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Introduction
X-linked immunodeficiency with magnesium defect, EBV infection, 
and neoplasia (XMEN) disease is a rare primary immunodeficiency  

caused by hemizygous loss-of-function (LOF) mutations in the 
X-linked magnesium transporter 1 (MAGT1) gene in males (1–3). 
Heterozygous females are healthy carriers with lyonization skewed 
in their hematopoietic cells to the X chromosome bearing the nor-
mal allele (1). MAGT1 loss was first shown to affect intracellular 
magnesium (Mg2+) homeostasis, leading to defective T cell immune 
responses and uncontrolled EBV infection with increased suscepti-
bility to EBV+ lymphoma. Patients had an inverted CD4/CD8 ratio, 
increased B cells, and decreased surface expression of the activa-
tor receptor natural killer group 2, member D (NKG2D) on NK and 
CD8+ T cells (1–3). NKG2D loss predisposes individuals to EBV-
driven lymphoproliferative disease (LPD) and lymphoma (4). In cer-
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Results
Patient mutations and demographics. We reviewed the records 
of 23 patients from 17 unrelated families (A, B, and D–R) with 
LOF MAGT1 mutations. We observed that XMEN is a multisys-
tem disease that is more complex than previously appreciated 
(3, 23–26). (Figure 1, A and B, Table 1, and Supplemental Table 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI131116DS1). The cohort was 70% white, non- 
Hispanic, 13% black, 13% multirace, and 4% Hispanic. All patients 
were males, consistent with the X-linked inheritance. Eight indi-
viduals (aged 5–17 years) were EBV naive, whereas 15 (aged 9–50 
years) had chronic EBV infection (Supplemental Table 1 and Sup-
plemental Table 2). Two of the EBV-naive patients subsequently 
developed EBV infection.

We identified 14 unique molecular alterations of MAGT1: mis-
sense mutations in 10 families, nucleotide deletions in 4, nucleo-
tide insertions in 2, and large deletions in 2 (Supplemental Table 
3). The most common mutation (c.409C>T, p.Arg137X) appeared 
in 4 unrelated families. The 409 C residue occurs in a CpG dinu-
cleotide, which has a propensity for deamination and conver-
sion of cytosine to thymine, thereby producing the mutation. 
All mutations tested abolished MAGT1 protein expression (Fig-
ure 1C). The most consistent diagnostic finding was decreased 
NKG2D surface expression on both CD8+ T cells and NK cells (P < 
0.0001), making it a hallmark of the disease whether or not EBV 
infection was present (Figure 1D and Supplemental Figure 1A). 
Interestingly, we observed that in 5 families with 2 male noniden-
tical siblings and no other children, the frequency of coincidence 
of disease in both males (4 of 5 families) was much higher than 
expected by chance (P = 0.04).

Multisystem abnormalities. Our examination of this larger 
cohort of EBV-infected and EBV-naive patients revealed clinical 
abnormalities in other organ systems. We observed mild throm-
bocytopenia (70%) (Figure 2A), transient neutropenia (61%) 
sometimes associated with mouth sores (Figure 2B), and anti-
body-mediated cytopenias (35%) (Table 1, and Supplemental 
Table 1 and Supplemental Table 2). Bone marrow biopsies done 
to evaluate cytopenias in patients without malignancies showed 
normal trilineage hematopoiesis. We also found noninfectious 
liver abnormalities including transient elevations in alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST) 
with preserved hepatic function (Figure 2C, Supplemental Table 
2). Transient elastography was abnormal in 3 of 7 patients. Liver 
ultrasound showed increased echogenicity (steatosis) in some 
patients (Figure 2D). Liver biopsies from both EBV-naive and 
EBV-infected patients and pathology of the liver from a patient 
who died from EBV-associated LPD revealed variable degrees 
of periportal inflammatory infiltrates and sinusoidal fibrosis, 
hepatosteatosis, mild-to-moderate iron deposits, and diffuse 
glycogenosis (Figure 2, E–G, Supplemental Figure 1, I–N, and 
Supplemental Table 4). All liver specimens from EBV-infected 
patients were EBV-encoded small RNA (EBER) negative. Con-
ventional autoantibodies associated with autoimmune hepatitis 
(AH) were negative, except for 1 previously reported patient for 
whom we reviewed the liver biopsy and found no histopatho-
logical evidence of AH (25). Transient and asymptomatic ele-
vations of serum muscle creatine phosphokinase (CPK) were 

tain patients, features resembling autoimmune lymphoproliferative 
syndrome (ALPS), a disease of lymphocyte homeostasis due to 
defective FAS-mediated apoptosis, became apparent (5–9). Patients 
with ALPS have enlarged secondary lymphoid tissue and an expan-
sion of αβ T cells lacking both CD4 and CD8 coreceptors (αβ double- 
negative T cells [αβDNTs]) but expressing the CD45R isoform B220 
(10). The full scope of XMEN disease manifestations and their 
pathogenic cause compared with ALPS have not yet been described.

Protein glycosylation is a posttranslational modification crit-
ical for normal immune function (11). MAGT1 has high amino  
acid sequence homology with the human tumor suppressor can-
didate 3 protein (TUSC3) and the yeast oligosaccharyl transferase 
3/6 (OST3/6) proteins that participate in the enzymatic complex 
that performs asparagine N-linked glycosylation (NLG) in the 
endoplasmic reticulum (ER) (12–14). Each OST complex has 1 
catalytic subunit, either STT3A or STT3B, and multiple noncata-
lytic subunits creating distinct but complementary NLG enzyme 
complexes (15, 16). Although there is substantial overlap in the 
peptides glycosylated by the 2 OST complexes, STT3A primar-
ily glycosylates substrate peptides cotranslationally, whereas 
STT3B is involved in either cotranslational or posttranslational 
glycosylation of peptides skipped by STT3A (16, 17). STT3A pref-
erentially glycosylates acceptor sites in cysteine-rich regions and 
the amino terminus of multipass transmembrane (TM) proteins 
(18). Conversely, STT3B favors sequons that would be difficult 
to glycosylate cotranslationally, including those in the terminal 
50–55 amino acids of the carboxyl tail and short loops between 
TM regions (17, 18). MAGT1 can associate with the STT3B- 
containing OST complex and promote NLG of STT3B-dependent 
glycoproteins in human tumor cell lines (14, 19). Genetic diseases  
affecting protein glycosylation, congenital disorders of glyco-
sylation (CDG), can involve genes that add glycans to proteins 
in the ER (type I) or further process protein-bound glycans in the  
Golgi apparatus (type II) (20, 21). The clinical manifestations and 
severity of CDG are heterogeneous depending on the specific 
genetic and molecular defects. More recently, a different clinical 
phenotype manifested by intellectual and developmental disabil-
ity was described for 2 patients with MAGT1 mutations. These 
individuals had abnormal glycosylation as determined by serum 
transferrin isoelectric focusing (sTf IEF) and hypoglycosylated 
STT3B–dependent substrates in patient-derived cell lines (22). 
However, the extent of the glycosylation defect and an in-depth 
analysis of the glycopeptides affected by loss of MAGT1 in human 
lymphocytes have not been described.

Here, we report new aspects of the largest cohort of EBV- 
naive and EBV-infected patients with XMEN. We use deep 
immunophenotyping of PBMCs by mass cytometry combined 
with a new machine learning algorithm and cluster analysis of 
multidimensional data to delineate lymphocyte subsets that dis-
tinguish patients with XMEN, patients with ALPS, and healthy 
controls (HCs). We performed global glycoproteomics analysis of 
T lymphocytes, which revealed a selective NLG defect in XMEN 
disease affecting multiple immune proteins. Finally, we show that 
MAGT1 mRNA transfection reversed defective glycosylation in 
peripheral lymphocytes. Together, our data show that XMEN dis-
ease has previously unidentified features, some of which may be 
attributable to MAGT1 as a newly recognized facilitator of NLG.
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evidence of intellectual disability and/or facial dysmorphism 
in our XMEN cohort. Taken together, these findings suggest a 
much broader disease phenotype outside of the immune system 
than previously suspected.

