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Abstract  23 

Background: 24 

X-linked lymphoproliferative disease (XLP) is a primary immunodeficiency arising from SH2D1A 25 

mutations leading to loss of SLAM-associated protein (SAP). SAP is an intracellular adaptor protein 26 

that binds to SLAM family receptors (SFR) and is expressed in specific lymphoid lineages. In T-cells, 27 

SAP relays activatory signals from the T-cell receptor but in its absence SHP1, SHP2 and SHIP proteins 28 

induce T-cell inhibitory signals leading to abnormal T-cell responses. This results severe clinical 29 

manifestations including immune dysregulation, dysgammaglobulinaemia, lymphoma and 30 

haemophagocytic lymphohistiocytosis (HLH). Current treatment relies on supportive therapies 31 

including immunoglobulin replacement and symptom directed therapy, with haematopoietic stem cell 32 

transplant (HSCT) offering the only curative option.    33 

Objectives: 34 

As most XLP symptoms are due to defective T-cell function, we investigated whether inhibition of 35 

SHP2 can restore cellular function in the absence of SAP.  36 

Methods: 37 

Healthy donor and XLP patient T-cells were activated with anti-CD3/CD28 in T-cell media 38 

supplemented with a SHP2 inhibitor (RMC-4550 in vitro for 24h) and functional assays performed to 39 

assess T follicular helper cells (TFH) function, CD8 cytotoxicity and sensitivity to restimulation induced 40 

cell death (RICD). Additionally, SAP deficient (SAPy/-) mice were treated with RMC-4550 before T-cell 41 

mediated challenge with NP-CGG and subsequent assessment of humoral immunity analysing TFH cell 42 

population, germinal centre formation and antigen dependent immunoglobulin secretion.  43 

 44 
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Results: 46 

We show that the use of RMC-4550 restores T-cell function in XLP patient cells and a SAPy/- model, 47 

demonstrating restoration of TFH cell function through immunoglobulin and cytokine secretion 48 

analysis alongside rescue of cytotoxicity and RICD.   49 

Conclusions: 50 

These data suggest that SHP2 inhibitors could offer a novel and effective targeted treatment 51 

approach for XLP patients. 52 

 53 

Clinical Implication(s) statement  54 

Patients with XLP due to SAP deficiency have both cellular and humoral immune abnormalities which 55 

can be corrected by SHP2 inhibition.  Our data suggest that SHP2 inhibitors may offer a potential 56 

therapeutic option for XLP patients.   57 

Key Message 58 

Inhibition of SHP2 can rescue SAP deficient T-cell function.  59 

Capsule summary (35)  60 

Allosteric inhibition of SHP2 using RMC-4550 is able to rescue SAP deficient T-cell function both in 61 

vitro and in vivo, offering a potential therapeutic option for XLP patients.  62 

Abbreviations  63 

X-Linked Lymphoproliferative disease (XLP), Cytotoxic T Lymphocytes (CTL), Haemophagocytic 64 

Lymphohistiocytosis (HLH), Immunoglobulin (Ig), Haematopoietic stem cell transplantation (HSCT), T-65 

follicular helper cells (TFH), SH2 containing protein tyrosine phosphase-2 (SHP2), 4-hydroxy-3-66 

nitrophenylacetly conjugated chicken gammaglobulin (NP-CGG)  67 
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X-linked lymphoproliferative disease type 1 (XLP1) is a primary immunodeficiency caused by 69 

mutations in the SH2D1A gene and is characterised by severe immune dysregulation and increased 70 

susceptibility to Epstein-Barr virus (EBV) (1-11).  Due to critical impairment of lymphocyte function, 71 

patients manifest a range of symptoms including haemophagocytic lymphohistiocytosis (HLH), 72 

lymphoma, dysgammaglobulinaemia and autoimmunity (6, 7) (12-14). 73 

SH2D1A encodes SLAM associated protein (SAP) (8, 11, 15), a Src-homology domain containing (SH2) 74 

intracellular adaptor protein expressed in T, Natural Killer (NK) and NKT-cells. In T-cells SAP relays 75 

downstream T-cell activatory signals from the T-cell receptor (TCR) via specific ITSM motifs on SLAM 76 

family receptors (SFRs). In the absence of SAP, alternative SH2 domain containing proteins such as 77 

SHP1, SHP2 and SHIP bind and induce T-cell inhibitory signals leading to abnormal T-cell responses. 78 

Therefore, SAP has a dual mechanism of activity; activatory signal transduction via recruitment of Scr-79 

family kinases tyrosine kinases and through preventing binding of other SH2 domain containing 80 

proteins acting in an inhibitory manner (10, 16-22). In the absence of SAP, T-follicular helper (TFH) cell 81 

function is impaired due to aberrant SAP-SFR mediated TFH cell interactions with cognate B cells 82 

resulting in defective immune synapse formation, somatic hypermutation and class switching of B cells 83 

and subsequent dysgammaglobulinaemia (23-25). Other features of XLP include lymphoproliferation 84 

due to impaired sensitivity to restimulation induced cell death (RICD) and B cell malignancies (17, 26-85 

