliferative disease
the absence of active disease at transplantation, with survival
decreasing to 50% if patients enter transplantation with HLH.10

For more than 2 decades, autologous hematopoietic stem cell
gene therapy has been shown to be a successful treatment option
for specific immune deficiencies,11 and this experience supports
the development of therapeutic gene therapy strategies for other
monogenic immune deficiencies.

In a Sap-deficient mouse model we demonstrated correction of
cellular and humoral defects through lentivirus-mediated gene
transfer into hematopoietic progenitor cells, thereby providing
proof of concept for gene therapy in patients with XLP1.12 One
concern about this approach was that the nonphysiologic
expression of SAP in progenitor cell populations after stem cell
gene transfer might be associated with certain risks because of
the role of SAP as an important signaling molecule and its tightly
regulated expression profile. Although no adverse effects were
seen when SAP was expressed in HSCs or other hematopoietic
compartments in which expression is usually limited, we wanted
to evaluate whether transfer of gene-corrected T cells can offer a
potentially safer treatment option. We evaluated a number of
regulatory elements in the context of a hematopoietic stem cell
gene therapy approach to provide lineage-specific SAP
expression but were unable to identify a promoter capable of
affording specificity and sufficient protein expression to restore
immune function (unpublished data).

Autologous T-cell gene therapy would diminish concerns over
ectopic SAP expression and has an established safety profile, with
hundreds of patients treated to date for hematologic malignancies
in cancer immunotherapy trials and no reported transformational
events.13-17 Furthermore, important manifestations of XLP1, such
as HLH, lymphoma development, and dysgammaglobulinemia,
arise from defective T-cell function and would be potentially
corrected through this approach. Therefore we sought to
investigate whether infusion of gene-modified T cells could
correct both humoral and cytotoxic immune defects in a
Sap-deficient murine model and an in vivo tumor model by using
corrected cells from patients. Here, for the first time, we show that
viral vector–mediated gene correction of the T-cell compartment
can recover these immune defects both in vitro and in vivo. This
work provides evidence that an autologous gene-corrected
T-cell approach might offer therapeutic benefit to patients with
XLP1.
METHODS

Mice
Sap-deficient mice (Sapy/2, Sap2/2) have been previously described.18-20

NSG (NOD/SCID/IL-2Rgnull) mice were obtained from the Jackson

Laboratory (Bar Harbor, Me). Animals were raised in specific pathogen-free

conditions, and all studies were licensed under the Animals (Scientific

Procedures) Act 1986 (Home Office, London, United Kingdom).
Vector constructs
For murine experiments, a gammaretroviral vector on the SF91 backbone

containing codon-optimized human SAP cDNA with an internal ribosomal

entry site element and enhanced green fluorescent protein (eGFP) was

used. Human primary cell experiments were carried out by using a

third-generation lentiviral vector on a pCCL backbone containing

codon-optimized human SAP cDNA driven by the elongation factor 1a short

(EFS) promoter, internal ribosomal entry site, and eGFP or eGFP alone

(EFS-SAP-eGFP; EFS-eGFP).

Murine CD31 T-cell selection and transduction
CD31 T cells were isolated by means of negative magnetic selection (pan-T

cells; MicroBeads; Miltenyi Biotec, Bergisch Gladbach, Germany) from

harvested splenocytes and cultured in RPMI 1640, 10% FCS, 1% penicillin/

streptomycin, 1 mmol/L b-mercaptoethanol, and 1 mmol/L sodium pyruvate

(all from Life Technologies, Grand Island, NY) and stimulated with 20 U/mL

murine IL-2 (PeproTech, Rocky Hill, NJ) and 100 mg/mL anti-CD3e and

100 mg/mL anti-CD28 T-cell activation/expansion (Miltenyi Biotec).

Transduction was performed 24 hours later with a retroviral supernatant

using spinoculation (90 minutes at 1000g) in recombinant human fibronectin

fragment (RetroNectin; Takara Bio Europe S.A.S, Saint-Germain-en-Laye,

France)–precoated plates. Seventy-two hours after transduction, cells were

harvested and analyzed by flow cytometry (LSRII; BD, San Jose, Calif) for

transduction efficiency and the CD41/CD81 phenotype by using rat

anti-mouse CD8a (allophycocyanin) and rat anti-mouse CD4 (Brilliant Violet

[BV] 510; BD Biosciences). CD31 cells were injected into sublethally (6 Gy)

irradiated Sap-deficient recipient mice. Eight weeks after reconstitution, mice

were challenged through intraperitoneal injections of T cell–dependent

antigen: chicken gammaglobulin conjugated to the hapten 4-hydroxy-3-

nitrophenylacetly (NP-CGG; 150 mg/mL).

Patient samples
Consent was obtained to use samples from 4 unrelated patients. All patients

had proven mutations in SH2D1A (P1, c.57_59 duplication; P2, hemizygous

deletion of exon 2; P3, large deletion spanning from exon 2; and P4, large dele-

tion spanning exons 2-4). Samples from P1, P2, and P4 were used for TFH cell

assays, and samples from P1, P3, and P4 were used in cytotoxicity experiments.

In vitro TFH cell assay
PBMCs were isolated by using Ficoll centrifugation (GE Healthcare,

Amersham, United Kingdom). Naive CD41 T cells were isolated from

nontransformed healthy donor PBMCs and Herpesvirus saimiri (HVS)–

transformed samples from patients with XLP1 using Miltenyi

MACS-negative selection, according to the manufacturer’s protocol. Selected

cells were activated by using either anti-CD3/CD28 Dynabeads at a 1:1 ratio

with X-VIVO media (Sigma, St Louis, Mo) supplemented with 5% human

serum and human recombinant IL-2 at a concentration of 20 U/mL or with

human recombinant IL-6 (100 U/mL), IL-7 (20 U/mL), or IL-21

(200U/mL). Cells were incubated for 72 hours and transduced at amultiplicity

of infection (MOI) of 50. Cells were cultured subsequently, maintaining

in vitro conditions at a density of 5.0 3 104 cells/well of a 96-well

round-bottom plate in the presence of 15 ng/mL staphylococcal enterotoxin

B either alone or with allogeneic memory B cells isolated from tonsillar

mononuclear cells at a ratio of 1:1. Cells were cocultured for 10 days before

immunophenotyping with LSRII and BD-conjugated antibodies: mouse

anti-human CD4 (BV650), mouse anti-human programmed cell death protein



FIG 1. Experimental design of the T-cell adoptive transfer model. A, Schematic representation of long

terminal repeat (LTR)–driven gammaretroviral vector used for ex vivo transduction of murine donor splenic

CD31 selected T cells. i, Mock vector containing eGFP reporter gene only. ii, Vector containing

codon-optimized SAP cDNA and eGFP. B, Timeline of adoptive T-cell transfer experiments after sublethal

(6 Gy) irradiation at day 0 with intravenous infusion of transduced murine CD31 T cells. Animals underwent

tail vein bleeds at 3 and 6 weeks to assess peripheral T-cell donor engraftment before immunologic

challenge at week 8 with the T cell–dependent antigen NP-CGG.
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1 (PD-1; CD279; BV510), and mouse anti-human CXCR5 (CD189; BV41).

ELISAs to analyze IL-21 and IgM/IgG/IgG1-3 concentrations were performed

on supernatants by using Platinum ELISA kits (eBioscience, Carlsbad, Calif).

Generation of lymphoblastoid cell lines and

cytotoxic T lymphocytes
PBMCs were isolated as above from EBV-seropositive healthy donors for

generation of autologous and allogeneic lymphoblastoid cell lines (LCLs) by

using the EBV B95.8 supernatant (kindly provided by Ida Ricciardelli) in the

presence of 50 mg of cyclosporine. PBMCs were stimulated with 40 Gy of

irradiated LCLs in vitro over a period of 4 weeks with weekly stimulation.
In vitro cytotoxicity and cytotoxic T-lymphocyte

phenotyping
Generated cytotoxic T lymphocytes (CTLs) were transduced by using

EFS-SAP-eGFP or EFS-eGFP vectors at an MOI of 50 and phenotyped by

using phycoerythrin (PE)–labeled mouse anti-CD4, allophycocyanin-labeled

mouse anti-CD8, BV650-labeled mouse anti-human CD45RA, and

BV510-labeled mouse anti-human CD62L (BD Biosciences) to establish

memory phenotype and transduction efficiency before the NSG tumor model.