Hypogammaglobulinemia, lymphoproliferation, and malignancy.  
Most patients had decreased IgG and IgA with normal IgM asso-
ciated with recurrent ear and sinus infections (Figure 2K, Table 1, 
Supplemental Table 1, and Supplemental Table 2). Upper and lower  
respiratory infections due to longstanding hypogammaglobulin-
emia sometimes led to bronchiectasis (Figure 2L). We observed 
molluscum contagiosum in 35% of patients (Supplemental Figure 
1B). We observed flat warts predominantly affecting the palms and 
soles in 30% of the patients, and 1 young adult developed large 
perineal condylomata acuminata. These findings suggested a 
broader immune deficiency than previously noted (1–3).

detected (52%). Acute immune-mediated polyneuropathy or 
Guillain-Barré syndrome (GBS) was seen in 1 EBV-naive and 
3 EBV-positive patients. Three patients had seizures. Eight 
patients had brain imaging (MRI or CT scan) and the most seri-
ous finding was atrophy of the cerebrum, cerebellum, brain-
stem, and spinal cord, with calcifications in the basal ganglia 
and thalami of a 30-year-old male with progressive neurological 
and cognitive decline (Figure 2H, Supplemental Figure 1G). Two 
patients, aged 45 and 48 years, had brain atrophy greater than 
expected for their age, and 2 patients had white matter abnor-
malities consistent with leukoencephalopathy (Figure 2I). Inter-
estingly, 50% of the patients who underwent brain imaging had 
cavum septum pellucidum (CSP), a developmental ventricular 
change of uncertain significance that is found in only approxi-
mately 15% of the general population (Figure 2J). We found no 

Figure 1. Clinical, laboratory, and genetic findings in XMEN disease. Clinical manifestations (A) and laboratory findings (B) in XMEN disease. AHA, auto-
immune hemolytic anemia (AHA); ITP, immune thrombocytopenic purpura. (C) Immunoblot showing MAGT1 and β-tubulin proteins in T cell blasts from 
HCs (HC 1 and HC 2) and patients with XMEN with the indicated mutations. (D) NKG2D expression on CD8+ T cells and NK cells from HCs (blue), patients 
with XMEN (red), and an isotype control (gray).
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Supplemental Table 1 and Supplemental Table 2). Characteristic 
peripheral blood abnormalities included increased B cells (95%) 
and αβDNT cells (95%). Most patients (78%) had low (<1.1) CD4/
CD8 ratios (range, 0.17–1.9) (Supplemental Figure 2 and Supple-
mental Table 2). CD4 T cell lymphopenia was noted in 43% of 
patients, although opportunistic infections were rarely observed. 
The NK and NKT cell counts were normal for most patients. 
Recent CD31+ thymic emigrants were also normal (n = 13). The 
LPD, lymphoma predisposition, and increased double-negative T 
cells (DNTs) in patients with XMEN disease were reminiscent of 
ALPS, raising a question as to how these disorders can be distin-
guished by peripheral blood lymphocyte populations (5–9).

Patients with XMEN share some features of ALPS including  
elevated αβDNTs, defective apoptosis, and secondary lymphoid expan-
sion. Most patients with XMEN (95%) had elevated αβDNT cells 
warranting further investigation (Figure 3I and Supplemental 
Table 2). Because ALPS αβDNTs have been well documented to 
express an unusual CD45 glycosylation form similar to mouse 
B220, we stained PBMCs from HCs, patients with ALPS-FAS, and 
patients with XMEN for the CD4 and CD8 coreceptors, the αβ T 
cell receptor (αβTCR), and the CD45R (B220) (10, 27). By con-
trast to ALPS, most αβDNTs from patients with XMEN were neg-
ative for CD45R (B220), whether the patients were EBV infected 
or EBV naive (Figure 3I). Notably, patients with XMEN did not 
have marked elevations of the serum biomarkers soluble FasL, 
IL–10, IL-18, or vitamin B12, which can be dramatically elevated in  
ALPS-FAS (Supplemental Figure 3) (25). We then investigated 
FAS-induced apoptosis and anti-CD3 restimulation-induced cell 
death (RICD). The latter is a process by which previously activated 
T lymphocytes undergo clonal depletion upon TCR reengagement 
(28). We found that all XMEN patients tested (n = 9) had normal 
FAS-induced apoptosis but that RICD was defective (Figure 3J). 
By contrast, ALPS cells showed the expected prominent defect 
in FAS-induced apoptosis and a minor RICD defect (Figure 3J). 
These data suggest that abnormal RICD may contribute to the 
expansion of secondary lymphoid tissue in XMEN.

Leukocyte surface marker clusters distinguish XMEN, ALPS, and 
HCs. To more precisely define the lymphocyte population dif-
ferences between patients with XMEN and those with ALPS, we 
hypothesized that high-dimensional phenotyping of PBMCs could 
reveal novel differences on the basis of surface marker combina-
tions that would not have previously been suspected. If true, this 
would provide a new and powerful approach for exploring more 
subtle and complex cellular alterations in immunological diseases  
that is not possible by conventional flow cytometric analysis. 
Hence, we stained PBMCs from age-matched XMEN and ALPS 
patients with a custom-designed antibody panel against 32 sur-
face markers for in-depth immune phenotyping by time-of-flight 
mass cytometry (CyTOF) (Figure 4, Supplemental Figure 4, and 
Supplemental Table 7). We analyzed PBMCs from 18 patients with 
XMEN, 11 patients with ALPS-FAS, and 24 HCs and performed 
hierarchical agglomerative learning (HAL-x), a new machine 
learning algorithm to automatically identify clusters of differen-
tiation (CoD) of leukocytes on the basis of distinctive expression 
levels of surface markers (Figure 4, A–C). HAL-x enabled us to 
execute an unsupervised random forest classification of machine 
learning attributes with a tunable threshold to self-consistently 

Many EBV-naive and EBV-infected patients had chronic lym-
phoadenopathy (LAD) (65%) (Figure 3, A–D, Supplemental Fig-
ure 1, C–F, Table 1, and Supplemental Table 1 and Supplemental 
Table 5). We detected splenomegaly and lymphoma in half of the 
patients with persistent EBV viremia, whereas only 1 EBV-naive 
patient had splenomegaly (Figure 3C). A lymph node (LN) biopsy 
from an EBV-naive child showed Castleman-like changes (Figure 
3E), whereas a tissue biopsy of a large mediastinal mass in another 
EBV-naive patient revealed a diffuse, predominantly IgD+ B lym-
phoid proliferation without underlying discernible follicular or 
nodal architecture and no evidence of clonal expansion (Figure 3F). 
A LN biopsy from a patient with persistent EBV viremia revealed 
florid reactive lymphoid hyperplasia and increased EBER-positive 
cells (Figure 3G). We also observed EBV-LPD with a character-
istic increase in CD20+ and CD30+ cells in a patient with recent 
EBV infection (Figure 3H). Lymphoma occurred frequently at a 
young age in some EBV-infected patients but not in the EBV-naive 
patients (Supplemental Table 6). The most common neoplasia was 
Hodgkin lymphoma (HL) (n = 4). A young adult with a history of 
HL in complete remission developed EBV-negative liposarcoma 
(Supplemental Figure 1H).

The immune phenotype of EBV-infected and EBV-naive 
XMEN patients was very similar (Supplemental Figure 2, and 

Table 1. Clinical and laboratory features of XMEN disease

Clinical manifestations Frequency
   Recurrent ear and sinopulmonary infections 70% (16/23)
   Chronic LAD 65% (15/23)
   Splenomegaly 39% (9/23)
   Lymphoma/LPD 39% (9/23)
   Molluscum contagiosum 35% (8/23)
   Recurrent mouth sores 35% (8/23)
   Severe autoimmune cytopenias (grade 4) 35% (8/23)
   Skin warts or condylomata acuminata 30% (7/23)
   GBS 17% (4/23)
   HSV infection 13% (3/23)
   Other autoimmune 13% (3/23)
   Pericardial and/or pulmonary effusions 9% (2/23)
   EBV-negative malignancy 4% (1/23)
Laboratory and imaging findings
   Transient elevation of ALT and AST liver enzymes 100% (23/23)A

   Low NKG2D surface expression on NK and CD8+ T cells 100% (23/23)
   Elevated B cells 95% (22/23)
   Elevated αβDNTs 95% (19/20)
   Low IgA 78% (18/23)
   Low CD4/CD8 ratio 78% (18/23)
   Low IgG 74% (17/23)
   Persistent EBV viremia 74% (17/23)B

   Thrombocytopenia 70% (16/23)
   Transient neutropenia 61% (14/23)
   Transient elevations of CPK 52% (11/21))
   CD4 lymphopenia 43% (9/21)
   CSP 50% (4/8)
   CNS abnormalities 17% (4/23)
AOne patient had elevated liver enzymes only once out of multiple 
determinations. BAll EBV-infected patients had persistent EBV viremia. 
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CD38+CD57+NKG2D+) as the lymphocyte subsets with the most 
divergent abundance among HCs, patients with XMEN, and 
patients with ALPS (Supplemental Figure 9 and Supplemental 
Figure 10, A and B). Our Phenograph analysis also showed 7 addi-
tional lymphocyte subsets (PG-CoD 2, 6, 10, 13, 14, 18, and 19) that 
distinguished XMEN from both HC and ALPS lymphocytes (Sup-
plemental Figure 9 and Supplemental Figure 11). Thus, the mass 
cytometric analysis of cells from XMEN and ALPS patients uncov-
ered both global as well as remarkably subtle but characteristic 
CoD patterns of peripheral blood leukocytes in these diseases.