32).  86 

SHP2 (PTPN11), a non-receptor protein tyrosine phosphatase (33-36), is ubiquitously expressed in 87 

many cell lineages including T-cells where it binds via its SH2 domain to conserved ITSM motifs of co-88 

stimulatory and inhibitory cell surface receptors (36, 37). SHP2 also plays a dual role in cell signalling, 89 

capable of acting in both a T-cell inhibitory and activatory manner like SAP (19). Such ITSM motifs are 90 

found on the cytoplasmic domain of many cell surface receptors responsible for cellular trafficking 91 

and cell to cell extrinsic signalling mediated by cell surface receptors. One such receptor is PD-1, a 92 

checkpoint upregulated on activated T-cells and responsible for mediating T-cell exhaustion as well as 93 
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TFH cell differentiation and function (36, 38-40). SHP2 also acts as a negative regulator of SLAM 94 

mediated T and NK cell signalling and is involved in pathways that regulate cell survival, apoptosis, 95 

growth, proliferation, and differentiation (8, 10, 15, 21, 22, 41, 42). It is a positive inducer of the 96 

Ras/MAPK/ERK signalling pathway upregulating receptor tyrosine kinases (RTKs) responsible for 97 

transducing external growth factor signals from membrane bound receptors to the cell nucleus where 98 

they are involved in transcriptional control of genes regulating cell growth and division. Therefore, in 99 

specific RAS associated tumours, SHP2 is a potential therapeutic target for inhibition. Several SHP2 100 

inhibitors are currently in clinical trial to treat RAS addicted cancers (34, 43, 44). 101 

Recent work shows that SHP2 bound to PD-1 promotes dephosphorylation of TCR proximal signalling 102 

molecules such as CD28 (45), and intracellular signalling molecules Phosphoinositide 3-kinase (PI3K) 103 

and protein kinase B (PKB/AKT) (37) via its protein tyrosine phosphatase (PTP) catalytic domain 104 

truncating the T-cell response and allowing further upregulation or persistence of T-cell exhaustion 105 

markers (36, 37, 40). This suggests that SHP2 functions on two distinct T-cell signalling pathways 106 

regulating both activation and inhibition of T-cell responses (21, 34, 36). It has also been demonstrated 107 

that SAP functions as an indirect ‘molecular shield’, protecting key ITSM tyrosine residues on the PD-108 

1 cytoplasmic tail from SHP2 phosphatase activity and subsequently preventing interaction between 109 

SHP2 and PD-1 (37). This prevents premature SHP2/PD-1 mediated dephosphorylation of CD28 and 110 

subsequent T-cell exhaustion as well as truncation of TCR signalling thereby preventing T-cell 111 

hyperactivation and potential lymphoproliferation.  112 

As XLP patients lack SAP activity, hyperphosphorylation of SHP2 in the absence of SAP leads to 113 

increased activation of SHP2 mediated signalling pathways thereby preventing normal T-cell activation 114 

(23). In this preclinical study, we demonstrate restoration of SAP deficient T-cell activation and 115 

function through inhibition of SHP2.  116 

 117 
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RMC-4550 cell treatment 119 

Stock RMC-4550 (provided by Revolution Medicines, CA, USA) was reconstituted with 100 % DMSO at 120 

a concentration of 10 mg/ml. Further dilutions were carried out in appropriate cell media maintaining 121 

0.01 % DMSO concentration across all working dilutions. Primary human T-cells were obtained from 122 

PBMCs and cultured in X-VIVO™ 15 media in the presence of T-cell activatory anti-CD3/CD28 123 

Dynabeads® with 100U/mL IL-2 (T cell media) plus or minus 5uM RMC-4550. Cells were then harvested 124 

at different time points for immunophenotyping and functional analysis. 125 

 126 

In vivo RMC-4550 dosing and NP-CGG immunisation  127 

Animals were raised in specific pathogen free conditions and all studies were licensed under the 128 

Animals (Scientific Procedures) Act 1986 (Home Office, London, United Kingdom). Sap-deficient mice 129 

(Sapy/- SAP-/-) have been previously described (7). Mice aged between 8-10 weeks were dosed daily 130 

with 30mg/kg BW RMC-4550 for 13 days via oral gavage or vehicle (2% HPMC) and immunised at day 131 

3 via intraperitoneal injections of 150mg/kg BW NP-CGG. Endpoint analysis was carried out day 10 132 

post immunisation.  133 

 134 

Histology 135 

All embedding, sectioning, and staining was carried out by GOSH histology services. 136 

Briefly, spleen segments were fixed in 10 % formalin solution post- harvest and paraffin embedded for 137 

microtome sectioning. PNA staining was used to indicate germinal centres and images captured using 138 

confocal microscopy at stated magnifications.   139 

 140 

Healthy donor and XLP Patient PMBC samples 141 

All healthy donors providing blood samples signed consent forms prior to blood donations. Ethical 142 

approval for the use of patient material is in place. Healthy control samples were taken from male 143 

donors matched for ethnicity but not age.  All patients had proven mutations or deletions in in 144 

SH2D1A; patient 1 and 2 exon 2 deletion; patient 3 c163C>T mutation, absent SAP protein expression, 145 
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had not received bone marrow transplantation and were not on immune suppression at the time of 146 

sampling.  147 

Flow cytometry-based cell surface and phospho-flow analysis 148 

Flow cytometry analysis was performed using the LSR II (BD Biosciences) with FACSDiva 8.01 software. 149 