CTL function was determined by using an in vitro 51Cr (Na2
51CrO4;

PerkinElmer, Waltham, Mass) release assay with allogeneic LCL targets

and nonspecific P185 murine mastocytoma cell targets with anti-CD3

conjugation (BD Biosciences) to determine EBV-directed and redirected

killing. An effector/target ratio of 30:1 was used, and serial dilutions were

performed to determine the cytotoxicity range and incubated for 4 hours at

378C. 51Cr release in the supernatant was measured with a beta counter

(Trilux, 1450 MicroBeta; PerkinElmer).
NSG tumor model
Allogeneic LCLs were transduced with a lentiviral vector expressing firefly

luciferase and blue fluorescent protein reporter gene to select on highly

expressingcells.Acell doseof5.03106wasprepared inMatrigelMatrix (Corn-

ing, Corning, NY) with equal amounts of PBS and injected into NSGmice sub-

cutaneously at the nape of the neck. Forty-eight hours after LCL injections,

xenografted tumor burdenwas establishedbyusing the IVIS invivo imaging sys-

tem (Xenogen; Caliper Life Sciences, Hopkinton, Mass) in the presence of

15 mg/kg intraperitoneally injected D-Luciferin. CTLs from healthy donors

and patients with XLP1 were injected intravenously through the tail vein at a

1:1 CTL/LCL ratio (5 3 106 total cells per mouse), and tumor regression was

monitored by using IVIS every 48 hours for 10 days after tumor establishment.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 6.0 software

(GraphPad Software, La Jolla, Calif). Statistical significance for murine

experiments was determined by using 2-way ANOVA. Statistical significance

for cytotoxicity and TFH cell in vitro assays was calculated by using

appropriate nonparametric testing, including Sidak, Dunnett, and

Kruskall-Wallis multiple-comparison tests and Mann-Whitney 2-tailed

Student t tests assuming non-Gaussian distribution.
RESULTS

Transfer of SAP-replete T cells restores humoral

immunity
To demonstrate that SAP expression in the T-cell compartment

can correct humoral immunity in a Sap-deficient murine



FIG 2. Analysis of humoral function after immunologic challenge. A, Analysis of germinal center B cells

using flow cytometry in splenic lymphocytes stained with anti-CD19 and anti-GL7 antibodies. Results

from individual mice are represented by dots, with mean values represented by a horizontal bar.

B, Germinal center staining in splenic follicles using peanut agglutinin marking for germinal center B cells

10 days after immunization with NP-CGG at amagnification of340. Slides are representative of results seen

in wild-type (WT) and Sap-deficient control animals and animals receiving gene-modified T cells

(transduced with GRV-eGFP or GRV-SAP-eGFP vectors) demonstrating recovery of germinal centers in

Sap-deficient mice receiving SAP-containing vector. C, NP-specific antibody production analysis with an

ELISA performed on serum samples of all cohorts after NP-CGG vaccination, demonstrating functional

restoration of germinal center activity in SAP-reconstituted animals comparable with that of wild-type

littermates. **P < .05. ns, Not significant.
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model, we adoptively transferred gene-corrected Sap-deficient
CD31 T cells into Sap-deficient recipients after sublethal
irradiation (6 Gy). A retroviral construct was used to transduce
T cells in this context because murine T cells are not transduced
efficiently with lentiviral vectors due to restriction factors present
in this population.21 We generated gammaretroviral vectors con-
taining a codon-optimized human SAP cDNA and eGFP or eGFP
alone (Fig 1, A) and efficiently transduced Sap-deficient CD31

lymphocytes with a standard activation protocol by using anti-
CD3/CD28 beads and IL-2 (approximately 60% transduction ef-
ficiency for both SAP and GFP control vectors with an average
vector copy number of 2.4). As expected, there was a slight pre-
dominance of CD81 cells in transduced populations, but high
levels of transduction were achieved in both the CD41 and
CD81 compartments (see Fig E1 in this article’s Online Reposi-
tory at www.jacionline.org). Transduced cells from female Sap-
deficient donors were adoptively transferred into male
Sap-deficient recipients after sublethal irradiation to determine
T-cell engraftment levels. At 8 weeks after infusion of gene-
modified T cells, animals were challenged with NP-CGG
and analyzed 10 days later to assess response to immunization
(Fig 1, B).

We demonstrated significantly higher levels of GL71/CD191

cells (a germinal center marker) in the spleens of animals
receiving the GRV-SAP-eGFP vector compared with those
receiving the control eGFP vector (P < .01) with levels compara-
ble with those in wild-type animals (Fig 2, A). Germinal
center formation was confirmed by means of peanut
agglutinin staining of splenic sections in Sap-deficient animals
receiving gene-corrected T cells (Fig 1, B). We also found
significantly improved NP-specific IgG1 levels (P < .01) in the
GRV-SAP-eGFP vector–treated group in comparison with those
seen in animals in the Sap-deficient or eGFP control group,
demonstrating functional humoral reconstitution after correction

http://www.jacionline.org


FIG 3. Correction of PBMC-derived TFH cells from patients with XLP1. A, Schematic representation of

lentiviral vectors containing codon-optimized human SAP cDNA driven by the EFS promoter and eGFP or

EFS-eGFP only. An MOI of 20 was used to transduce PBMC-derived selected naive CD41 cells before

in vitro B-cell coculture assay. Transduction efficiency ranged between 30% to 45% (data not shown),

with a vector copy number of 2 to 3 copies per cell. B, Representative flow cytometric contour plots of

the differentiated CD41 cell phenotype 10 days after coculture with allogeneic tonsillar memory B cells or

CD4 cell culture alone. Top 2 panels (middle to right), Healthy donor cells prestimulated with standard

activation conditions (1.0 3 106 cells/mL) with a 1:1 anti-CD3/CD28 bead ratio plus human IL-2 (10 ng/mL)

or the TFH cell–polarizing cytokines IL-6 (100 ng/mL), IL-7 (10 ng/mL), or IL-21 (20 ng/mL). Bottom 2 panels

(left to right), PBMC-derived and HVS-transformed differentiated CD41 T cells from patients with XLP1 by

using the conditions as above. Cells were transduced 3 days after stimulation and cultured with or without

allogeneic B cells. C, Recovery of the TFH cell population, as determined based on CXCR5 and PD-1

expression in corrected cells from patients with XLP1 after B-cell coculture assay in cells cultured in both

anti-CD3/CD28/IL-2 and IL-6/IL-7/IL-21 culture conditions (n 5 3). **P < .05. ns, Not significant.
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of the T-cell compartment (Fig 1,C, and see Fig E2 in this article’s
Online Repository at www.jacionline.org). Higher eGFP levels
were seen in the TFH cell population of immunized animals
receiving both vectors (see Fig E2, C), which is consistent with
expansion of this population in response to antigen challenge,
confirming that SAP is required only for TFH cell function and
not development. Together, these data suggest that infusion of
gene-corrected Sap-deficient T cells can lead to restoration of
functional humoral responses to T-dependent antigens.
SAP gene transfer restores TFH cell function
To explore the clinical relevance of the data generated in the

Sap-deficient murine model, we investigated whether restoration
of SAP expression in TFH cells from patients with XLP1 could
ameliorate defective TFH cell activity using an established
in vitro TFH cell functional assay.22 In patients with XLP1, the
TFH cell population secreted less IL-21, which is indicative
of TFH cell dysfunction, and B cells did not secrete
immunoglobulins. For transduction of human primary T cells,
we used a lentiviral vector with SAP expression driven by the
EFS promoter (Fig 3, A). This vector had been used previously
in our proof-of-concept hematopoietic stem cell gene therapy
studies.12 Given the scarcity of primary patient samples, we
generated T-cell lines from patients through transformation
with HVS. We were able to demonstrate that the function of
HVS-transformed lymphocytes was comparable with that of
nontransformed T cells in terms of cytotoxicity and memory
phenotype (see Fig E3 in this article’s Online Repository at
www.jacionline.org).

http://www.jacionline.org
http://www.jacionline.org


FIG 4. Functional correction of TFH cells from patients with XLP1 in vitro. Quantification of IL-21

concentrations (A) and IgG (B) and IgM (C) levels in supernatants 10 days after coculture of naive

CD41 T cells and allogeneic B cells by means of ELISA. **P < .05, ***P < .001, and ****P < .0001.

ns, Not significant.
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FIG 5. SAP gene correction of CTLs from patients with XLP1 restores cytotoxicity in vitro. A, In vitro cyto-

toxic activity of CTLs generated from both healthy donors and EBV-seropositive patients with XLP1

(gene corrected and uncorrected) against allogeneic LCL target cells before intravenous infusion into