Restricted NLG defect in patients with XMEN. Because of the 
broader scope of the clinical findings, we sought additional patho-
genetic mechanisms besides the alteration of Mg2+ transport. Our 
bioinformatics analysis and other data showed that MAGT1 is the 
human homolog of the yeast OST3/6 subunit of the OST complex 
and functions in NLG (15, 16, 19, 22). The recently reported struc-
ture of the yeast OST complex showed an integral association of 2 
TM helices of OST3 with TM segments of the major catalytic STT3 
subunit (32) (Figure 5A). We hypothesized that the selective reduc-
tion of NKG2D but not that of other surface proteins such as CD5 
in XMEN was due to abnormal glycosylation (Figure 5B). NKG2D 
is a dimeric single-pass TM glycoprotein of the C-type lectin-like 

identify and validate 69 CoD (29, 30). We found that XMEN and 
ALPS patients had 6 and 2 CoD, respectively, that were statistical-
ly significantly different from those of HCs (Supplemental Figure 
5). Specifically, patients with XMEN had a remarkably subtle and 
distinct immunological signature due to multiple elevated popu-
lations of naive B cells (Figure 4C). We then ranked the CoD to 
classify the samples and found that 2 populations of naive B cells, 
CoD 32 (CD20+CD27–CD22+IgM+HLA-DR+CXCR5+CXCR4++ 

CD10+CD38+) and CoD 34 (CD20+CD27–CD22+IgM+ 

HLA-DR+CXCR5+CXCR4+CD10–CD38–), were sufficient to gen-
erate receiver operating characteristics (ROCs) that achieved a 
near-perfect classification of our samples as either XMEN, ALPS, 
or HC (Figure 4D, Supplemental Figure 6, A and B). The specific 
cell markers for statistically different CoD are shown in Supple-
mental Figure 6B and Supplemental Figure 7, A and B. To com-
pare and validate the findings from our novel pipeline, we also 
performed high-dimensional cluster analysis of the CyTOF data 
using Phenograph (Supplemental Figure 8, A–C) (31). Ranking of 
the phenograph-generated CoD (PG-CoD) revealed 1 population 
of naive B cells, PG-CoD 0 (CD20+CD27–CD22+IgM+HLA-DR+ 

CCR6+CXCR5+CXCR4++CD10+CD38+) and 1 population of cyto-
toxic T cells, PG-CoD 22 (CD3+CD8+CD27+CD45RA+PD-1+ 

Figure 2. Multisystem abnormalities in XMEN disease. Platelet (A) and absolute neutrophil (B) counts for an EBV-naive (red) patient and an EBV- 
positive (blue) patient with a normal range (gray) and patients’ age. (C) ALT and AST levels in EBV-naive (black), EBV-infected (red), and EBV-naive patients 
who became EBV infected (blue) with a normal range (light blue) and patients’ identities (shown on the x axis). (D) Increased hepatic echogenicity in liver 
ultrasound from an EBV-naive patient. (E and F) H&E-stained (HE) liver biopsy from an EBV-naive patient showing mild focal portal chronic inflammatory 
infiltrates (black arrow) without interface hepatitis and hepatocytes with pale cytoplasm. (G) Masson’s trichrome–stained image of liver biopsy sample 
from the same EBV-naive patient shows periportal fibrosis (black arrow). (H) T1-weighted MRI demonstrating severe diffuse atrophy of the cerebrum, 
cerebellum, brainstem, and spinal cord (yellow arrows). (I) T2 fluid-attenuated inversion recovery (FLAIR) brain MRI showing occipital leukomalacia (yellow 
arrow). (J) T2-weighted brain MRI demonstrating CSP (yellow arrow). (K) CT scan of paranasal sinuses showing opacification of the maxillary sinuses 
(yellow arrows) in a patient with bacterial sinusitis. (L) CT scan showing extensive tree-in-bud nodular infiltrates in the right lung (yellow circle) in a patient 
with longstanding hypogammaglobulinemia. (E–G) Scale bars: 50 μm (gray) and 100 μm (black).
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family of receptors (2, 33, 34). NKG2D forms a tetrameric com-
plex with 2 copies of the signaling protein DAP10 that is obligatory 
for cell-surface expression (Supplemental Figure 12A). Silencing 
the expression of human NKG2D or DAP10 decreases the cyto-
toxic effector function of CD8+ T cells and NK cells (34). Human 
NKG2D has 3 predicted asparagine-X-serine/threonine (NXS/T) 
motif NLG sites, where X is any amino acid except proline, Asn131 
and Asn163, which are conserved, and Asn202, which differs in 

location compared with murine NKG2D (35) (Supplemental Fig-
ure 12A). Consistent with previous results, we observed that the 
full-length NKG2D glycosylated species that was observed as a 
broad band between 42 and 50 kDa (Figure 5C, lane 1, band 3) in 
the HC sample was replaced in the XMEN sample, with a smaller, 
less intense band migrating at 25 kDa and several faint indistinct 
bands ranging up to 28 kDa (Figure 5C, lane 3, band 1), which we 
hypothesized were partially glycosylated forms in samples from 

Figure 3. Lymphoproliferation in XMEN disease. (A) CT scan of chest, abdomen, and pelvis depicting bilateral axillary, mesenteric, and inguinal LAD 
in an EBV-infected patient (yellow arrows). (B) Contrast-enhanced CT scan of the chest showing axillary LAD (yellow arrow) in an EBV-naive patient. 
(C) Contrast-enhanced CT scan of the abdomen depicting splenomegaly (red arrow) and mesenteric LAD (yellow arrows) in an EBV-infected patient. (D) 
FDG-PET scan of a patient with XMEN and EBV-positive LPD showing hypermetabolic splenomegaly and bilateral axillary LAD (yellow arrows). (E) HE 
stain of cervical LN biopsy from an EBV-naive patient showing reactive lymphoid hyperplasia with Castleman-like changes (black arrows) and negative 
EBER ISH staining. (F) Image of biopsy sample from a large mediastinal mass showing lymphoid tissue obliterating normal LN architecture and negative 
EBER staining. (G) H&E-stained sections of an inguinal LN biopsy from an EBV-positive patient showing reactive lymphoid hyperplasia and positive EBER 
staining. (H) HE, EBER, CD20, and CD30 staining of cervical LN biopsy tissue from a patient with EBV LPD. (I) Percentage relative to CD3+ DNTs, αβDNTs, 
and B220+ αβDNTs from age-matched HCs (n = 10), EBV-naive patients (EBV–, n = 6), EBV-infected patients (EBV+, n = 10), and ALPS patients (n = 3). Data 
are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by ordinary 1-way ANOVA with Tukey’s multiple comparisons test 
(α = 0.05). (J) Percentage of T cell death after treatment with different concentrations of the agonistic anti-FAS antibody APO-1.3 or anti-CD3 antibody for 
HCs, patients with ALPS (ALPS-1 and ALPS-2), and patients with XMEN (A.3, Q.1, and H.1). Results are representative of all XMEN patients tested (n = 13) in 
3 independent experiments. (E–H) Scale bars: 50 μm (gray), 100 μm (black), and 200 μm (white).
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patients with XMEN. Treatment with N-glycosidase F (PNGase 
F), which removes almost all N-linked oligosaccharides from 
glycoproteins, caused these bands to collapse into the presump-
tive unglycosylated polypeptide of 23 kDa expected for a 216– 
amino acid protein (Figure 5C, lane 2, band 0). This unglycosylated 
polypeptide was markedly less abundant in samples from patients 
with XMEN, presumably due to instability of the partially glyco-
sylated NKG2D protein (Figure 5C, lane 4, band 0). As expected, 
MAGT1 protein was absent from the patient lysates compared with 
those from HCs (Figure 5C, middle panel, lanes 3 and 4). These 
data raised the question of whether defective NLG accounted  
for decreased surface NKG2D expression. Therefore, we treated 
T cells from HCs with tunicamycin, an inhibitor of NLG, for 24 
hours and found that this dramatically reduced NKG2D surface 
expression but only mildly affected CD5 expression (Figure 5D). 
Biochemical analysis showed that the fully glycosylated NKG2D 
species (Figure 5E, lane 1, band 1) and the nonglycosylated poly-
peptide revealed by PNGase F treatment (Figure 5E, lane 2, band 
2) were diminished by tunicamycin treatment (Figure 5E, lane 3, 
band 1 and lane 4, band 2, respectively). Taken together, these 
data show that direct impairment of glycosylation causes instabil-
ity and loss of the NKG2D protein, thereby reducing cell-surface 
expression. Hence, this provides a paradigm of how defective gly-
cosylation could interfere with the proper expression of NKG2D, 
leading to impaired EBV antiviral immunity.