For cell surface antigen staining and intracellular phospho-protein staining, cells were prepared 150 

according to manufacturer’s protocol. Briefly, 0.2-0.5x106 cells were harvested and centrifuged at 151 

1200 rpm for 5 min. Cells were then resuspended in 200 µl FACS buffer and stained with relevant 152 

antibodies. Cells were then washed and treated with BD Phospho-perm/fix according to 153 

manufacturer’s protocol and intracellular staining was carried out. 154 

 155 

In vitro TFH assay 156 

The assay was performed as previously described (7), briefly, HD or XLP PT naive CD4+ T-cells were 157 

isolated using negative selection (Miltenyi naïve CD4+ T cell isolation kit) and activated using anti-158 

CD3/CD28 Dynabeads at a 1:1 ratio with X-VIVO media (Sigma, St Louis, Mo) supplemented with 5% 159 

human serum and human recombinant IL-2 at a concentration of 100 U/mL +/- 5uM RMC-4550. Cells 160 

were cultured in the presence of 150 ng/mL staphylococcal enterotoxin B either alone or with 161 

allogeneic memory B cells isolated from tonsillar mononuclear cells at a ratio of 1:1. Cells were 162 

cocultured for 10 days before immunophenotyping and ELISA assays performed. 163 

 164 

In vitro cytotoxicity 165 

Generated CTLs (as previously described (7)) were treated with +/- 5uM RMC-4550 and phenotyped. 166 

CTL function was determined using in vitro 51Cr labelled (Na251CrO4, PerkinElmer, Waltham, MA, 167 

USA) release assay with allogeneic LCL target to determine EBV directed killing. An effector to target 168 

ratio of 30:1 was used, and serial dilutions carried out to determine cytotoxicity range (using below 169 

formula to calculate % lysis)) and incubated for 4 hours at 37°C. 51Cr release in the supernatant was 170 

measured with a beta counter (Trilux, 1450 MicroBeta, PerkinElmer).  171 
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% specific cytotoxicity = [experimental release(cpm) − spontaneous release(cpm)] / 172 
 [maximal release(cpm) − spontaneous release(cpm)] ×100 173 
 174 

In vitro RICD 175 

For assessment of T-cell sensitivity to undergo TCR reactivation induced cell death T-cells were 176 

activated using a standard T-cell protocol. Cells were cultured for 72 h in the presence of 10 ng/ml IL-177 

2 and subsequently harvested, washed with PBS and reseeded at a density of 0.5x106 cells/ml with 178 

varying concentrations of OKT3 for a further 5 days.  Samples were then harvested, stained with 179 

Propidium Iodide (PI) and analysed using flow cytometry to identify cell death. 180 

 181 

Statistical analysis 182 

Statistical analysis was performed with GraphPad Prism 9.0 software (GraphPad Software, La Jolla, 183 

Calif). Statistical significance for in vitro assays and in vivo murine experiments was determined using 184 

one-way or two-way ORDINARY ANOVA with Tukey’s multiple comparisons test, where appropriate.  185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 
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Results 196 

Allosteric inhibition of SHP2 with RMC-4550 mediates restoration of T-cell signalling in XLP patient 197 

T-cells 198 

We used healthy donor (HD) and XLP patient CD3+ T-cells to investigate the influence of SHP2 199 

inhibition on conserved signalling pathways in the presence or absence of SAP. RMC-4550 was used 200 

in vitro in conjunction with anti-CD3/CD28 mediated T-cell receptor (TCR) activation. Key cell surface 201 

and intracellular T-cell signalling molecules were analysed after 24h in culture. Baseline differences 202 

were noted in the immunophenotype of HD and patient cells in all settings both pre- and post-TCR 203 

engagement and with or without inhibitor treatment (Figure 1, Supplemental Figure 1).  204 

Using phospho-flow based analysis of key T-cell signalling molecules downstream of TCR we observed 205 

higher levels of SHP2 phosphorylation in patient T-cells pre-TCR activation compared to HD level which 206 

were maintained for 24 hours post-TCR activation (Figure 1). After 24h of RMC-4550 treatment 207 

together with TCR activation, we demonstrated significant reduction in phosphorylated SHP2 in both 208 

HD and patient T-cells (Figure 1 A). Upon TCR activation, MFI levels of pAKT were 2-3 times higher than 209 

at baseline (D0) (Figure 1 B). Untreated XLP patient-cells maintained lower pAKT expression 210 

throughout, indicative of PI3K signalling defects compared to untreated HD controls, with restoration 211 

back to HD levels after treatment. Upon TCR activation we also observed a two-fold decrease pERK1/2 212 

expression MFI levels in HD and XLP patient T-cells with a decrease close to baseline levels upon RMC-213 

4550 treatment in both HD and patient T-cells indicating the requirement of pSHP2 in RAS/ERK 214 

signalling (46) (Figure 1 C).  215 

Immunophenotyping of T-cell surface receptors after RMC-4550 treatment in XLP patient cells showed 216 

elevated levels of ICOS (*p=0.05) and CD28 (***p<0.001) with significant reduction in PD-1 217 