NSG mice, as measured in a 51Cr release assay. Assays were performed in triplicates, and data shown

are means 6 SEMs of all values. B, Specificity of SAP function was determined by using non-LCL targets

in a cytotoxicity assay in parallel. Murine mastocytoma P815 cells were cocultured with corrected and

uncorrected effector cells from healthy donors and patients incubated with soluble anti-CD3. CTLS from

all donors, including patients with XLP1, displayed cytotoxic activity, suggesting that EBV1 LCL-targeted

killing is SAP and not CD3 mediated.
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Naive CD41CD45RA1 cells from both HVS-transformed cells
from patients and PBMCs from healthy donors (untransformed)
were selected and then cultured in 2 different conditions to
determine whether maintenance and transduction of the TFH cell
population could be optimized through cytokine stimulation.
A standard activation protocol using anti-CD3/CD28 Dynabeads
and human recombinant IL-2 at 100 U/mL was compared with a
predicted pro-TFH cytokine cocktail of IL-6 and IL-2123-28 with a
media supplement of IL-7 to allow proliferation of cells before
lentiviral transduction with either EFS-eGFP or EFS-SAP-eGFP
vectors. Transduced cells (transduced at 35% to 40% efficiency
determined by using eGFP expression) were either cultured alone
or cocultured with allogeneic memory B cells derived from healthy
donor tonsillar samples at a ratio of 1:1 for a 10-day incubation
period. Cells were then analyzed to determine the overall TFH

cell percentage (CD41CXCR51PD-11; Fig 3), and the supernatant
was tested to quantify the concentration of secreted IL-21 and
immunoglobulin levels (Fig 4). The TFH cell population was signif-
icantly reduced in patients with XLP1 compared with that in
healthy control subjects (Fig 3, B and C), and this was associated
with lower levels of IL-21 secretion and immunoglobulin
production (Fig 4, A and B). In contrast, we found that the TFH

cell population, as characterized by CD41CXCR51PD-11 expres-
sion, was restored to normal levels when cells from patients with
XLP were gene corrected with SAP-expressing vector (Fig 3, B
and C). There was no difference in the percentage of the TFH cell
population between cells transduced with anti-CD3/CD28 Dyna-
beads or with a pro-TFH cytokine cocktail of IL-6 and IL-21. We
also demonstrated functional recovery of the TFH cell population
in gene-corrected cells from patients with XLP1 with significantly
increased IL-21 secretion, IgM levels, and IgG levels (including
IgG1, IgG2, and IgG3 subclasses, P <.01; see Fig E4 in this article’s
OnlineRepository at www.jacionline.org) thatwere similar to those
in healthy control subjects (Fig 4, A and B). In these functional
studies there is a difference between the TFH activity of cells
transduced using the different transduction conditions in
comparison with uncorrected cells. Although an overall improve-
ment is seen across all conditions, this is most pronounced in cells
from patientswithXLP transducedwith the pro-TFH cytokine cock-
tail of IL-6, IL-7, and IL-21 with significantly greater IL-21 secre-
tion and immunoglobulin production in comparison with XLP-
uncorrected cells. Cells from patients with XLP transduced with
the anti-CD3/CD28 Dynabeads show increased function but did
not reach statistical significance. These results demonstrate that
on SAP correction, naive T cells from patients with XLP1 can be
stimulated to differentiate into TFH cells, which in turn are capable
of providing adequate B-cell help to allow for immunoglobulin
secretion in vitro.
Lentivirus-mediated SAP gene transfer in CD81

T cells from patients with XLP1 restores

cytotoxicity
SAP-deficient cytotoxic lymphocytes (CTLs) are unable to

efficiently kill EBV-infected LCLs.3,29 We investigated whether
restoration of SAP expression in deficient T cells could restore
cytotoxicity in this context. To examine the effect of
lentivirus-mediated SAP gene transfer on cytotoxicity in human
CD81 EBV-specific CTLs, we again used HVS-transformed cells
from both healthy donors and patients with XLP. Before gene
modification, we were able to demonstrate that these transformed
cells maintained cytotoxic function, with no significant difference
in killing compared with EBV-CTLs derived from fresh PBMCs
(from the same donor) by using a standard in vitro 51Cr
release assay (see Fig E5 in this article’s Online Repository at
www.jacionline.org).

To demonstrate that this response is mediated through a
SAP-dependent pathway and not through CD3, we cocultured
healthy donor and noncorrected and corrected T cells from
patients with XLP1 against p815 tumor cells incubated with

http://www.jacionline.org
http://www.jacionline.org


FIG 6. Phenotype of transduced and gene-corrected CTLs. A, Representative flow cytometric contour plots

of CTL phenotype after in vitro stimulation with allogeneic LCLs in mock-transduced cells from healthy

donors and patients and B, cells transduced with a corrective lentiviral SAP vector from patients. Transduc-

tion efficiency was assessed by using flow cytometry; eGFP expression ranged from 24% to 50%. CM, Cen-

tral memory; EM, effector memory; N, naive; TEMRA, CD45RA1 effector memory. C, SAP expression from

GFP1 selected uncorrected and gene-corrected cells from patients, as analyzed by using intracellular

fluorescence-activate cell sorting staining. Solid line, Control IgG2b; dotted line, anti-SAP antibody.
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soluble CD3 (Fig 5). All 3 lines demonstrated cytotoxicity against
p815 cells, suggesting that in patients with XLP1, T-cell
cytotoxicity is maintained against non-LCL targets, but
expression of SAP is required for cytotoxicity against EBV-LCLs.

Patient-derived HVS cells were transduced with the EFS-SAP-
eGFP vector, and EBV-CTL cytotoxicity against both autologous
and allogeneic LCL targets was assessed by using a 51Cr release
assay. Our results demonstrate recovery of killing activity in
gene-corrected CTLs from patients, with transduction efficiency
ranging from 24% to 48%, an average final vector copy number
of 1.9 viral copies per cell (Fig 5 and see Fig E5), and no
significant differences in cytotoxic function when using an
autologous and allogeneic target.
Adoptive transfer of gene-corrected EBV-CTLs

from patients with XLP1 leads to regression of

EBV-related lymphoma in an in vivo–xenografted
NSG mouse model

We sought to determine whether adoptive transfer of
gene-corrected T cells could mediate tumor clearance in
NSG mice engrafted with EBV1 LCL tumors. EBV-LCLs
from a healthy donor were transduced with a luciferase-
expressing cassette and transplanted into NSG mice to
form a palpable tumor. CTLs were generated from PBMCs
from healthy donors and 2 patients with XLP1. CTLs from
patients were transduced with the EFS-SAP-eGFP vector af-
ter allogeneic LCL stimulation. Seventy-two hours after
transduction, cells were phenotyped, and transduction effi-
ciency was determined by using flow cytometry (Fig 6, A
and B). Phenotyping of transduced CD81 CTLs demonstrated
persistence of both central memory (CD45RA2CD62L1) and
naive (CD45RA1CD62L1) populations across donors (range,
40% to 70% and 8% to 20%, respectively), suggesting main-
tenance of long-lived T-cell populations after transduction
with our lentiviral vectors. Transduction efficiencies in the
range of 24% to 50% were achieved at an MOI of 50,
which was associated with an increase in intracellular SAP
expression (Fig 6, C) and restoration of cytotoxic function
(Fig 5).

EBV-CTLs were injected intravenously 48 hours after
establishment of tumors at a ratio of 1:1 LCL/CTL
and bioluminescence analyzed every 48 hours subsequently
(Fig 7, A). Regression of tumors could be visualized by day 2 after



FIG 7. Adoptive transfer of gene-corrected CTLs from patients with XLP1 induces regression of EBV1

LCL-generated tumors in an NSG mouse model. A, EBV1 B-LCL xenograft tumor model experimental

design. B, i, Bioluminescence images of NSG mice 48 hours after subcutaneous LCL injections displaying

formation of localized solid tumors. ii, Tumor burden after 10 days in untreated mice (top left panel,

n 5 3) and mice treated with healthy donor CTLs (3 donors, 3 animals per donor). iii, Tumor burden after

10 days in mice receiving uncorrected CTLs from patients with XLP1 (top panel) or gene-corrected CTLs

from patients (bottom panel; 2 patient donors, 3 animals per donor) showing reduction in tumor burden

in animals receiving gene-corrected cells from patients with XLP1. C, Dot plot representing quantification

of tumor burden determined by using average photon density per second per square centimeter per

steradian (p/s/cm2/sr) on the day of CTL infusions (D0), after 48 hours (D2), and after 10 days (D10).