To further investigate the NLG defect due to the absence of 
MAGT1, we performed glycoproteomic analysis on T cells from 
3 patients with XMEN and from 3 HCs using filter-aided, mixed- 
lectin glycopeptide capture followed by peptide identification by 
liquid chromatography and tandem mass spectrometry (LC-MS/
MS) (36). In total, we obtained sequence data for 2481 peptides 
from 1421 proteins, essentially all of which contained the canoni-
cal NXS/T sequon (Supplemental Figure 12, B and C). Comparing 
the glycoacceptor sites, we found that the abnormal XMEN subset 
had a serine/threonine (S/T) ratio of 1.56, whereas the total data 
set had a ratio of 0.75 (Supplemental Figure 12B). Hence, proteins 
perturbed by the loss of MAGT1 predominantly contained the 
NXS sequon, with a smaller fraction containing the NXT sequon, 
consistent with observations in the yeast Δost3Δost6 knockout 
(37, 38). Although the proteins had a broad cellular distribution, 
over 50% were derived from the ER or the cell membrane (Sup-
plemental Figure 12D). Unsupervised hierarchical clustering of 
the glycopeptide abundances readily sorted the samples into 2 
distinct groups that corresponded to the MAGT1-deficient XMEN 
patients and the HCs that were not immediately obvious in com-
paring all peptides (Supplemental Figure 12E). However, with a 
more refined heatmap of the differences, we found 105 specific 
glycopeptides encoded by 73 unique genes having 1 or more gly-
copeptide in the samples from patients with XMEN (Figure 5F 
and Supplemental data file 1). Most of the NLG alterations that 
had a significant P value in a t test comparison of XMEN with HC 
samples exhibited lower glycosylation, although a few had higher 
glycosylation (Supplemental Figure 12F, red dots, and Supplemen-
tal data file 1). Since the lack of glycoproteins could result from 
decreased protein abundance, we also examined the complete 
LC-MS/MS proteome. This did not reveal major peptide abun-
dance differences between the XMEN and HC lysates, except for 

the marked reduction of MAGT1 protein in all the XMEN samples, 
confirming that the gene mutations in these individuals abrogated  
protein expression (Supplemental Figure 12G). Because both 
XMEN and HC samples displayed incomplete glycosylation, we 
compared both using a scatter plot of the log (glycosite/protein), 
which showed that XMEN samples had more peptides with lower 
glycosylation site occupancy compared with HC samples, support-
ing the conclusion that MAGT1 deficiency leads to a selective NLG 
defect (Supplemental Figure 12H, red dots).

More detailed examination of the data set showed, as expect-
ed, that peptides from NKG2D containing the Asn131 and Asn202 
residues had reduced glycosylation; no peptide with Asn163 was 
detected (Supplemental data file 1). We also found underglyco-
sylation of other key immune regulatory molecules including the 
costimulatory molecule CD28, CD70 (or TNF [ligand] super-
family member 7), the MHC protein HLA-DRB1, the T cell recep-
tor α chain (TCRα), the ceramide synthase 2 (CERS2) protein, 
and the solute carrier family 4 member 7 (SLC4A7) protein, all of 
which might contribute to the vulnerability of XMEN patients to 
EBV and other infectious agents (Figure 6, A and B, Supplemen-
tal data file 1). Notably, using glycoproteomics MS, we detected 
reduced NLG of the T cell receptor α chain (TCRα), but we also 
detected defective glycosylation of the T cell receptor β chain 
(TCRβ) by Western blotting. Since CD28, CD70, HLA-DRB1, 
and TCRβ must be expressed on the cell surface to execute 
their immune function, we used flow cytometry to test whether  
reduced NLG affected surface expression on T cells from 
patients with XMEN (Figure 6A). CD28, CD70, and HLA-DRB1 
showed a marked reduction in surface expression. Surprisingly, 
it appeared that TCRβ surface immunolabeling on T cells was 
increased in XMEN. We surmised that this was due to less steric 
interference with the staining antibody binding due to undergly-
cosylation because the level of protein was mildly reduced rather 
than increased in the XMEN samples by Western blotting (Fig-
ure 6B). We therefore treated T cells from HCs with tunicamycin 
for 48 hours and found that, despite a relative decrease in total 
TCRβ expression in the tunicamycin-treated samples as deter-
mined by immunoblotting (Supplemental Figure 12I), its surface 
immunolabeling by flow cytometry appeared to be increased, 
especially at lower concentrations of tunicamycin, consistent 
with the hypothesis of steric interference with antibody binding 
by glycosylation (Supplemental Figure 12J).

We also examined other immunologically important mole-
cules and observed that impaired glycosylation of CD28 in T cells 
from patients with XMEN also correlated with its decreased pro-
tein expression by Western blotting (Figure 6C), and tunicamycin 
treatment of T cells from HCs showed a dose-dependent decrease 
in expression of both the total and fully glycosylated CD28 as well 
as an increase in the presumptive unglycosylated form (Figure 
6D). Reduced glycosylation was verified by Western blotting for 
CD28, CD70, HLA-DRB1, TCRβ, CERS2, and SLC4A7 proteins, 
for which we saw a reduction in fully or partly glycosylated spe-
cies (Figure 6B, bands 1 or 2; and Figure 6C, band 1) to under-
glycosylated or nonglycosylated species in the XMEN samples 
compared with the HC samples (Figure 6B, band 0 or 1). The 
high-molecular-weight species of CD70 and TCRβ are likely due 
to modification of the oligosaccharide core in the Golgi (39). We 
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tion analysis of our glycoproteomic site occupancy data set and 
found that only 36% and 17% of the differentially glycosylated  
peptides mapped to STT3B- and STT3A-predicted motifs, 
respectively (Supplemental data file 1). Interestingly, we found 
that the majority (57%) of the affected sequons were within 60 
amino acids of a TM region, and these peptides accounted for 
most (83%) of the STT3A-dependent peptides (Figure 7A and 
Supplemental data file 1). We also observed that most glycosyla-
tion sequons that mapped to a described protein region were 
hypoglycosylated (Figure 7B).

Defective glycosylation can be corrected by RNA replacement. 
Finally, we explored the hypothesis that restoring MAGT1 gene 
expression might reverse the glycosylation defects in XMEN. We 
transfected synthetic mRNAs encoding MAGT1 or a GFP control 
into XMEN patients’ PBMCs ex vivo using the Maxcyte transfec-
tion device. This procedure achieved greater than 90% transfec-
tion efficiency with high cell viability. Forty-eight to seventy-two 
hours after transfection, the cells were analyzed by flow cytom-
etry, which showed that surface expression of key glycoproteins 
including NKG2D and CD70 was restored (Figure 8A). We further 
examined the specific glycosylated protein forms using Western 
blotting and found that the fully glycosylated forms of NKG2D, 
CD70, CERS2, SLC4A7, and TCRβ proteins were mostly or com-
pletely rescued by mRNA transfection–mediated expression of 
MAGT1 (Figure 8B).