(***p<0.001). Baseline expression levels of ICOS, CD28 and PD-1 in pre-activated CD3+ T-cells from 218 

both HD and patients were similar, with no significant difference in ICOS expression 24h post-TCR 219 

engagement (Figure 1 D). However, in the same cell population post-activation, CD28 expression was 220 
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reduced with a significant increase in PD-1 expression compared to HD control (**p<0.01). 24h post 221 

activation in RMC-4550 treated patient T-cells, both ICOS and CD28 expression was restored to HD 222 

levels with a significant decrease in PD-1 expression (Figure 1 D-F). In summary, these data suggest 223 

that T-cell signalling events are modulated by RMC-4550 post-TCR activation in both HD and patient 224 

T-cells with increased co-stimulatory receptor expression in SAP deficient T-cells compared to HD cells.  225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 
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In vitro restoration of RMC-4550 treated XLP patient CD4+ T follicular helper (TFH) cell function  242 

Next, to assess the activity of SHP2 inhibition in restoring function in patient T-cells, a previously 243 

described (7) in vitro assay was used to interrogate CD4+ TFH cellular function.  244 

Phospho-flow based analysis of the circulating CD4+CD45RA+CXCR5+PD-1+ expressing TFH population 245 

showed significantly reduced pSHP2 (****p<0.0001) levels in XLP patient T-cells with restoration of T-246 

cell activatory signalling upon in vitro treatment with RMC-4550 during a 10-day culture period (Figure 247 

2 A). This was evident by significantly increased pAKT (****p<0.0001)   and reduced pERK1/2 248 

(**p<0.01)   expression levels coupled with elevated expression levels of ICOS, CD28, CD40L and CD229 249 

(SLAM family receptor) (Figure 2 B-C, E-H); cell surface T-cell receptors responsible for not only T-cell 250 

activation but also for cognate activation of B cells. Our findings also demonstrated reduced CD40L 251 

and CD229 expression levels on HD RMC-4550 treated CD4+CXCR5+PD-1+ TFH cells, indicating a critical 252 

role for SAP-SHP2 signalling in maintenance of physiological T-cell activation (39, 46, 47).  253 

Increased expression of the transcription factor Bcl-6, a master regulator of TFH cells, was seen in XLP 254 

PT treated cells correlating with an overall increase in the TFH cell population suggestive of SHP2 255 

mediated modulation of TFH cell differentiation and maintenance (Figure 2 D, Supplemental Figure 2).  256 

We then analysed whether T: B helper cell function could be restored by inhibition of SHP2. XLP 257 

patient cells have a significant deficit in secreted IgG, IgM, and IL-21 concentrations (Figure 2 I-K). After 258 

treatment with RMC-4550 there was no significant difference in immunoglobulin and IL-21 secretion 259 

between Healthy donor (HD) and XLP PT samples, signifying restoration of treated XLP cell function to 260 

HD levels. Coupled with signalling data demonstrating increased AKT phosphorylation and ICOS, CD40L 261 

and CD229 receptor expression, our results indicate that functional restoration in the absence of SAP 262 

may be due to restoration of positive T-cell signalling mediated through inhibition of SHP2.  263 

In vitro restoration of RMC-4550 treated CD8+ CTL cytotoxicity in XLP patient T-cells 264 

Jo
urn

al 
Pre-

pro
of



Next, we investigated the effect of treatment on functional defects in CD8+ cytotoxicity in XLP patient 265 

T-cells. Using a previously established EBV directed cytotoxicity assay (7), cytotoxic T lymphocytes 266 

(CTLs) were incubated with or without RMC-4550 for 24h prior to chromium 51 (Cr51) release assay.  267 

As expected, EBV-directed cytotoxicity was highly defective in untreated patient cells but was restored 268 

to HD levels after 24h of RMC-4550 treatment. RMC-4550 did not affect EBV-mediated cytotoxicity of 269 

HD cells (Figure 3). 270 

In parallel, CTLs were phenotyped and signalling pathways interrogated. T-cell memory phenotype 271 

was analysed and both RMC-4550 untreated HD and XLP PT CD8+ T-cells retained similar levels of 272 

Central memory (CM), Naïve, T-effector memory RA (TEMRA) and T effector memory (TEM) cell 273 

population in XLP patient samples increased from 8 % to 55 % and 12 % to 26 % in HD suggesting a 274 

restoration of an effector T-cell population in response to antigen stimulation. Immunophenotyping 275 

and phospho-flow analysis revealed similar trends of increased AKT phosphorylation and reduced 276 

ERK1/2 phosphorylation with an increase in co-immunoreceptor expression upon RMC-4550 277 

treatment of HD and patient CTLs (Supplemental Figure 3 i-ii). 278 

 279 

 280 

 281 

 282 
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RMC-4550 mediated restoration of sensitivity to re-stimulated induced cell death (RICD) in SAP 291 

deficient T-cells 292 

Another key feature of SAP deficient CD8+ T-cells is impaired re-stimulation induced cell death (RICD) 293 

upon repeated TCR engagement, leading to lymphoproliferation (48, 49). 294 

CD3+ selected T-cells were activated and cultured in T-cell media for 48h, then sampled for 295 

immunophenotyping or exposed to increasing concentrations of OKT3 (monoclonal antibody targeted 296 