***P < .0001.
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CTL infusion, with complete clearance observed in both healthy
control subjects and gene-corrected patients with XLP by day 10,
which is in stark contrast to animals receiving uncorrected
patients’ cells (Fig 7, B and C). We observed tumor persistence
in untreated (n 5 3) and patient-uncorrected (n 5 6;
EFS-eGFP–transduced) CTL-treated mice in a range of 3.0 to
6.0 3 106 p/s/cm2/sr by day 10 after LCL infusion. In contrast,
mice treated with healthy donor CTLs (n 5 9, CTLs from 3
donors) demonstrated a significant reduction in tumor burden
48 hours after CTL treatment, with bioluminescence values
decreasing from 3.0 3 106 to 4.0 3 104 p/s/cm2/sr and even
further by day 10 to a final value of 1.0 3 103 p/s/cm2/sr, which
is equivalent to that of an animal that was not subjected to tumor
engraftment. Similarly, we found a considerable reduction in
tumor burden in animals infused with gene-corrected CTLs
from patients (n 5 6, CTLs from 2 patients) which, by day 10,
was equivalent to the level of tumor clearance observed in animals
treated with healthy donor CTLs and significantly better than
CTL-mediated tumor clearance in animals receiving uncorrected
CTLs from patients (P < .0001).
DISCUSSION
Hematopoietic stem cell gene therapy has been used

successfully to treat a number of monogenic hematologic and
immunologic diseases and offers a curative treatment option for
patients lacking a suitable donor for HSCT. XLP1 is a monogenic
primary immune deficiencywith a range of severemanifestations,
and even in cases of early diagnosis, provision of prophylactic
therapies, and close monitoring, the condition can be fatal
because of the development of HLH or malignancy.10,30

Outcomes after HSCT from mismatched donors is significantly
worse in this population than from HLA-identical donors,10 and
as such, development of novel gene therapy strategies can offer
patients lacking suitable donors an alternative management
option. We have previously described correction of a
Sap-deficient murine model using gene-corrected HSCs with
SAP transgene expression controlled by the ubiquitously active
EFS promoter,12 but given the role of SAP as an intracellular
signaling molecule and the lack of normal SAP expression in
HSCs, we explored use of SAP gene transfer in T cells, in which
it is normally expressed as an alternative option.
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Here we provide the first evidence that adoptive transfer of
gene-corrected T cells can correct the humoral and cytotoxic
defects associated with XLP1; this could represent a clinically
applicable therapy for patients with this condition. Immune
abnormalities in patients with XLP1 arise predominantly from
defects in the T-cell compartment. Therefore correction of CD31

lymphocytes can afford protection from HLH caused by
dysregulated T-cell activation and impaired cytotoxicity
alongside reduced risk of malignancy through improved tumor
surveillance and improved humoral immunity through
correction of TFH cell function. Although the NK cell population
will remain uncorrected, there is evidence of redundancy in
the role these cells play in the pathophysiology of HLH, and
therefore correction of the CD8 compartment alone might be
sufficient.31

In an established Sap-deficient murine model, we have shown
in vivo that transfer of SAP-corrected T lymphocytes leads to
recovery of functional humoral immunity after T cell–
dependent antigen challenge through formation of germinal
centers and specific antibody responses, both of which are absent
in Sap-deficient animals. This is achievable at levels of
engraftment close to 40%, which is clinically feasible with
current lentiviral transduction platforms in human primary cells.
Moreover, we were able to demonstrate functional correction of
TFH cells from patients in vitro with significantly improved
IL-21 and immunoglobulin secretion profiles. The functional
profile of gene-corrected TFH cells from patients with XLP was
enhanced when cells were cultured with IL-6, IL-7, and IL-21,
cytokines chosen based on their role in the differentiation and
maintenance of the TFH cell population.27 Together, these data
suggest that T-cell gene therapy could be of considerable clinical
benefit to patients with XLP1 with dysgammaglobulinemia.

Our data also confirm that lentivirus-mediated SAP gene
transfer can correct cytotoxic defects in CD81 CTLs from
patients in the context of EBV, which is essential in preventing
and treating HLH and lymphoproliferative complications. This
has been demonstrated through both in vitro cytotoxicity assays
and an in vivo EBV-LCL lymphoma tumor model in NSG mice.
We show convincingly that gene-corrected CTLs from patients
are able to induce tumor regression to the same level as CTLs
from healthy donors. Therefore we can assume that
gene-modified CD81 T cells from patients would be functional
in the context of EBV viral challenge and potentially HLH in
patients with XLP1.

The anticipated level of engraftment of gene-corrected T cells
required to permit functional immune reconstitution in patients
is an important question, but there is limited clinical experience
of patients after HSCT with low-level mixed chimerism. We
have shown here that T lymphocytes from patients can be
transduced efficiently, leading to restoration of SAP expression,
and although levels of expression are less than those seen in
healthy donor cells, a modest increase in protein levels
correlates with correction of TFH cell function and cytotoxicity.
Although it is challenging to define the exact level of engraft-
ment required, we can extrapolate from the data presented
here that as little as 15% correction can restore immune func-
tion. Taken in the clinical context, these results are encouraging,
suggesting that low levels of engraftment might be sufficient for
phenotype rescue.

The long-term persistence of autologous gene-modified T cells
and thus the longevity of clinical benefit also remains to be
determined. Early clinical trials for adenosine deaminase–
deficient severe combined immune deficiency used peripheral
T cells transduced with a gammaretroviral vector, and
gene-marked cells were detectable more than 10 years after
infusion.32 Similar findings have also been reported in the context
of suicide gene therapy clinical trials.31 It has now been
established that specific T-cell subsets are capable of sustaining
the T-cell compartment, namely stem cell memory T and central
memory T cells.33 Here we have shown maintenance of a central
memory population after transduction with our lentiviral
construct, supporting the idea that SAP-corrected cells from
patients can persist for several years. Whether T-cell gene therapy
offers a definitive treatment for patients with XLP1 lacking a
donor for transplantation will only become evident through a
clinical trial. Although a T-cell strategy should provide
long-term benefit, it also does not prevent patients from receiving
a subsequent stem cell procedure and in this context can also be
used to treat patients with XLP1 before HSCT if a suitable donor
is unavailable within the necessary time period.

In conclusion, the data presented here strongly support clinical
translation of a lentivirus-mediated T-cell gene therapy approach
to treat patients with XLP1 who lack a suitable donor for HSCT.
Given that we have shown amelioration of both humoral and
cellular immune defects, patients with a range of clinical
phenotypes can benefit from this therapeutic strategy.
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Key message

d This study demonstrates that adoptive transfer of
gene-corrected T cells corrects humoral and cytotoxic
abnormalities seen in patients with XLP1, establishing
potential therapeutic benefit of this approach for patients
with XLP1.
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METHODS

Vector copy number and Y chromosome

engraftment analysis
GenomicDNAwas extracted from either human culturedCD4/CD8 cells or

murine splenic CD31 cells by using the Qiagen DNeasy blood and tissue

extraction kit, according to the manufacturer’s protocol. Multiplex

quantitative PCR with gBLOCK (standards) synthesized and purchased

from Integrated DNA Technologies was carried out to determine vector

copy number and murine donor T-cell engraftment.

Generation of HVS-transformed human primary

T cells and cytotoxicity
PMBCs from healthy donors or patients with XLP1were stimulated in vitro

with 20 mg/mL PHA and then cultured in X-VIVO media with 5% human

serum for a period of 72 hours. After 72 hours, IL-2 (20 ng/mL) was added

to supplement media, and cells were incubated for a further 48 hours. HVS

viral supernatant generated by using owl monkey kidney cells, as

previously published, was added to cultured cells seeded at a density of

2.0 3 106 cells/well of a 48-well plate. The phenotype of transformed cells

was assessed at 2-week intervals to determine cell longevity and viability.

Flow cytometry, immunophenotype, and SAP

staining
Single-cell suspensions were prepared from human PBMCs or murine

splenic tissue. Samples were incubated for 60 minutes at room temperature

with various antibodies: BV421 rat anti-human CD185 (CXCR5) BV510,

mouse anti-human CD279 (PD-1) or Alexa Fluor 647 rat anti-mouse GL7 PE

rat anti-mouse CD19, PE rat anti-mouse CXCR5, or BV421 hamster

anti-mouse CD279 (PD-1) and analyzed by using flow cytometry for GFP

and cell-surface marker expression. For SAP intracellular staining, after

fixation and permeabilization (IntraPrep; Beckman Coulter, Fullerton Calif),

cells were incubated either with amouse anti-human SAP (SH2D1A) antibody

(clone 1C9; Abnova, Jhongli, Taiwan) or the corresponding isotype control

Rat IgG1, k (clone R3-34 RUO; BD PharMingen).

Immunization and antibody response
For immunization, animals received intraperitoneal injections of

NP(65)-CGG (150 mg/mL per mouse; Biosearch Technologies, Novato,

Calif) mixed with alum (Serva, Heidelberg, Germany) in a 1:2 ratio. Serum

was collected through a tail vein bleed at various time points after

immunization, and NP-specific immunoglobulins were detected and

quantitated by using ELISAs with NP(23)-BSA (Biosearch Technologies)

as a capture antigen. The mouse immunoglobulin standard panel was obtained

from SouthernBiotech, Birmingham, Ala.

To analyze germinal center formation, immunized animals were killed

10 days after NP-CGG injection, and germinal center B cells were detected by

using flow cytometry in single-cell suspensions of splenocytes after

erythrocyte lysis with anti-CD19 and anti–GL-7 antibodies (BDBiosciences).

Spleens were then fixed in formalin, sectioned, and stained with hematoxylin

and eosin to allow visualization of tissue structure. Germinal center B cells

were stained by means of immunohistochemistry with unconjugated peanut

agglutinin (Vector Laboratories, Burlingame, Calif). Images were captured

with Olympus BX51 with Olympus Plan Apo objectives (Olympus, Center

Valley, Pa), and the Nikon DigitalSight DS-L1 digital microscope camera

(Nikon, Tokyo) with automatic exposure and on-camera white balancing.