Discussion
In a larger group of patients, we found new features that were 
not manifested or recognized in the earlier cases (1–3). Here, we 
report a comprehensive clinical description of the largest cohort 
of patients with XMEN yet described, to our knowledge. We found 
that XMEN disease is a complex multisystem disorder. Although 
all patients had MAGT1 mutations that cause complete protein 
loss, the disease has variable expressivity, even among individuals 
harboring the same mutation. Classic XMEN disease can now be 
recognized as affecting males with recurrent ear and sinopulmo-
nary infections, LAD with or without splenomegaly, autoimmune 
cytopenias, and/or LPD (Table 1). Remarkably, EBV-naive and 
EBV-infected XMEN patients are clinically similar except for lym-
phoma and EBV-LPD, which occur exclusively in the latter. Mild 
thrombocytopenia, neutropenia, elevated liver enzymes, and 
increased CPK levels are more variable in occurrence, and normal 
results do not rule out XMEN disease. Other common findings are 
increased B cells, an inverted CD4/CD8 ratio, elevated αβDNTs, 
low serum IgG and IgA, and CD4+ lymphopenia. Chronic EBV 
viremia was characteristic of patients with XMEN who were EBV 
infected, confirming our previous observations (1). The expanded 
set of clinical features and diagnostic tests should allow clinicians 
to make a positive presumptive diagnosis that can then be con-
firmed by molecular testing.

An important new insight that emerged from exploring the 
molecular details of MAGT1 as a component of OST complexes 
involved in NLG was that MAGT1 controls a specific pattern of 
glycoproteins that are important for proper immune function. 
Our mass spectrometric glycoproteomics analysis of T lym-
phocytes was able to detect a surprisingly small and distinctive 
set of glycosylation changes between patients and controls. We 

also assessed the surface protein expression and glycosylation sta-
tus of ICAM-3 by flow cytometry and Western blotting, respective-
ly, and confirmed that this protein is representative of overglyco-
sylated proteins in XMEN disease (Supplemental Figure 12, K and 
L). Overall, we found that the affected 73 proteins fall into at least 
6 categories: neural function, glycosylation, transport, adhesion, 
immunity, and lipid metabolism, with 18 proteins being uncatego-
rized (Figure 6E). A large number of these proteins are associated 
with disease states affecting different organ systems, especially 
the hemopoietic system, when they are genetically deficient (Sup-
plemental Table 8). Thus, although most proteins in XMEN cells 
appeared to be represented at levels equivalent to those in normal 
cells, a small, select group, affecting a diverse set of cellular pro-
cesses, showed abnormal glycosylation in MAGT1-deficient cells. 
Certain of these, though not necessarily all, may contribute for the 
broader phenotype we observed, depending on the specific func-
tional effect of the glycosylation defect on the role of the individu-
al protein in its cellular pathway.

Because of the clear glycosylation defects in patients with 
XMEN, we investigated both the carbohydrate-deficient transfer-
rin (CDT) test and the apolipoprotein CIII (Apo-CIII) isoforms as 
clinical adjuvants for the screening of XMEN disease (20). Apo-
CIII is a single core 1 mucin type O-glycosylated protein that car-
ries a single O-glycan at Thr-94 and is not N-glycosylated (40). All 
XMEN patients tested (n = 10) had a mild but distinctly abnormal 
glycosylation pattern on MS resembling a CDG type I, but dis-
played a unique combined defect in both CDT and Apo-CIII glyco-
sylation. Most of the transferrin molecules from XMEN patients’ 
cells had fully glycosylated asparagine sites (Figure 6F, pattern 3), 
but some were defective for the initial transfer of the oligosaccha-
ride precursor from the dolichol carrier leaving unoccupied aspar-
agine glycosylation sites (Figure 6F, pattern 1, and Supplemental 
Table 9). Transferrin from XMEN patients’ cells also exhibited a 
mild defect in final processing of oligosaccharides with sialic acid 
(Figure 6F, pattern 2). The Apo-CIII O-linked glycosylation (OLG) 
that we observed for some patients could be a secondary effect 
of defective NLG of enzymes/proteins important for OLG (Sup-
plemental Table 9). Thus, these tests reveal the nature and extent 
of the glycosylation defect and provide useful additional clinical 
diagnostic tools for XMEN disease.

Affected N-glycosylation sites are close to TM regions. To inves-
tigate whether the N-glycosylation sites affected in XMEN dis-
ease are STT3A or STT3B dependent, we performed a predic-

Figure 4. Deep immunophenotyping of PBMCs shows distinctive immune 
subsets for XMEN compared with HCs and ALPS. HAL-x on CyTOF data 
acquired from PBMCs from patients with XMEN (n = 18), patients with 
ALPS (n = 11), and HCs (n = 24) identified 69 CoD. (A) 2D projection of the 
identified CoD as visualized by t-distributed stochastic neighbor embed-
ding (t-SNE). (B) Dendrogram showing these CoD based on their abun-
dance of surface epitopes. (C) Dendrogram of the frequencies of these CoD 
based on unsupervised grouping showing the clustering of patients with 
XMEN (blue), patients with ALPS (magenta), and HCs (green). (D) ROCs 
for the random forest classification of XMEN, ALPS, and HCs based on the 
frequency of their CoD. The AUC value is the mean AUC taken after a 4-fold 
cross-validation. Each fold of the cross-validation represents a different 
separation (of the patients) into training and testing sets. 95% CIs are 
shown (gray).
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amino acids of TM domains, including both acceptor sites pre-
dicted to be STT3A  and STT3B dependent, which represents a 
novel class of MAGT1-facilitated sites. We show that MAGT1 defi-
ciency caused a more immune-restricted and less-severe clinical 
presentation than does STT3B deficiency or other CDG, in which 
brain and neurodevelopmental abnormalities, intellectual disabil-
ity, failure to thrive, severe liver disease, and hypotonia are com-
monly seen (20, 21, 41). In contrast to a recent report, we did not 
find intellectual disability or dysmorphic features in our cohort of 

confirmed that there were 73 unique proteins whose glycosyla-
tion was affected, and we demonstrated that several of the hypo-
glycosylated proteins important for immunity had secondarily 
decreased expression. However, the MAGT1-dependent glyco-
proteins are a tiny subset of the thousands of proteins that under-
go posttranslational NLG.

Our glycoproteomics analysis also revealed that defective gly-
cosylation in XMEN disease preferentially affects NxS sequons. 
We found that most affected glycosites were located within 60 

Figure 5. Selective N-glycosylation defects in XMEN disease. (A) Model of MAGT1 as a facilitator of STT3B-dependent transference of oligosaccharides 
(blue and pale pink) to glycosites (red) of nascent peptides (gray) in the ER (13, 15, 16, 19). (B) Flow cytometric histogram and MFI quantification relative 
to HCs of NKG2D and CD5 in CD8+T cells from HCs (blue) and patients with XMEN (red), with an unstained control (gray, n = 6). (C) Immunoblot of NKG2D, 
MAGT1, and β-tubulin in T cells from HCs and patients with XMEN, with (+) or without (–) PNGase F treatment. Unglycosylated (0), partially glycosylated 
(1), and fully glycosylated (3) NKG2D bands and nonspecific (2) and PNGase F (*) bands. (D) Flow cytometric histogram and MFI quantification relative to 
HCs of NKG2D and CD5 in CD8+ T cells treated for 24 hours with DMSO vehicle (blue) or tunicamycin (red) with unstained control (gray). PE, fluorophore 
R-phycoerythrin. (E) Immunoblot of NKG2D and β-tubulin in T cells with (+) or without (–) PNGase F treatment after incubation with DMSO (Veh) or 10 
μg/mL tunicamycin (Tun) for 18 hours. Fully glycosylated (1) and unglycosylated (0) NKG2D and PNGase F (*) bands. (F) Heatmap depicting significantly 
different glycopeptides between HCs (n = 3) and patients with XMEN (n = 3), with increased (red) and decreased (black) glycosylation shown. Numbers on 
the left for immunoblots indicate kDa standards. Data are representative of 6 (C) and 3 (E) replicates, respectively. Data represent the mean ± SEM. ****P 
< 0.0001, by 1-sample t test with μ = 1 (B and D) and 2-sample t test (F).
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show that sTfs from patients with XMEN also have a mild defect 
in final processing of the glycans (22). Furthermore, and in con-
trast with most CDG type I in which Apo-CIII is not affected, 
patients with XMEN may also have an OLG defect in Apo-CIII, 
which could be secondary to defective NLG of components of the 
OLG enzymatic apparatus. Nevertheless, the limited but broader 
range of glycosylation defects we describe here compared with our 
earlier reports may offer a window for further investigation into 
the expanded phenotype of patients with XMEN. We now propose 
that XMEN is a restricted CDG. The presence of a CDT and Apo-
CIII isoform pattern similar to the one observed in this study (Sup-
plemental Table 9) in a male patient with a suspected CDG should 
prompt further immune and genetic testing for XMEN disease. 
Since we know very little about how specific amino acid residues 
in the MAGT1 protein carry out their function, having a simple 
straightforward clinical diagnostic test is useful. Both staining for 

patients, including 2 patients (only 1 reported here) with the same 
c.991C>T (p.R331X) MAGT1 mutation (22). This suggests that loss 
of MAGT1 expression alone does not lead to intellectual disability. 
We did observe varying degrees of brain, cerebellar, and/or spinal 
cord atrophy in 3 patients. Because cerebellar atrophy has been 
described in STT3B deficiency, defective glycosylation may play a 
role in these CNS findings (42). Liver disease is commonly seen in 
CDG, and we noted intermittent elevations of liver enzymes (AST 
and ALT) in the patients with XMEN. However, liver biopsies did 
not reveal a specific pattern of injury. Liver disease in EBV-naive 
patients showed that EBV was not the cause, so it may be related 
to impaired glycosylation.