CD3 receptor) and incubated for a further 7 days to activate the TCR pathway. Seven days post-297 

secondary TCR activation, viability was analysed. We observed a decrease in viable cells in OKT3 re-298 

activated HD RMC-4550 treated and untreated samples, indicating that SHP2 inhibition in the 299 

presence of endogenous SAP levels does not affect RICD. However, in OKT3 re-activated and RMC-300 

4550 untreated patient samples the percentage of viable cells was maintained indicating a defect in 301 

RICD. This was corrected upon inhibition of SHP2 using RMC-4550 (Figure 4). 302 

We analysed cell surface markers including CD69 to assess cellular activation, CD95 (FAS) as a marker 303 

of apoptosis and PD-1 as a marker of cell exhaustion. We observed similar levels of CD69 expression 304 

between HD and patient samples indicating no difference in initial activation, with increased 305 

expression levels in both HD and patient cells upon RMC-4550 treatment suggestive of restored T-cell 306 

activation in the absence of SAP (Supplementary Figure 4).  307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 
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RMC-4550 mediated in vivo restoration of humoral immunity in SAPy/- mice  317 

Finally, we carried out an in vivo assessment of RMC-4550 in our established SAPy/- murine model(7). 318 

Wild type (WT) and SAPy/- mice received daily oral gavages of either 30 mg/kg RMC-4550 or vehicle-319 

only control for 72h prior to immunological challenge with NP-CGG or PBS by intraperitoneal injection. 320 

End-point analysis was carried out 10 days post-vaccination with continued RMC-4550 treatment. 321 

Significant reduction in SHP2 phosphorylation (****p<0.0001) in bulk CD3+ T-cells in both WT and 322 

SAPy/- mice treated with RMC-4550 was observed (Figure 5 A i-ii). We also demonstrated significantly 323 

higher SHP2 phosphorylation levels in SAPy/- mice post-vaccination receiving vehicle only indicating 324 

elevated SHP2 mediated signalling compared to WT animals upon antigenic challenge, similar to 325 

observations in XLP patient T-cells upon TCR engagement indicative of higher levels of T-cell inhibitory 326 

signalling.  327 

After a total of 13-day treatment protocol with RMC-4550 coupled with an NP-CGG mediated humoral 328 

challenge 72h post initial inhibitor treatment, a CXCR5+PD-1+ TFH cell population in SAPy/- mice was 329 

restored with increased levels of ICOS expression compared to untreated SAPy/- mice (Figure 5 C i-ii 330 

Supplementary Figure 5 A). These findings were consistent with restoration in TFH cell function as 331 

shown by B cell immunoglobulin secretion and restoration of germinal centres (GC) in all SAPy/- mice 332 

treated with RMC-4550 (Figure 5 B i-ii). GC B cells were characterised by CD19+GL7+ from bulk 333 

splenocytes and GC structures identified in sectioned spleens by immunohistochemistry using peanut-334 

agglutinin (PNA). Both WT RMC-4550 treated and vehicle only cohorts were able to generate GC upon 335 

immunological challenge unlike SAPy/- mice.  However, SAPy/- mice treated with RMC-4550 and then 336 

immunologically challenged displayed restoration of GC population comparable to WT levels (Figure 337 

5 D).  338 

Functionality of GCs was assessed by antigen-specific and total immunoglobulin secretion (IgG and 339 

IgG1) in response to vaccination (Figure 5 E). WT mice receiving RMC-4550 and vehicle only treatments 340 

were able to secret NP-CCG specific IgG after vaccination whilst SAPy/- mice receiving vehicle only 341 
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treatment failed to do so. However, both NP-CGG specific IgG1 and total IgG1 levels were restored to 342 

WT levels in SAPy/- mice upon RMC-4550 treatment (Figure 5 E).  Haematopoietic cell lineages including 343 

monocytes, neutrophils and total lymphocyte counts in peripheral blood and T-cell memory 344 

phenotype were unaffected by RMC-4550 treatment in all groups (Supplemental Figure 5 B-D). 345 

 346 

 347 

 348 

 349 
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Discussion 363 

T-cell signalling is comprised of intricate networks regulating finely tuned, context-dependent 364 

responses (50-52). SAP deficiency highlights how disturbances to this balance between T-cell 365 

activation and inhibition can lead to life-threatening clinical manifestations. Recent reports have 366 

demonstrated that SHP2 is a key mediator in T-cells of both positive signalling downstream of the TCR 367 

and negative signalling through PD-1 and SLAM family of receptors (SFR) (36, 37, 39, 40). SHP2 has 368 

been shown to promote dephosphorylation of several TCR proximal signalling molecules and 369 

subsequent inhibition of PI3K/AKT signalling due to its close TCR proximity upon binding PD-1 370 

cytoplasmic ITSM motifs (37). It has been shown that SAP plays a role not only as an adaptor protein 371 

preventing SHP2 binding to SFR, but also acts as an indirect molecular shield inhibiting SHP2/PD-1 372 

binding and subsequent T-cell exhaustion (37). In this preclinical study, we have demonstrated in vitro 373 

and in vivo restoration of SAP deficient T-cell function upon inhibition of SHP2 using RMC-4550 with 374 

no impairment in T-cell function or immunophenotype in normal controls.  375 

Upon initial assessment of intra- and extracellular signalling molecules in pre-activated bulk CD3+ T-376 

cells, no differences were observed between HD and patient samples indicating no abnormalities in a 377 

resting state of SAP deficient T-cells. However, across a time-period of 24-72h post-TCR engagement, 378 

the most significant difference observed between HD and patient cells prior to RMC-4550 treatment 379 

was reduced pAKT expression, a central signalling molecule mediating the PI3K pathway responsible 380 

for T-cell differentiation and function (52-54). Although there are no reports describing the direct 381 

interplay of SAP and PI3K signalling, our data suggests that aberrant AKT signalling in the absence of 382 