Magnifications are as stated in the figures and figure legends.
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FIG E1. Transduction efficiency and phenotype of murine splenic CD31 donor T cells. A, Flow cytometric

staining of murine T cells showing the gating strategy for CD41 and CD81 lymphocyte populations.

B, Transduction efficiencies are determined by using GFP expression 72 hours after transduction

with GRV-SAP-eGFP or GRV-eGFP alone. An average transduction of 50% to 60% is observed across

T-lymphocyte compartments.
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FIG E2. Analysis of adoptively transferred T cells. A, SAP protein expression was analyzed in

gene-corrected murine splenic CD31 T cells after reconstitution. B, Donor T-cell engraftment was assessed

in whole splenocytes by using XY PCR techniques 10 weeks after reconstitution, showing average

engraftment levels of 40%. C, Analysis of GFP levels in whole splenocytes and splenocyte-derived T-cell

lineages in immunized animals.
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FIG E3. Comparison of function between HVS-transformed cells and untransformed cells. One experiment

was performed comparing phenotype (A), cytotoxicity (B), and TFH cell function (C) in HVS-transformed cells

from healthy donors, HVS-transformed cells from patients, and nontransformed healthy donor cells, which

demonstrated comparability among the all samples. No significant differences were observed in both

cytotoxicity and TFH cells assays.

J ALLERGY CLIN IMMUNOL

VOLUME 142, NUMBER 1

PANCHAL ET AL 245.e4



FIG E4. Functional correction of TFH cells from patients with XLP1 in vitro: IgG subclass production.

Quantification of IgG subclass levels in supernatants 10 days after coculture of naive CD41 T cells and

allogeneic B cells by means of ELISA. **P < .05, ***P < .001, and ****P < .0001. ns, Not significant.
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FIG E5. In vitro cytotoxicity of HVS-transformed CTLs by using an allogeneic LCL target. PBMCs from

healthy donors and EBV1 patients with XLP were transformed with HVS. Ai and Bi, T-cell memory

phenotyping was performed in both CD4 and CD8 populations to determine naive, CD45RA1 effector

memory, effector memory, and central memory populations. Patient-transformed samples contained

more terminally differentiated cells compared with healthy donors. Aii, 51Cr release assay demonstrated

functional activity in HVS-transformed cells from healthy donors by using an allogeneic B-LCL

target with no significant difference observed in cytotoxic activity between nontransformed and

HVS-transformed cells. Bii, HVS-transformed cells from patients were transduced with the EFS-SAP-eGFP

or EFS-eGFP mock vectors and subjected to a 51Cr release assay. Uncorrected patient samples showed

no cytotoxic activity against allogeneic B-LCLs compared with patient-corrected CTLs, which were able to

kill the LCL target within the range of 40% to 50%. No significant differences were observed between

nontransformed healthy donor CTLs and patient-corrected HVS cells in cytotoxic activity when using an

allogeneic B-LCL target.
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X-linked lymphoproliferative disease (XLP) was first described in the 1970s as a fatal 
lymphoproliferative syndrome associated with infection with Epstein–Barr virus (EBV). 
Features include hemophagocytic lymphohistiocytosis (HLH), lymphomas, and dys-
gammaglobulinemias. Molecular cloning of the causative gene, SH2D1A, has provided 
insight into the nature of disease, as well as helped characterize multiple features of 
normal immune cell function. Although XLP type 1 (XLP1) provides an example of a 
primary immunodeficiency in which patients have problems clearing primarily one infec-
tious agent, it is clear that XLP1 is also a disease of severe immune dysregulation, even 
independent of EBV infection. Here, we describe clinical features of XLP1, how molecular 
and biological studies of the gene product, SAP, and the associated signaling lymphocyte 
activation molecule family receptors have provided insight into disease pathogenesis 
including specific immune cell defects, and current therapeutic approaches including the 
potential use of gene therapy. Together, these studies have helped change the outcome 
of this once almost uniformly fatal disease.

Keywords: X-linked lymphoproliferative disease 1, epstein–Barr virus, SAP (signaling lymphocyte activation 
molecule-associated protein), signaling lymphocytic activation molecule, primary immunodeficiency disease, 
hemophagocytic lymphohistiocytosis, hematopoietic stem cell transfer, gene therapy

iNTRODUCTiON

Epstein–Barr virus (EBV) is a highly prevalent human gamma herpes virus that is spread via saliva 
and primarily infects the oropharyngeal epithelium and B cells (1). Infection in children is usually 
very mild, whereas in teenager and adults, it can result in a picture of infectious mononucleosis (IM) 
with fevers, flu-like symptoms, and even systemic lymphoproliferative disease. Studies suggest that 
EBV has infected approximately 90% of adults. After infection, EBV remains latent in B cells for the 
remainder of the life of the host, and although most people remain asymptomatic, it can cause B cell 
and T cell lymphomas, Hodgkin lymphoma, and Burkitt’s lymphoma in certain groups, particularly 
in immunocompromised patients (2).

A major and critical issue with EBV arises in the case of such immunocompromised individuals, 
including those presenting with monogenic deficiencies, where EBV infection leads to a wide range 
of clinical complications and acquired disease phenotypes (3). In this review article, we will explore 
the disease pathologies arising in patients with a rare form of primary immunodeficiency (PID), 
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X-linked lymphoproliferative disease type 1 (XLP1), which is 
perhaps the classic example of a PID associated with an inability 
to clear EBV (3–5).

eBv iN XLP DiSeASe

Characterization of early Cases
X-linked lymphoproliferative disease or Duncan’s disease 
was described in the mid-1970s by Purtilo and colleagues in 
the Duncan kindred, where 6 out of 18 young males died of a 
lymphoproliferative disorder (6, 7). Three of these males had IM 
either immediately prior to or concurrent with the development 
of disease, which included fatal IM, hemophagocytic syndrome, 
and B  cell malignancies, as well as humoral immune defects 
such as dysgammaglobulinemia. The observation of EBV-driven 
manifestations associated with a primary immune-deficiency 
catalyzed the recognition of XLP. Of note, two other contempo-
rary reports also described families with males who succumbed 
to lymphoproliferative disorders and/or agammaglobulinemia 
associated with EBV infection, who may have had the same 
syndrome (8, 9).

Early investigations carried out by Purtilo and his team 
aimed to understand why EBV infection led to such aggressive 
and often fatal clinical phenotypes in these patients. In 1980, an 
XLP registry was established (7), which tracked presumed XLP 
patients with regard to disease onset and progression. The study 
revealed that the majority of patients had succumbed to IM due 
to extensive liver pathology and lymphoid infiltration of organs. 
However, those who did survive, as well as some EBV-negative 
male relatives, still progressed to develop dysgammaglobulinemia 
and/or B cell malignancies (10, 11). By 1995, over 270 boys were 
registered from over 80 kindreds (12); the overall mortality was 
reported as 75% with the majority of boys dying before 10 years 
of age, proving the severity of this condition.

The cloning of the gene, SH2D1A, responsible for this dis-
ease both revealed phenotypes in family members before they 
presented with the classic picture of EBV-induced pathology and 
allowed further molecular understanding of what is now called 
XLP type 1 (XLP1) (13–15). Clinical manifestations of XLP1 are 
now recognized to include a wider range of phenotypes associated 
with immune dysregulation even independent of EBV infection 
(5, 16). It should be noted that mutations in a second gene, BIRC4, 
encoding the X-linked inhibitor of apoptosis, XIAP, have been 
described in a subset of XLP patients who did not carry mutations 
in SH2D1A (now referred to as having XLP2) (17). However, 
XLP2 is more closely associated with EBV-driven hemophago-
cytic lymphohistiocytosis (HLH), as well as other clinical features 
not found consistently in XLP1 such as splenomegaly and colitis 
and will not be discussed further in this review (17, 18).

Clinical Features
The main clinical features of XLP1 remain HLH, dysgamma-
globulinemia, and lymphoma but other described manifestations 
include aplastic anemia, vasculitis, chronic gastritis, and skin 
lesions (12, 19–24). HLH is the most common and lethal pres-
entation, tending to occur early in childhood and associated with 

significant mortality, with a proportion of patients succumbing 
before hematopoietic stem cell transplant (HSCT) (16). HLH is 
a multisystem syndrome caused by hyperinflammation resulting 
in immune dysregulation, tissue damage, and often multiorgan 
failure. The main features are fever, cytopenias, and hepatospleno-
megaly but involvement of other organs is often seen. Diagnostic 
criteria are available (25).

Up to 50% of patients demonstrate a range of humoral 
immune abnormalities, ranging from impaired vaccine 
responses to generalized hypo-gammaglobulinemia (10, 12, 16). 
These may be incidental findings during diagnostic workup or 
lead to recurrent infections, particularly respiratory infections. 
Almost a third of patients develop lymphoma with the most 
common form being abdominal B cell non-Hodgkin lymphoma 
in both EBV+ and EBV− patients; prognosis has dramatically 
improved over the decades due to improved chemotherapy 
protocols.