We show that the glycosylation of transferrin as detected by 
a clinical mass spectrometric assay was clearly abnormal in all 
XMEN patients tested. Although it was recently reported that 
MAGT1 deficiency results in a type 1 sTf IEF pattern, we now 

Figure 6. Impaired glycosylation of immune proteins and CDT pattern in XMEN disease. (A) Flow cytometric histogram and MFI quantification relative to 
HCs of CD28, CD70, HLA-DR, and TCRβ in T cells from HCs (blue) and patients with XMEN (red), with an unstained control (gray, n = 6). (B) Immunoblot of 
CD70, HLA-DR, TCRβ, CERS2, SLC4A7, and β-tubulin in T cells from HCs and patients with XMEN with (+) or without (–) PNGase F treatment. Unglycosylated  
(0), partially glycosylated (1), and fully glycosylated (2) bands. (C) Immunoblot of CD28 and HSP90 in T cells from HCs (n = 2) and patients with XMEN (n = 
12) with the indicated mutations. Glycosylated (1) and unglycosylated (2) CD28 bands. (D) Immunoblot of CD28 and HSP90 in T cells treated with DMSO (0) 
or tunicamycin for 48 hours. Glycosylated (1) and unglycosylated (2) CD28 bands. The numbers on the left for immunoblots indicate kDa standards. (E) Pie 
chart showing the biological function of abnormally glycosylated proteins in XMEN. (F) Mass spectrometric traces of a CDT test for HCs (blue) and patients 
with XMEN (red). Mass and intensity are expressed in daltons (Da) and counts per second (cps), respectively. Data are representative of 5 (B), 2 (C), and 3 (D) 
replicates. Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by 1-sample t test with μ = 1.
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Another important clinical insight derived from our study 
is the recognition that XMEN has certain clinical similarities to 
ALPS and should be considered in the differential diagnosis for 
the latter disease. LAD, previously attributed to uncontrolled EBV 
infection in XMEN, was detected in both EBV-naive and EBV- 
infected patients. Interestingly, both ALPS and XMEN have apop-
totic effects that may contribute to secondary lymphoid expansion, 
but in ALPS, this primarily involves defective FAS-induced apop-
tosis, whereas in XMEN, it is due to defective RICD. αβDNTs are 
a shared abnormal cell population, but in ALPS, this population 
characteristically expresses high CD45R (B220), whereas we show 
that in XMEN, it does not. In addition, these 2 diseases have other  
distinct clinical features and a genetic difference, all of which 
will aid proper diagnosis and treatment (Supplemental Table 10). 
In order to define the differences between these diseases and 
healthy humans, we undertook deep immunophenotyping with 
a multidimensional CyTOF procedure that yielded 69 different 
CoD groups. Using a new machine learning pipeline (HAL-x), we 
defined 2 rare naive B cell populations that accurately discriminate 
between XMEN, ALPS, and HCs. We also used a classical high- 
dimensional clustering method (Phenograph) to validate and 
expand our CyTOF analyses. It will be of great interest to examine 
these newly defined cell populations functionally and determine 
whether and how they contribute to disease pathogenesis.

Finally, we discovered that CD70, whose genetic deficiency was 
recently shown to predispose individuals to uncontrolled EBV infec-
tion and hypogammaglobulinemia, is underglycosylated and has 
reduced surface expression on XMEN lymphocytes (43). We also 
now demonstrate that reduced surface expression of NKG2D occurs 
when glycosylation is abrogated. Therefore, there are 2 key mole-
cules whose restoration by improved glycosylation may enhance 
antiviral immunity against EBV, which is a strongly lymphotrophic 
and oncogenic virus. We also show that mRNA transfection can 
achieve restoration of these and other glycoproteins. This provides 
evidence that gene transfer approaches to restoration of MAGT1 
expression in patients with XMEN disease might rescue critical cel-
lular functions. However, restoration of MAGT1 in blood cells may 
not be sufficient to correct abnormalities in all organ systems.

Methods
Patients. Twenty patients with XMEN were seen at the NIAID and 3 
elsewhere, with samples evaluated at the NIH.

Cells. PBMCs were isolated by Ficoll-Paque PLUS (GE Healthcare) 
gradient density centrifugation and ACK lysis (Quality Biological). 
PBMCs were cryopreserved in liquid nitrogen in dialyzed FBS con-
taining 10% DMSO.

Activation and expansion of human T lymphocytes. Cryopreserved 
PBMCs were rapidly thawed and washed in prewarmed complete 
RPMI-1640 medium (Lonza) containing 10% FBS, 2 mM glutamine, 
and penicillin and streptomycin (100 U/mL each; Invitrogen, Thermo 
Fisher Scientific). Cells at 1 × 106/mL were stimulated with anti-CD3 
(HIT3a, BioLegend) and anti-CD28 (CD28.8, BioLegend) at 1 μg/mL 
each in complete RPMI medium. After 3 days, cells were supplemented 
with 100 U/mL recombinant human IL-2 (rhIL-2) (R&D Systems).

Tunicamycin treatment. Tunicamycin (MilliporeSigma) was dis-
solved in DMSO to generate a concentrated stock solution. T cells from 
healthy donors were activated and cultured for 7–14 days prior to tuni-

NKG2D (which may or may not be available in different hospitals) 
as well as the CDT test can help solidify the diagnosis.

Interestingly, we found defective glycosylation of certain ion 
transporters in XMEN samples, and Mg2+ deficiency can affect 
glycosylation (14). The MAGT1 gene is conserved in unicellular 
eukaryotes such as yeast, indicating an ancient phylogenetic con-
nection between glycosylation and Mg2+ (12). Previously, abnor-
malities of intracellular levels and transport of Mg2+ have been 
found in patients with XMEN (1, 2). However, in our study, both 
total and ionized serum magnesium concentrations were normal 
and hence were not diagnostic of XMEN (Supplemental Table 
2). Intracellular Mg2+ determination or TCR-induced Mg2+fluxes 
have been extensively tested and not proven useful for clinical 
diagnostic tests. These assays are based on fluorescent dyes that 
bind Mg2+ but that also have low affinity for calcium Ca2+ and other 
ions (our unpublished observations). Thus, results can be compro-
mised by fluctuations in Ca2+ concentrations and intracellular dye 
compartmentalization, among other variables, and are therefore 
unreliable. The previously reported NKG2D surface expression 
deficiency remains the best flow cytometry diagnostic test, and 
this can now be augmented with the CDT test (1, 2).

Figure 7. Motifs of glycopeptides affected in XMEN disease. (A) Venn 
diagram shows the number of differentially glycosylated peptides in XMEN 
that mapped to regions on a protein that were within the last 55 amino 
acids of the C-terminus (C-Term), in short loops between 2 TM regions 
(Loop), in cysteine-rich regions of cysteine-rich proteins (Cys-Rich), in the 
N-terminus domain of multi-TM proteins (N-Term), and/or within 60 amino 
acids of TM regions. (B) Bar plot shows the counts of hypoglycosylated 
(blue) and hyperglycosylated (red) peptides in XMEN that mapped to the 
above regions.
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sodium azide) with fluorochrome-conjugated antibodies on ice for 30 
minutes. T cell blasts were processed similarly but without incubation 
with human Fc receptor blocker and viability dye. The following anti-
bodies were used: anti-CD3 (UCHT1, clone HIT3a or SK7, Invitrogen, 
Thermo Fisher Scientific), CD4 (clone OKT4 or RPA-T4, BioLegend), 
CD5 (L17F12, BioLegend), CD8 (clone RPA-T8 or SK1, BioLegend), 
CD16 (3G8, BioLegend), CD20 (clone 2H7, BioLegend), CD45R/B220 
(RA36B2, BioLegend) or rat IgG2aκ isotype control (clone RTK2758, 
BioLegend), CD28 (clone CD28.2, BioLegend), CD50/ICAM-3 (clone 
CBR-IC3/1, BioLegend), CD56 (clone MEM-188, BioLegend), CD70 
(clone 113-16, BioLegend), CD314/NKG2D (clone 1D11, BioLegend) or 
mouse IgG1κ isotype control (clone MOPC-21, BioLegend), HLA-DR  
(clone Tü36, BioLegend), TCRαβ (clone T10B9 or IP26, BD Bioscienc-
es), and TCRγδ (B1, BioLegend). Cells were washed in FACS buffer 
prior to acquisition on a Fortessa or LSR II instrument (BD Bioscienc-
es) and analyzed with FlowJo software. Gating strategies are summa-
rized in Supplemental Figure 13. Statistical tests were conducted using 
GraphPad Prism, version 8.0.2  (GraphPad Software), with α = 0.05.