SAP can be rescued upon inhibition of SHP2.  Although beyond the scope of this work, our results point 383 

to the role of SAP as an adaptor protein and a key regulator in maintaining the critical balance and 384 

coordination between PI3K/SAP/SLAM mediated positive signalling, and SHP2 dependent inhibitory 385 

SLAM/PD-1 signalling.  386 
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We verified reduced SHP2 phosphorylation in functionally restored T-cell compartments over a period 387 

of 24h-72hrs. However, despite this short activity period, analysis of inhibitor treated cells following 388 

prolonged culture displayed consistently reduced SHP2 phosphorylation levels. This suggests a critical 389 

period during early T-cell activation for targeted SHP2 inhibition and subsequent immune modulation 390 

with consistently decreased pERK1/2 phosphorylation levels throughout all functional assays, 391 

suggestive of reduced RAS/MAPK/ERK signalling in the absence of SHP2 phosphorylation (43, 46).  392 

Primary evidence of restoration in T-cell intrinsic and extrinsic signalling was obtained from functional 393 

in vitro assays using RMC-4550. Assessment of immunoglobulin and cytokine secretion from B cells 394 

cultured with PT naïve CD4+ T-cells demonstrated rescue of TFH mediated B cell help as indicated by 395 

secretion of IL-21, IgG and IgM in a seemingly SAP independent manner. In patient T-cells we observed 396 

an increase in ICOS expression and increased AKT phosphorylation. Therefore, we hypothesise that 397 

the SAP independent restoration in TFH cell function and positive T-cell signalling could be attributed 398 

to elevated levels of ICOS cell surface expression upon SHP2 blockade (55-60). Though the interaction 399 

between ICOS and SHP2 has not been clarified, it has been extensively demonstrated that ICOS is 400 

essential for adequate TFH cell maturation and function through TBK1 and PI3K signalling, resulting in 401 

upregulation of BCL-6 and CXCR5 (38, 56, 61). Our in vitro and in vivo data demonstrated an increase 402 

in the SAP deficient CXCR5+PD-1+ TFH cell population with subsequent immunoglobulin secretion upon 403 

humoral challenge and RMC-4550 treatment. Together with associated increase in AKT 404 

phosphorylation and ICOS expression, this suggests phenotypic and functional rescue mediated 405 

through ICOS upon inhibition of SHP2.  406 

Altogether we have shown restoration of CTL mediated cytotoxicity, sensitivity to RICD upon TCR 407 

restimulation of XLP patient T-cells and correction of TFH cell function, all suggesting that SHP2 408 

inhibition could ameliorate the immune defects seen in patients with XLP.  Importantly we did not 409 

observe any adverse effect of SHP2 inhibition in healthy donor cells in vitro. Overall, we provide here 410 
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convincing preclinical data supporting the use of an allosteric SHP2 inhibitor as a potential therapeutic 411 

option for patients with XLP.  412 
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Figure Legends  608 

Figure 1: Signalling analysis of baseline and activated HD and XLP PT CD3+ T-cells with (+) or without 609 

(-) RMC-4550. FACS based Immunophenotyping and phospho-flow analysis of Healthy Donor (HD) and 610 

XLP Patient (PT) CD3
+
 T-cells pre (0h) and 24h post-TCR activation in the absence of presence of 5uM 611 

RMC-4550. (A) Demonstration of increased SHP2 phosphorylation levels in XLP PT CD3
+
 T-cells pre- 612 

and post- T-cells activation with reduced levels upon inhibitor treatment in both HD and XLP PT 613 

samples 24h post- T-cells activation.  (B) Increased and restoration of AKT phosphorylation in HD and 614 

XLP PT samples, respectively 24h post- T-cells activation upon inhibitor treatment. (C) Reduced ERK1/2 615 

phosphorylation in both HD and XLP PT samples 24h post- T-cells activation and inhibitor treatment. 616 

(D-F) CD3
+
 cell surface phenotyping of co-immunoreceptors. **** p<0.0001 ***p<0.001 **p<0.01 617 

*p=0.05 618 

FIGURE 2: In vitro B cell co-culture assessment of HD and XLP PT TFH cellular function post RMC-4550 619 

treatment. Immuno-phenotyping and functional ELISA results from d10 post T
FH

: B cell co-culture 620 

assay. (A-C) Demonstration of modulation in key signalling proteins upon addition of 5uM RMC-4550 621 

in both HD and XLP PT TFH cells. (D) Increased expression of TFH master transcription factor; Bcl6 in 622 