Analyses of mutations have revealed deletions, splice site, 
nonsense, and missense changes in SH2D1A, but so far, there has 
not been a clear correlation between mutations and the severity 
of phenotypes identified (16, 26). Patients can progress from one 
phenotype to another, and different clinical features are seen 
within members of the same family. However, in some cases, 
second-site reversions of missense and nonsense mutations have 
been found, which were associated with restored CD8 cell func-
tion in a small fraction of cells and less severe phenotypes (27).

It is important to highlight that up to 35% of patients have no 
evidence of previous EBV infection; many of these patients are 
diagnosed based on family history (16, 28, 29). In EBV− patients, 
XLP1 is associated with higher rates of dysgammaglobulinemia 
(51.8 vs 37.2% for EBV+) and lymphoma [25 vs 19.6% for EBV+, 
see Table 2 from Ref. (16)]. However, EBV-negative boys with 
XLP1 can still develop HLH, although less frequently than those 
with EBV infection (21.4 vs 51% for EBV+) (16), and the trig-
ger is unknown. Thus, XLP1 must be thought of as a disorder of 
immune dysregulation not only triggered by EBV. Nonetheless, 
there are no reports in the literature of a specific pathogen other 
than EBV being linked to HLH or other clinical features, arguing 
that XLP1 patients are specifically susceptible to EBV rather than 
other pathogens.

The overall mortality of the disease has reduced significantly 
since first reports from the registry, from 75 to 29% (16), largely 
due to improved chemotherapy and HSCT protocols, as well as 
improved monitoring and supportive care (which will be dis-
cussed later in this review). However, patients diagnosed at birth 
through family history still risk significant mortality despite close 
monitoring, highlighting the severity of this PID.

MOLeCULAR iNSiGHT iNTO 
PHeNOTYPeS OF XLP1

Improved description of patient cohorts combined with the evo-
lution of molecular techniques has widened our understanding of 
XLP1. However, equally important has been the investigation of 
the genetic cause of XLP1 and how lymphocyte development and 
function are affected by mutations of SH2D1A (4, 30).

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


3

Panchal et al. XLP1: Clinical and Molecular Features

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 666

Cloning of the Gene and Studies of  
SAP-Mediated Signaling
In 1998, three groups identified a gene, now known as SH2D1A, 
that was mutated in patients with XLP. While two groups iden-
tified this gene by positional cloning (13, 31), a third group 
independently identified the same gene as encoding a small 
adaptor molecule that bound to the cytoplasmic tail of a T cell 
costimulatory protein, signaling lymphocyte activation mol-
ecule (SLAM) (14). Genetic mapping and sequencing revealed 
that this gene was mutated in samples from several XLP patients 
(14). The identification of SH2D1A has helped identify patients 
with the disease, but has also led to new insight into the signal-
ing pathways regulated by SLAM family members and how they 
contribute to the pathophysiology of XLP1 (4, 5, 32).

The evaluation of the predicted gene product revealed that 
SH2D1A encodes a small (14  kDa/128 aa) protein that is now 
known as SAP, or SLAM-associated protein (14). Intriguingly, SAP 
consists almost entirely of a single Src Homology 2 (SH2) domain, 
a conserved protein interaction module that binds to phospho-
tyrosine-based motifs. SH2 domains are usually part of larger 
multi-domain proteins involved in signaling pathways, including 
adaptor molecules that contain multiple protein–protein and/or 
protein–lipid interaction domains and enzymes such as kinases 
and phosphatases that are regulated by intra- and intermolecular 
SH2-protein interactions (33). Further experiments demonstrated 
that the SH2 domain of SAP bound specific tyrosines on the intra-
cellular tail of SLAM and related receptors (34, 35). However, these 
observations raised questions on how a single protein interaction 
domain could regulate signaling and how the disruption of SAP 
expression led to phenotypes associated with XLP1.

Although SAP was first identified by virtue of its association 
with SLAM, a costimulatory receptor that helps regulate inter-
feron gamma cytokine production by T cells, SAP is now known 
to bind to a series of related receptors, the SLAM family, which 
include SLAM/CD150 (SLAMF1), LY9/CD229 (SLAMF3), 2B4/
CD244 (SLAMF4), CD84 (SLAMF5), NTB-A/Ly108/CD352 
(SLAMF6), and CRACC/CD319 (SLAMF7) (36). These receptors 
are encoded in a highly polymorphic gene cluster on human and 
mouse chromosome 1, variants of which have been associated 
with predispositions to autoimmunity (37). With the exception 
of 2B4, these receptors are self-ligands and are activated by 
homophilic interactions (30, 36). The SLAM family also has 
homology to the larger CD2 superfamily of immunoglobulin 
domain containing receptors, which include CD48/SLAMF2 
(the ligand for 2B4/SLAMF4). SLAM receptors exhibit a broad 
expression on hematopoietic cells; however, several members are 
most highly expressed on B cells (38–41), a feature that likely con-
tributes to some of the B cell-specific phenotypes of XLP1 (42). By 
contrast, although some B cell expression has also been reported 
(35, 43, 44), SAP is most highly expressed in T and NK cells and 
is therefore most likely to affect SLAM family function in these 
cells (14, 45). Several of the SLAM family members, including 
2B4/SLAMF4, NTB-A/SLAMF6, and CRACC/SLAMF7, have 
been implicated as cytotoxic receptors in NK and CD8 cells (30).

Extensive work on SAP-mediated signaling pathways pro-
vided evidence that SAP serves as a molecular switch allowing 
SLAM family members to act as either activating receptors in the 

presence of SAP or inhibitory receptors in the absence of SAP 
(Figure 1) (30, 35, 36, 46, 47). Thus, when SAP is present, it can 
recruit the FYN tyrosine kinase, leading to further tyrosine phos-
phorylation of SLAM family members (48–50) and interactions 
with other signaling molecules, including RasGAP, Shc, Dok1, 
and Dok2 in the case of SLAM (51) and Vav1 and c-Cbl in the 
case of 2B4 and Ly108 (41, 45, 52). Notably, Fyn deficiency can 
phenocopy some features of SAP deficiency including defects in 
2B4-mediated killing (50). SAP has also been shown to inhibit 
diacylglycerol kinase-α (DGKα), a molecule that negatively 
affects TCR signaling (53). However, when SAP is not expressed, 
the same tyrosines on SLAM family members bind a number of 
strong inhibitory molecules, including the tyrosine phosphatases 
SHP1 and SHP2, as well as the lipid phosphatase SHIP (35, 41, 46, 
47, 54). These inhibitory molecules essentially block aspects of T 
and NK cell activation, development and function when SLAM 
family members are engaged in the absence of SAP. Accordingly, 
the tyrosine-based motif that SAP recognizes has been coined an 
“ImmunoTyrosine Switch Motif ” or ITSM (35).

Early data provided evidence that NK and CD8 cells from 
XLP patients exhibited defective killing of EBV-infected B cells 
(55, 56); this was linked to impaired killing via 2B4/SLAMF4 and 
NTB-A/SLAMF6 (57–60). Intriguingly, some data demonstrated 
that in the absence of SAP, 2B4/SLAMF4 prevented the killing 
of EBV-infected cells, providing further evidence that the SLAM 
family could act as inhibitory receptors (58). Combined with the 
biochemical evidence for the inhibitory function of SLAM family 
receptors, these results provided insight into why XLP1 patients 
have specific susceptibility to EBV infection. More recently, 
T cells from XLP1 patients have been found to exhibit defects in 
reactivation-induced cell death (RICD), resulting from inhibitory 
signaling from NTB-A/SLAMF6. This defect has been proposed 
to contribute to lymphoproliferation seen in XLP1 (61).

insight From Mouse Models
The generation and study of SAP-deficient mice (62–64) has 
provided insight into additional phenotypes associated with SAP 
deficiency, some of which have subsequently been confirmed in 
XLP1 patients. One of these is a lack of invariant NKT cells, a 
rare innate type of T lymphocyte that rapidly responds to infec-
tion and may be involved in tumor surveillance—this defect was 
recognized due to the connection with Fyn, which also affects 
NKT cell development in mice (65–67). Whether and how the 
absence of NKT  cells contributes to manifestations of XLP1 
remains less well understood, but it is now appreciated that XLP1 
patients exhibit an absolute lack of iNKT cells, independent of EBV 
infection status. The critical role of SAP in iNKT development is 
supported by studies of SH2D1A carriers demonstrating random 
X-inactivation in T and B cells but non-random X-inactivation 
in iNKT cells, suggesting an absolute requirement of SAP for the 
development of this population (66).