Immunoblotting. Cells were lysed in RIPA buffer supplemented with 
a protease and phosphatase inhibitor cocktail (Roche). Standard West-
ern blotting procedures were followed. A rabbit monoclonal antibody 
against human MAGT1 (N-terminal sequence: FINFPAKGKPKRG-
DTYELQVRGFS) was produced (Epitomics). The following antibodies 
were used for immunoprobing of specific glycoproteins: anti-NKG2D 
(clone D-20, Santa Cruz Biotechnology), anti-CD70 (catalog ab96323, 
Abcam), anti-CD28 (clone D2Z4E, Cell Signaling Technology), anti- 
HLA-DR (clone TAL 1B5, Abcam), anti–TCRβ (clone H-197, Santa 
Cruz Biotechnology), anti-CERS2 (A303-193A, Bethyl Laboratories), 
anti-SLC4A7 (clone L-15, Santa Cruz Biotechnology), and anti-ICAM-3 
(A304-334A, Bethyl Laboratories). Anti–β-tubulin antibody (clone AA2, 
MilliporeSigma), anti–β-actin (ab20272, Abcam), and anti-Hsp90αβ 
(clone 3H3C27, BioLegend) were used as loading controls.

Determination of transferrin and Apo-CIII isoforms. Transferrin 
and Apo-CIII isoforms in serum were identified by immunoaffinity 
liquid chromatography and electrospray MS as previously described 
(46). In brief, a 10-μL diluted sample was injected into a 200-μL/min 
flow of pH 7.4 PBS and retained on an immunoaffinity column com-
posed of 60% anti–human Apo-CIII antibody and 40% anti–human 
transferrin antibody–bound POROS 20 AL Media (Applied Biosys-
tems, Thermo Fisher Scientific). The immunoaffinity column was 
then washed for 2 minutes with PBS. Following the 2-minute wash, 

camycin treatment. Cells (1 × 106 to 1 × 107) were treated with 10 μg/
mL tunicamycin or DMSO as a vehicle control at a cell density of 5 × 105 
cells/mL in complete RPMI-1640 medium containing 10% FBS, 2 mM 
glutamine, penicillin and streptomycin (100 U/mL each) (Invitrogen, 
Thermo Fisher Scientific), and 100 U/mL rhIL-2 (R&D Systems) for 
the specified duration at 37°C in a 5% CO2 ambient atmosphere. Lower  
tunicamycin concentrations at 1 and 3 μg/mL were also used for the 
determination of TCRβ surface expression by flow cytometry.

Deglycosylation. Cells (5 × 106) were lysed in 100 μL RIPA lysis buf-
fer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4) with protease 
inhibitor (Roche). The lysates were then centrifuged at 18,000 × g at 4°C 
for 10 minutes to remove insoluble material and treated with PNGase 
F (New England BioLabs) according to the manufacturer’s instruction. 
Briefly, a stock of 10× denaturation buffer (5% SDS and 400 mM DTT) 
was added to the samples to a final concentration of 1×. The samples 
were denatured at 100°C for 10 minutes and then chilled on ice. Dena-
tured samples were mixed with 2 μL 10× Glyco Buffer 2 and 2 μL 10% 
NP-40 and then diluted to 20 μL with water. Twenty microliters of the 
mixture was then transferred into 2 separate tubes (i.e., 40 μL total). 
One tube was treated with 1 μL PNGase F (500,000 units/mL, New 
England BioLabs) and the other with ddH2O vehicle at 37 °C for 1 hour.

FAS receptor–mediated apoptosis and RICD assays. For FAS receptor– 
mediated apoptosis (FAS kill) and RICD assays, cultured T lympho-
cytes were washed and resuspended in RPMI without IL-2. Cells (1 
× 105 cells/0.2 mL media/well) were plated in triplicate in 96-well 
round-bottomed plates and treated with varying concentrations of ago-
nistic anti-FAS antibody (APO-1-3, Enzo Life Sciences) plus protein A 
(MilliporeSigma) at twice the concentration of the anti-FAS antibody or 
anti–human CD3 antibody (HIT3a, BioLegend) for 24 hours. Nonviable 
cells were stained with 5 μg/mL propidium iodine (MilliporeSigma). 
Cell death was quantified by flow cytometry using an LSR II (BD Bio-
sciences), analyzed with FlowJo (Tree Star), and plotted in GraphPad 
Prism (GraphPad Software).

Plasma biomarkers. Plasma biomarkers were quantified with 
Quantikine Kits (R&D Systems) following the manufacturer’s instruc-
tions (44). A mixed-effects statistical model with a likelihood ratio test 
was used to analyze the data using R, version 3.3.2 (45).

Flow cytometry. Cryopreserved PBMCs were thawed and incubated  
with human Fc receptor blocking solution (BioLegend) and Zombie 
Green Viability Dye (Biolegend) in PBS at 25°C for 20 minutes. Cells 
were stained in ice-cold FACS buffer (Dulbecco’s PBS, 2% FCS, 1% 

Figure 8. Rescue of N-glycosylation by MAGT1 
mRNA transfection in XMEN T cells. (A) Flow 
cytometric histograms of NKG2D, CD70, and CD5 in T 
cells from a HC (blue line) and a patient with XMEN, 
48 hours after transfection of mRNA encoding GFP 
(red line) or MAGT1 (light blue fill). (B) Immunoblot 
of NKG2D, CD70, CERS2, TCRβ, SLC4A7, and β-actin 
in T cells from a HC and a patient with XMEN, 48 
hours after GFP or MAGT1 mRNA transfection. Fully 
glycosylated (2), partially glycosylated (1), and ungly-
cosylated (0) bands are indicated. Data in A and B are 
representative of 3 independent experiments.
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uals) and computed the inverse hyperbolic sine and normalized fre-
quencies for each leukocyte population. A random forest algorithm 
used the population frequencies to determine whether samples were 
taken from XMEN, ALPS, or healthy tissues. A similar analysis was 
performed using the previously described Python-based Phenograph 
application, for which a 1-million-cell downsampled subset of all the 
cells was randomly chosen across all samples for computation (31).

N-linked glycoproteome analysis. Protein digestion, lectin enrich-
ment, and deglycosylation were performed as previously described 
(36, 49). In brief, following protein digestion, tryptic peptides were 
incubated for 60 minutes with a lectin mixture (concanavalin A [Con 
A], wheat germ agglutinin [WGA], and ricinus communis agglutinin 
[RCA]) on filtration units. Given the large size of the glycopeptide- 
lectin complexes, they were retained on the filter after washing away 
nonglycosylated peptides. This was followed by treatment of the sam-
ples with PNGase F in H2

18O, which leaves a characteristic mass shift 
on the previously glycosylated site. Deglycosylated peptides were then 
eluted and measured using LC-MS/MS.

LC-MS/MS analysis. Both enriched deglycosylated peptides (gly-
coproteome analysis) and total proteome peptides were separated by 
a nanoflow HPLC  system (Proxeon Biosystems, now Thermo Fisher 
Scientific) coupled to a Quadrupole-Orbitrap Mass Spectrometer (Q 
Exactive, Thermo Fisher Scientific) with a nanoelectrospray ion source 
(Proxeon Biosystems). MaxQuant software was used to analyze the 
mass spectrometric raw data. We searched the MS/MS spectra against 
the Uniprot database using the Andromeda search engine incorporat-
ed into the MaxQuant framework. For the glycoproteome, cysteine 
carbamidomethylation was set as a fixed modification, and N-terminal 
acetylation, methionine oxidation, and deamidation in H2

18O were set 
as variable modifications. For the proteome, cysteine carbamidometh-
ylation was set as a fixed modification. N-terminal acetylation and 
methionine oxidation were set as variable modifications. A FDR of 0.01 
was required for proteins, peptides, and sites. Enzyme specificity was 
set to trypsin, allowing N-terminal cleavage to proline. A minimum of 
7 amino acids per identified peptide were required, and 2 miscleavages 
were allowed. The initial allowed mass deviation of the precursor ion 
was up to 6 parts per million (ppm), and for the fragment masses it was 
up to 20 ppm. Mass accuracy of the precursor ions was improved by 
time-dependent recalibration algorithms of MaxQuant. The “match 
between runs” option was enabled to match identifications across dif-
ferent replicates. For both the proteome and glycoproteome, label-free 
quantification was performed using MaxQuant with standard settings. 
We analyzed the MaxQuant output data with the Perseus tools, which 
was also available in the MaxQuant environment.