RMC-4550 treated XLP PT-cells. (E-H) Expression levels of key extracellular co-immunoreceptor 623 

proteins required for adequate TFH cellular function. (I-K) ELISA results of immunoglobulin and IL-21 624 

cytokine secretion as an indicator of TFH function. **** p<0.0001 ***p<0.001 **p<0.01 *p=0.05 625 

FIGURE 3: In vitro assessment of HD and XLP PT CD8+ mediated cytotoxicity against EBV+ B-LCL cell 626 

line. Assessment of HD and XLP PT CD8
+ 

CTL cytotoxic function using Cr
51

 release assay against EBV+ 627 

B-LCL target-cells post CTL 24h co-culture with or without 5uM RMC-4550 treatment.  628 

ns p= 0.9984 **** p<0.0001 *** p=0.0003 2-way ANOVA with Tukey’s multiple comparison 629 

test.  630 
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FIGURE 4: In vitro assessment of HD and XLP PT CD3+ mediated sensitivity to restimulation induced 631 

cell death (RICD).  Assessment and restoration of sensitivity to restimulation-induced cell death assay 632 

(RICD) on bulk HD and XLP PT CD3+ 
T-cells upon RMC-4550 treatment. ns p= 0.9942 **** p<0.0001 633 

2-way ANOVA with Tukey’s multiple comparison test.  634 

FIGURE 5: In vivo restoration of SAP
y/- 

humoral immunity using daily administration of 30mg/kg RMC-635 

4550 via oral gavage for a total of thirteen days with NP-CGG mediated humoral challenge at day 3. 636 

(A) (i) Phospho-flow analysis of pSHP2 levels in both unvaccinated and vaccinated WT and SAPy/- mice 637 

treated with either Vehicle only or RMC-4550. (ii) Representative pSHP2 phospho-flow histograms. (B) 638 

(i) Tabulated graph of GC B cell staining using markers CD19/GL7. (ii) Representative FACS plots 639 

demonstrating CD19+GL7+ GC population (C) (i) Tabulated graph of TFH cell staining using markers 640 

CD4/CXCR5/PD-1. (ii) Representative FACS plots demonstrating CD4+CXCR5+PD-1+ TFH cell population. 641 

(D) Histology- PNA stained splenic cross sections of both (i) unvaccinated and (ii) vaccinated WT and 642 

SAPy/- mice. (E) Analysis of secreted immunoglobulins (i) Tabulated results of Total IgG1 FACS staining 643 

as a percentage of CD19+ B cells. (ii) Tabulated ELISA assay results of NP-CGG specific IgG1 blood serum 644 

secretion in response to humoral challenge WT and SAPy/- mice.  **** p<0.0001 ***p<0.001 645 

**p<0.01 *p=0.05 646 
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Supplementary Materials and Methods:  1 

Immunisation and NP-specific murine IgG1 ELISA: Antibody response 2 

NP (65)-CGG vaccine was reconstituted in PBS at a final concentration of 1mg/ml. Mice were 3 

immunologically challenged via i.p injections of T-cells dependent antigen; chicken gamma globulin 4 

conjugated to hapten: 4-Hydroxy-3-nitrophenylacetly (NP-CGG). 10 days post immunological 5 

challenge mice were sacrificed via cervical dislocation and the spleen was removed and placed in cold 6 

PBS for processing. 50-100 µl blood was also taken via cardiac puncture in 20 µl 1000 U Heparin for 7 

peripheral blood analysis serum extraction for ELISA assay(s) using NP (65) ‐CGG (Biosearch 8 

Technologies) as a capture antigen. The mouse immunoglobulin standard panel was obtained from 9 

Southern Biotechnology Associates. Germinal centre B cells were detected by flow cytometry in single‐10 

cell suspensions of splenocytes after erythrocyte lysis using anti‐CD19 and anti‐Gl‐7 antibodies (BD 11 

Biosciences). In parallel, splenic sections were fixed in formalin, sectioned and stained with 12 

haematoxylin and eosin to allow visualisation of tissue structure. Germinal centre B cells were stained 13 

by immunohistochemistry using unconjugated Peanut agglutinin (PNA) (Vector Laboratories). 14 

Imaging: The images were captured by Olympus BX51 with Olympus Paln Apo objectives, and Nikon 15 

DigitalSight DS‐L1 digital microscope camera with automatic exposure and on camera white balancing. 16 

Magnifications are as stated in the figures and figure legends. 17 

In vitro assays using PBMCs 18 

PBMCs from heparinised peripheral blood were isolated via density gradient centrifugation using 19 

Ficoll-Paque (GE Healthcare). Briefly, blood was diluted 1:1 with 1x PBS, slowly added onto Ficoll-20 

paque and centrifuged for 1000x g for 20 min (with slow break setting). PBMCs were collected from 21 

the middle serum/ficoll layer using a Pasteur pipette. The PBMCs were then washed with 1x PBS and 22 

seeded onto 24 well plates at 1 x 106/ml in complete RPMI media. 23 

 24 

 25 

 26 
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Generation of LCL/CTL 27 

LCLs/CTLS were generated as previously described (REF). Briefly, PBMCs were isolated as above from 28 

EBV-seropositive healthy donors for generation of autologous and allogeneic lymphoblastoid cell lines 29 