Another major phenotype is the lack of long-term humoral 
(antibody) responses and memory B  cells, which have been 
observed both in response to infection and to immunization in 
SAP-deficient mice (62, 64, 68–70). These phenotypes were T cell 
intrinsic and associated with impaired formation of germinal cent-
ers (GCs) (68, 70), the site where B cells undergo immunoglobulin 
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FiGURe 1 | Signaling through the signaling lymphocyte activation molecule (SLAM) family receptors: (A) upon engagement, SLAM family members recruit the SAP 
SH2 domain to immunotyrosine switch (ITSM) motifs on their intracellular tails. This leads to the recruitment of Src family kinases, further phosphorylation of SLAM 
family receptors, and recruitment of downstream signaling molecules. Recruitment of SAP also prevents recruitment of the phosphatases SHP1, SHP2, and the lipid 
phosphatase SHIP (50). (B) In the absence of SAP, the engagement of SLAM family receptors leads to SH2-mediated recruitment of SHP1, SHP2, and SHIP, which 
are associated with strong inhibitory signals that affect T and NK cell function and cell death, as well as NKT cell development.
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gene class-switching and hypermutation in response to antigen 
in the context of contact-dependent signals from specific CD4 
T helper lymphocytes, now known as follicular T helper (Tfh) 
cells (71). The GC is also the site where most memory B cells and 
long-lived plasma cells are derived. Subsequent evaluation of 
XLP1 patients revealed that they also lacked IgG+ memory (CD 
27+) B cells, and an autopsy confirmed a lack of GCs in lymph 
nodes from an XLP1 patient (72). Interestingly, in addition to 
the well-documented dysgammaglobulinemia in XLP1 patients, 
 evidence of impaired responses to protein immunization had 
been reported (73). However, the characterization of SAP-
deficient mice has provided a clearer picture of the nature of these 
humoral defects (74).

Further insight into these phenotypes came from intravital 
microscopy in mice, which revealed that SAP-deficient T  cells 
exhibited impaired adhesion to B cells, a defect that was confirmed 
using in vitro flow-based cell conjugation assays (75). This defect 
was relatively specific, as that adhesion to antigen-presenting 
dendritic cells was less affected. The B cell specificity correlated 
with very high levels of the expression of multiple SLAM family 
members including SLAMF6 (Ly108/NTB-A), SLAMF5 (CD84), 
and CD48 (the ligand for 2B4) on activated B cells (38, 40, 42). 
In the absence of SAP, some of these ligands trigger an inhibitory 
response in SAP-deficient T  cells, preventing full activation by 
and adhesion to B cells, likely by affecting TCR-induced inside-
out signaling to integrins (76, 77).

Consistent with these observations, SAP-deficient T cells 
are initially activated normally by antigen-presenting dendritic 
cells in response to immunization and infection, but fail to form 
mature Tfh cells, a process now recognized to require B cell inter-
actions (75, 78, 79). Indeed, insight into the critical role of Tfh 
cells in humoral immunity has been greatly advanced by studies 
of SAP-deficient mice. Such findings further suggested that defec-
tive adhesion to B cells was likely to contribute to the inability 
of SAP-deficient T  cells to provide contact-dependent help for 
GC generation and long-term humoral immunity and thus the 
dysgammaglobulinemias seen in XLP1 (42, 75).

Moreover, the observation of defective interactions with B cells 
has provided mechanistic insight into other phenotypes of XLP1, 
many of which share a common feature of B  cell involvement 
(Figure  2). SAP-deficient CD8 cells exhibit defective adhesion 
to and killing of activated B  cell targets (39–41, 80), especially 
EBV-transformed cells, which express high levels of certain 
SLAM family members and CD48. Thus, the sensitivity to EBV 
may occur because EBV primarily infects B  cells. Impaired 
immunosurveillance of B cell malignancies may contribute to the 
increased incidence of lymphomas, even in the absence of EBV 
infection (16, 42). Since defective CD8 and NK cell cytolysis have 
been linked to HLH, defects in killing EBV-infected B cells may 
trigger this phenotype as well (81), although the exact mechanism 
by which HLH develops in this population is yet to be elucidated. 
Moreover, since other hematopoietic cells also express SLAM 
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family members, defects may be extended to cytolysis of other 
hematopoietic targets; defects in NK  cell cytolysis of multiple 
hematopoietic cell tumor lines that express SLAM family mem-
bers have been observed (82). Nonetheless, it is also of note that 
NK cells deficient in SAP can kill non-hematopoietic cell targets 
better, perhaps accounting for the lack of increases in other types 
of cancer in XLP1 (83). Finally, the absence of NKT  cells may 
result from impaired interactions between lymphocytes, as that 
NKT cells are not selected on the thymic stroma, but rather on 
double-positive thymocytes that express high levels of SLAM 
family members (84).

It is of note that the effects of SLAM family receptor mutations 
for the most part do not phenocopy those of SAP deficiency (85). 
Moreover, although polymorphisms of SLAM family members are 
associated with autoimmunity in lupus-prone mouse strains and 
humans (37), and with alterations in NKT cell numbers in NOD 
(non-obese diabetic) mice (86), to date, there have been no reports 
of immunodeficiency or EBV susceptibility associated with muta-
tions of other SLAM family members in humans (36). Instead, 
many of the phenotypes of SAP deficiency appear to be related 
to inhibitory signals generated by SLAM family members in the 
absence of SAP (39, 76, 85), which are most strongly triggered by 
B cell interactions, either as targets (for cytolysis) or as antigen 
presentation (GC formation). Notably, unlike positive signaling, 
these inhibitory signals would not be expected to rely on the abil-
ity of SAP to recruit Fyn. Indeed, several phenotypes associated 
with SAP deficiency can be rescued by the expression of a mutant 
of SAP that cannot recruit Fyn but can still block the recruitment 
of inhibitory molecules. These include humoral defects, NK cell 

killing, and NK cell education (54, 70, 78, 83), although some phe-
notypes such as 2B4-mediated killing and NKT cell development 
may result from defects in both positive and negative signals since 
Fyn deficiency also impairs these processes (50, 87). Importantly, 
unlike positive signaling, these negative signals require the 
presence of SLAM family members to recruit phosphatases and 
manifest their inhibitory function (Figure  1). Thus, inhibiting 
interactions of the SLAM family members 2B4/SLAMF4 and 
NTB-A/SLAMF6 with their ligands actually improves cytolysis 
of B cells by SAP-deficient CD8 cells and NK cells (39, 41, 58). 
These observations suggest the intriguing possibility that blocking 
antibodies to SLAM family receptors might ameliorate some of 
the clinical manifestations of this disorder, raising the possibility 
of tailored SLAM family-based pharmacological approaches to 
XLP1 (see below). Support for this hypothesis can be found in 
murine genetic studies where mutations disrupting the expres-
sion of Ly108/SLAMF6 improved both the GC defect and NKT 
development in SAP-deficient mice (76).

CURReNT TReATMeNT AND 
MANAGeMeNT OPTiONS FOR XLP1

Given the severe morbidity and high rates of mortality in XLP1, 
it is strongly recommended that genetic screening and counseling 
be carried out in families with a history of XLP1 (5). Diagnosis 
is confirmed using flow cytometric analyses of SAP expres-
sion (88) followed by Sanger sequencing of the SH2D1A gene. 
Immunological status is assessed with focus on immunoglobulin 
levels and response to vaccines.
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Currently, the only definitive treatment available for XLP1 
patients is allogeneic HSCT (16). However, depending on clinical 
features, less aggressive treatments may be adopted, particularly if 
a suitable donor for transplant is not available. As many patients 
do not present with all symptoms simultaneously or at varying 
severity, there are a number of treatment options that target 
specific clinical phenotypes.

Treatment Approaches
Treatment of XLP1 is tailored to particular clinical symptoms and 
supportive care. However, close monitoring (e.g., of EBV viral 
loads) is important in this patient cohort to allow the prevention 
of recurrent infections, organ damage such as bronchiectasis, 
and permit early treatment of EBV infection and more serious 
complications. If there is evidence of EBV-driven disease, includ-
ing HLH, treatment with a monoclonal anti-CD20 antibody 
(rituximab) can be used to deplete the B cell population harbor-
ing the virus (89). This approach is effective at reducing and 
often clearing the viremia but risks the effects of B cell depletion, 
including exacerbating long-term hypo-gammaglobulinemia. 
Antiviral agents are poorly effective against EBV but acyclovir 
has been used in some circumstances. Infection of T cells with 
EBV is also seen in XLP1 patients (unpublished data) and the use 
of rituximab in this situation may not be helpful.