Unsupervised hierarchical clustering and t test analysis of glycopro-
teomics data. A filter was initially applied to remove contaminants 
and anomalous data. A subsequent filter was then applied to identify  
canonical class I NxS/T sequons using a localization probability of 
greater than 0.75 and a score difference of more than 5. The values 
were then converted to a log2 scale of intensity. The site table was then 
expanded and a 50% valid value filter applied (which filtered for 9 
valid values in total). Unsupervised hierarchical clustering (Euclidean 
distance) was then performed using automated data analysis tools and 
the data presented as a heatmap. A dendrogram was added to depict 
the relative similarity between samples. For subsequent identification 
of sites differently glycosylated and expressed between groups A and 
B, we set the FDR at 0.05 and the S0 (artificial within groups variance)  

captured proteins were eluted to a C4 column at 200 μL/min with 
100 mM glycine (pH 2.5) and 2% acetic acid buffer. The C4 column 
was then washed with water/methanol/glacial acetic acid (97:2:1) to 
remove signal-suppressing salts. Next, the proteins were eluted from 
the C4 column with methanol/water/glacial acetic acid/trifluoroace-
tic acid (94.5:5:0.5:0.04) and introduced into an API 4000 LC-MS/
MS System (SCIEX) equipped with a Turbo V source configured for 
electrospray ionization. The mass spectrometer was operated in pos-
itive Q1 scan mode with 2 scan ranges: m/z 1090–2000 for Apo-CIII 
and m/z 2000–3000 for transferrin.

Mass cytometry. Cryopreserved PBMCs from 18 patients with 
XMEN (patients A.1, A.2, A.3, D.1, E.1, G.1, G.2, H.1, I.2, J.1, J.2, K.1, 
K.2, L.1, L.2, N.1, P.1, and Q.1), 11 patients with ALPS, and 24 healthy 
volunteers were rapidly thawed at 37°C and washed in prewarmed 
complete RPMI immediately prior to cell-surface staining and acqui-
sition. All reagents were from Fluidigm unless otherwise noted. Cells 
were first incubated with a 5-μM solution of cisplatin in PBS to mark 
dead cells. The cells were then washed and resuspended in Maxpar 
Cell Staining Buffer (MCSB) (Fluidigm). Human Fc receptor blocking 
solution (BioLegend) was added to each sample and incubated for 
10 minutes at room temperature. All metal-labeled antibodies were 
purchased from Fluidigm. Biotin anti–human CD70 (BioLegend) was 
detected with Qdot-streptavidin conjugate (Thermo Fisher Scientific). 
The antibody panel for deep immunophenotyping by CyTOF is sum-
marized in Supplemental Table 7. Antibodies were diluted in MCSB at 
concentrations validated for minimal channel spillover, added to each 
sample, and incubated for 30 minutes at room temperature. Cells were 
washed twice with MCSB and then fixed for 15 minutes in a 1.6% solu-
tion of paraformaldehyde (MilliporeSigma) in PBS. Cell intercalation 
solution was prepared by adding Cell-ID Intercalator-Ir into Maxpar 
Fix and Perm Buffer (both from Fluidigm) to a final concentration of 
125 nM. Cells were incubated with cell intercalation solution over-
night at 4°C and then washed once with MCSB and Maxpar Water 
twice. Cells were finally resuspended in a water solution containing 
EQ Four Element Calibration Beads (Fluidigm) immediately prior to 
CyTOF data acquisition at a cell concentration of 106 cells/mL and fil-
tered into cell trainer cap tubes. Data were acquired on a Helios Mass 
Cytometer (Fluidigm) as previously described (47).

Computational methods and statistical analysis of mass cytometric 
data. Raw mass cytometric data were normalized with the Normalizer  
algorithm as recommended by the software developers (48). Data were 
then analyzed using a pipeline custom programmed in Python (fast 
density clustering; https://github.com/alexandreday/fast_density_ 
clustering). Data were first gated as live singlet cells using [EQ4–cispla-
tin–] and [CD45+DNA(2n)] manual gates (Supplemental Figure 13D). 
Automatic identification of CoD based on surface marker expression 
was performed using a new pipeline termed HAL-x (https://pypi.
org/project/hal-x). In brief, HAL-x performs data clustering through 
a modified hierarchical agglomerative learning algorithm, assigns 
a phenotype to each cluster across all models, and applies stochas-
tic selection and random forest classification to identify defining 
features (e.g., frequencies or expression levels) for the cell clusters 
of each group of individuals (XMEN, ALPS, or healthy donor). This  
custom-programmed algorithm relies on cross-validated identifica-
tion of high-density regions, followed by rapid random forest classi-
fication in the 32-dimensional space of surface markers. HAL-x then 
labeled all the cells in all samples (>15 million cells from 53 individ-
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equally to this work; JCR led the clinical study and is thus listed first.
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at 0.25. The t test values of the data were then presented as both a vol-
cano plot (t test difference versus –log t test P value) and a heatmap. 
The results of our mass spectrometric analysis have been deposited 
in the Mass Spectrometry Interactive Virtual Environment (MassIVE) 
data set (https://doi.org/doi:10.25345/C5MH21).

Glycopeptide mapping. Glycosites were categorized as previously  
described (18). In brief, the FASTA sequence for each significantly 
affected protein was downloaded from UniProt (https://www.uniprot.
org/). The affected glycosite was mapped onto the sequence, as were 
TM domains predicted by the TMHMM Server, version 2.0 (http://
www.cbs.dtu.dk/services/TMHMM/). We categorized glycosites 
as follows: C-term, within 55 amino acids of the C-terminus of the 
protein; near TM, within 60 amino acids of a predicted TM domain; 
loop, in short loops between TM domains; Cys-rich, in cysteine-rich 
domains of cysteine rich proteins; and/or N-term, before the first TM 
domain of a multi-TM protein. Short loops were defined as fewer than 
100 amino acids between the TM regions. Cysteine-rich proteins 
were defined as having greater than 4.0% cysteine as calculated by 
ExPASy’s ProtParam tool (https://web.expasy.org/protparam/). Gly-
osites in cysteine-rich proteins were defined as being in cysteine-rich 
domains if they fit at least 1 of the following criteria: (a) either the +1 or 
+2 sites were a cysteine (i.e., NCS/T or NXC); (b) there were at least 3 
cysteines between the –9 and +10 positions surrounding the glycosite; 
or (c) the glycosite fell within a cysteine-rich domain predicted by the 
ExPASy PROSITE (https://prosite.expasy.org/prosite.html).

mRNA electroporation. PBMCs were activated and cultured in 
complete medium with IL-2 for 2 weeks (described above). Then, cells 
were counted and resuspended in electroporation buffer (MaxCyte 
System) at 2 × 107 cells/mL. RNA (100 μg/mL) was added as indicated  
and electroporated according to the manufacturer’s specifications. 
After electroporation, cells were incubated at 37°C for 20 minutes 
before transfer to complete medium for culturing.

Statistics. Unless otherwise stated, statistical analysis was con-
ducted using GraphPad Prism, version 8.1.2 (GraphPad Software), P 
values of less than 0.05 were considered statistically significant, and 
data are shown as the mean ± SEM. For multiple comparisons, an ordi-
nary 1-way ANOVA with Tukey’s multiple comparisons correction for 
all pairwise comparisons was used. To compare test samples relative to 
controls, the controls were normalized to 1, and a 1-sample t test was 
conducted on the experimental samples, with μ = 1.

Study approval. All subjects provided written informed consent to 
participate in the study, in accordance with IRB-approved protocols 
at their respective institutions and with Declaration of Helsinki prin-
ciples, and written informed consent was provided for photographs 
appearing in this report.
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