(LCLs) by using the EBV B95.8 supernatant in the presence of 50 mg of cyclosporine. PBMCs were 30 

stimulated with 40 Gy of irradiated LCLs in vitro over a period of 4 weeks with weekly stimulation. 31 

ELISA 32 

Cytokine immunoglobulin secretion analysis was performed on primary T: B cell culture supernatants 33 

to quantify the expression of IL-21, IgG and IgM in response to adequately restored TFH cell function 34 

using the affymetric ELISA Ready-SET-Go kit (eBioscience). Corning-Costar 96 well ELISA plates were 35 

coated overnight with 100 μl/well capture antibody, sealed and incubated overnight at 4 °C. The next 36 

day, plates were washed 5 times with wash buffer (1x PBS + 0.05 % Tween) and blocked with 1x ELISA 37 

diluent (eBioscience) containing BSA for 1 h at RT. The plates were washed and 100 μl diluted samples 38 

and standards of known concentrations added to wells in triplicates, and incubated for 2 h at RT. The 39 

plates were washed, and 100 µl/well detection antibody diluted in 1x ELISA diluent was added to each 40 

well and incubated for 1 h at RT. Next, 100 µl/well Avidin-HRP was added for the detection of 41 

biotinylated antibodies and incubated for 30 min at RT. After washing 7 times, 100 μl/well 1x TMB 42 

substrate solution (eBioscience) was added and incubated for 15 min or until colour change in the 43 

samples were observed. The reaction was stopped with 50 μl 0.19 M H2SO4 and absorbance read at 44 

450 nm using the FLUOstar Optima plate reader (BMG Labtech). 45 

 46 

 47 

 48 

 49 

 50 

 51 
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Antibodies 53 

List of human cell surface and intracellular antibodies for in vitro characterisation of T-cells 54 
compartments. 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

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 

Jo
urn

al 
Pre-

pro
of



Supplementary Figure Legends  63 

 64 

Supplementary Figure 1: Signalling analysis of baseline and activated HD and XLP PT CD3+ T-cellss 65 

with (+) or without (-) RMC-4550. Representative FACS plots and histograms of phospho-flow analysis 66 

and immunophenotyping 24h pre and post activation with anti-CD3/CD28 and 100U/mL IL-2 (+/- RMC-67 

4550).  68 

Supplementary Figure 2: In vitro B cell co-culture assessment of HD and XLP PT TFH cellular function 69 

post RMC-4550 treatment. Tabulated and representative FACS based immunophenotyping results of 70 

both HD and XLP PT-cellss from d10 post T
FH

: B cell co-culture assay demonstrating gating strategy 71 

used to determine CD4
+
 T

FH
 cells in the presence or absence of 5uM RMC-4550. 72 

Supplementary Figure 3: In vitro assessment of HD and XLP PT CD8+ mediated cytotoxicity against 73 

EBV+ B-LCL cell line. Immuno- and phospho-phenotyping of HD and XLP PT CD8
+ 
CTLs with and without 74 

24h RMC-4550 treatment prior to co-culture with B-LCL targets cells and functional Cr51 release assay. 75 

(i) Immunophenotyping and phospho-flow analysis of key signalling molecules regulating T-cells 76 

differentiation and function. (ii) Tabulated and representative FACs plots demonstrating 77 

CD8/CD45RA/CD62L percentage populations of Central memory (CM), Naïve, T-effector memory 78 

(TEM) and T-effector memory RA (TEMRA) with T stem cell memory (TSCM) population.  79 

Supplementary Figure 4: In vitro assessment of HD and XLP PT CD3+ mediated sensitivity to 80 

restimulation induced cell death (RICD). (i) Tabulated HD and XLP PT immunophenotyping results of 81 

key cell surface molecules associated with T-cells activation and exhaustion. Analysis of PD-1, CD95 82 

and CD69 protein expression levels at baseline, 24h post primary TCR and CD28 activation and upon 83 

OKT3 mediated TCR restimulation with or without 5uM RMC-4550 treatment. (ii) (C) Representation 84 

of gating strategy used via PI exclusion to calculate percentage of viable cells.   85 

 86 
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Supplementary figure 5: In vivo assessment of functional humoral reconstitution following 87 

treatment with RMC-4550 in both WT and SAPy/- mice. Tabulated in vivo immunophenotyping, WBC 88 

and body weight results from unvaccinated and vaccinated WT and SAPy/- mice treated with Vehicle 89 

only or RMC-4550 (30 mg/kg qd po). ICOS (A) and PD-1 (B) expression levels as MFI and percentage of 90 

splenic CD4+CXCR5+PD-1+ TFH cells and CD8+ T-cellss, respectively. (C) Whole blood count (WBC) of 91 

unvaccinated and vaccinated WT and SAPy/- mice treated with Vehicle only or RMC-4550 92 

demonstrating percentages of monocytes, lymphocytes and neutrophils. (D) Changes in percentage 93 

BW relative to d1 in both (i) unvaccinated and (ii) vaccinated WT and SAPy/- mice treated with Vehicle 94 

only or RMC-4550. (E) (i) Total splenic CD4 to CD8 ratio in both WT and SAPy/- mice. (ii-iii) CD8 and CD4 95 

memory phenotyping demonstrating CD44/CD62L Naïve, Teff and CM percentages, respectively. 96 

 97 
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