Hemophagocytic lymphohistiocytosis is treated according to 
standardized protocols (HLH 94 and 2004) based on the use of 
dexamethasone, etoposide, and cyclosporin with the addition 
of intrathecal methotrexate and steroids if there is neurological 
involvement (90, 91). This is a highly suppressive regime and 
can be associated with significant toxicity. The protocol follows 
different stages, starting with an intense period of treatment ini-
tially, with reducing doses of steroids and frequency of etoposide 
over time if a response is seen. Re-intensification of therapy is 
occasionally required. This protocol aims to achieve remission of 
HLH, usually prior to moving swiftly to HSCT, but the mortality 
associated with this presentation is still over 60% (16). Other 
immunosuppressive agents have been used to control HLH, 
either in combination with steroids or as rescue therapy, including 
ATG (anti-thymocyte globulin) in combination with etoposide in 
the HIT (hybrid ImmunoTherapy)-HLH trial (NCT01104025), 
or Alemtuzumab (Campath/anti CD52 antibody). In addition, 
newer biologics are now available, and some are being tested 
in HLH including Toculizumab (anti-IL6R antibody). An anti-
interferon gamma monoclonal antibody (Novimmune NI-0501) 
is now in trial in the USA and Europe with results eagerly awaited. 
The JAK1/2 inhibitor Ruxolitinib has shown promise in preclini-
cal murine studies and is now also moving toward the clinic (92).

These more targeted therapies could offer an improved toxic-
ity profile, which may be extremely beneficial to help transition 
patients rapidly to HSCT with as little organ damage and infectious 
complications as possible and thereby afford better outcomes post 
transplant. Lymphoma is also treated according to standardized 
protocols, and again mortality associated with this presentation 
has reduced over the years.

Patients with dysgammaglobulinemia or recurrent infections 
may benefit from immunoglobulin replacement therapy which 

can be delivered via intravenous route every few weeks, or subcu-
taneously every week, which is usually performed at home. Other 
manifestations of dysregulation such as aplastic anemia or vasculitis 
may respond to steroid therapy or other immunosuppressive agents.

Stem Cell Transplantation
Bone marrow (BM) or HSC transplantation (which includes the 
transfer of BM, mobilized CD34+ cells from peripheral blood or 
umbilical cord-derived CD34+ cells) is currently the only defini-
tive treatment for XLP1; survival for untransplanted patients is 
below 20% (16). However, success is dependent on the availability 
of an appropriate donor who is human leukocyte antigen matched 
(16). There are a number of factors to consider prior to HSCT, 
including the disease status, previous treatments, and the type of 
pre-conditioning regimen. An EBV-positive donor is preferred in 
patients with EBV-driven disease.

Several studies have evaluated the clinical outcomes of patients 
undergoing HSCT using either myeloablative-conditioning regi-
mens or reduced-intensity-conditioning (RIC) regimens (16, 93, 
94). These studies revealed similar overall patient survival rates 
post transplantation between RIC and myeloablative protocols, 
with both averaging ~80% (16, 94). However, success rates drop 
depending on the presence of active HLH at the time of transplant 
(falling to 50%) and in the context of a mismatched donor (16). 
From this large cohort, all patients who died post HSCT had 
evidence of HLH.

Thus, although the survival in XLP1 has improved sig-
nificantly over time, it remains a potentially fatal condition. 
The decision to undertake an HSCT in an asymptomatic patient 
requires intensive discussion with the family to understand both 
risks and benefits, especially when a mismatched donor is the 
available choice. However, many families are faced with severe 
complications at presentation, such as HLH or lymphoma, which 
necessitate a rapid move to HSCT.

Potential Future Therapies
SLAM Family Inhibitors
In the absence of SAP, the recruitment of phosphatases and other 
inhibitory signaling molecules convert SLAM family members 
into inhibitory receptors (4). This is particularly relevant for 
SLAMF4/2B4/CD244 and SLAMF6/NTB-A, which strongly inhibit 
CD8 and NK  cell killing of B  cell targets in the absence of SAP. 
Preventing SLAMF4/2B4 and/or SLAMF6/NTB-A engagement, 
either through genetic knockouts of these receptors in mice or 
through the use of blocking antibodies with human cells, can rescue 
phenotypes associated with SAP deficiency, including the defective 
killing of B  cell targets, the absence of GC formation, defective 
NKT cell development, NK cell education, and impaired RICD (39, 
41, 61, 76, 83). Limiting the homophilic interactions of SLAM fam-
ily receptors (or in the case of SLAMF4/2B4, interactions with its 
ligand, CD48) in XLP1 patients may therefore prevent lymphopro-
liferation and other phenotypes of XLP1. In vitro experiments 
have provided evidence that blocking antibodies against CD48 
and NTB-A rescue killing of EBV-infected targets, supporting the 
concept of humanized blocking antibodies as a potentially useful 
therapy (39). Alternatively, peptide(s) or small molecules with a 
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high affinity for the different SLAM receptors might block SLAM 
family interactions and the initiation of a negative signal.

Other potential therapeutic approaches include the use of small 
molecule inhibitors of signaling pathways affected by SAP and 
SLAM family members. The inhibition of SHP1/SHP2 rescued 
cytolysis of B cell targets in vitro using murine cells (41). Other 
data suggest that the inhibition of DGKα, another negative regula-
tor of T cell activation that is affected by SAP, can rescue certain 
phenotypes associated with SAP deficiency, including RICD and 
hyperproliferative responses to lymphochoriomeningitis virus in 
mice (53, 95). However, none of these approaches are curative, and 
toxicity may be a major issue, particularly for long-term treatment.

Gene Therapy
Over the last few years, there have been great strides develop-
ing effective and safe hematopoietic stem cell gene therapy as a 
viable alternative to BM transplantation for a number of PIDs. 
Gene therapy also offers the advantages of reduced toxicity from 
conditioning as, in general, less chemotherapy is required and 
the use of autologous cells removes the risk of graft versus host 
disease which causes significant morbidity and mortality post 
HSCT (96, 97). Although several first-generation gene therapy 
trials were marred by the integration of gammaretroviral vectors 
near proto-oncogenes leading to leukemia and myelodysplasia, 
newer self-inactivating (16) retroviruses and lentiviruses have 
been developed that use internal mammalian promoters to drive 
transgene expression. Numerous clinical trials are underway 
using these later generation vectors, and no insertional events 
have been reported to date.

A proof of concept for gene therapy for XLP1 was established 
using such a second-generation lentiviral vector containing 
the human elongation factor 1 alpha promoter to drive codon-
optimized SAP gene expression (98). This study utilized a SAP-
deficient murine model into which gene-corrected hematopoietic 
progenitor cells were infused following lethal irradiation. The 
transfer of gene-corrected cells led to the restoration of NK and 
CD8 T  cell cytotoxicity, NKT development, as well as GC for-
mation and function upon immunological challenge. However, 
although no adverse effects of SAP expression at the stem cell 
level were seen in these studies, SAP is a tightly regulated signal-
ing protein that is predominately expressed in T cells (14, 45), and 
the use of a ubiquitous human promoter that can drive expression 
in all hematopoietic cells may not be optimal.

An alternative approach to more directly address the T  cell-
dependent clinical manifestations of XLP1 is to develop a therapeu-
tic strategy using gene-corrected autologous patient T cells. Murine 
studies utilizing gene-modified T cell transfers into Sh2d1a−/y mice 
demonstrated the correction of Tfh cell function, the restoration 
of GCs, and the improvement in baseline immunoglobulin levels 
(Panchal et al., in press). In addition, the correction of CD8+ T cell 
function was shown using an in  vivo tumor model. These data 
provide a strong case that adoptive T gene therapy may be a useful 
therapeutic option.

Gene Editing
Along with developments in gene therapy, the latter part of this 
decade has seen great advancements in the use of gene-editing 

platforms for therapeutic benefits (96, 99–101). Zinc finger 
nucleases have been established to be effective in eliminating 
CCR5 expression on T  cells from HIV-infected individuals 
in order to prevent viral spread (102, 103). Transcription 
activator-like effector nucleases and CRISPR/Cas9 nuclease 
systems have been used for TCR knockdowns as part of 
CAR-T  cell therapy, to produce an “off the shelf ” donor 
T  cell product for the treatment of CD19+ B  cell leukemias 
(104, 105). Gene-editing platforms hold great promise for the 
effective correction of endogenous genes using corrected DNA 
copies as donor templates, utilizing the cell’s own DNA repair 
machinery. This approach may be particularly beneficial for 
monogenic diseases such as XLP1 that can present with point 
mutations in the gene. Gene editing also offers a resolution 
to the issue of gene regulation and the risk of overexpression 
in anomalous hematopoietic compartments and could sig-
nificantly improve the safety profile of genetically engineered 
cellular therapy (100, 106). However, this type of therapy needs 
to be custom-designed to repair the genetic defect of each 
patient and may not be useful for patients with gene deletions. 
Potential off-target effects also need to be carefully evaluated. 
Nonetheless, such approaches hold high potential for the treat-
ment of PIDs.

SUMMARY

Over the last 30  years, the outcome for patients with XLP1 
has significantly improved, mainly due to improvements in 
the treatment of clinical manifestations such as HLH and 
lymphoma. Survival post HSCT has also improved, but mor-
tality associated with active disease at the time of transplant 
and mismatched donor settings remains significant. As our 
understanding of the molecular and cellular pathology in XLP1 
continues to expand, novel treatments, including gene therapy, 
will continue to be developed, hopefully leading to even greater 
improved outcomes for patients with this devastating disease.
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