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Abstract

Magnesium transporter 1 (MAGT1) gene loss-of-function variants lead to X-linked MAGT1 deficiency with increased sus-
ceptibility to EBV infection and N-glycosylation defect (XMEN), a condition with a variety of clinical and immunological
effects. In addition, MAGT1 deficiency has been classified as a congenital disorder of glycosylation (CDG) due to its unique
role in glycosylation of multiple substrates including NKG2D, necessary for viral protection. Due to the predisposition for
EBYV, this etiology has been linked with hemophagocytic lymphohistiocytosis (HLH), however only limited literature exists.
Here we present a complex case with HLH and EBV-driven classic Hodgkin lymphoma (cHL) as the presenting manifesta-
tion of underlying immune defect. However, the patient’s underlying immunodeficiency was not identified until his second
recurrence of Hodgkin disease, recurrent episodes of Herpes Zoster, and after he had undergone autologous hematopoietic
stem cell transplant (HSCT) for refractory Hodgkin lymphoma. This rare presentation of HLH and recurrent lymphomas
without some of the classical immune deficiency manifestations of MAGT1 deficiency led us to review the literature for
similar presentations and to report the evolving spectrum of disease in published literature. Our systematic review showcased
that MAGT1 predisposes to multiple viruses (including EBV) and adds risk of viral-driven neoplasia. The roles of MAGT1
in the immune system and glycosylation were highlighted through the multiple organ dysfunction showcased by the previ-
ously validated Immune Deficiency and Dysregulation Activity (IDDAZ2.1) score and CDG-specific Nijmegen Pediatric CDG
Rating Scale (NPCRS) score for the patient cohort in the systematic review.
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Abbreviations HSCT Hematopoietic stem cell transplant
HLH Hemophagocytic lymphohistiocytosis IVIG Intravenous Immunoglobulin
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1 Emory University School of Medicine, Atlanta, GA, USA Magnesium transporter 1 (MAGT1), a Mg2 + transporter
in the endoplasmic reticulum, is crucial for maintainin
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Center, Children’s Healthcare of Atlanta and Emory intracellular magnesium balance. The clinical impact of
University, Atlanta, GA, USA MAGT1 deletion was first identified in a patient cohort

Department of Pathology and Laboratory Medicine, by Li et Al., who described a unique phenotype associ-
Children’s Healthcare of Atlanta, Atlanta, GA, USA ated with recurrent bacterial and viral infections, chronic
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Epstein-Barr virus (EBV) and low CD4% T-cell numbers
[1-3].

Further investigation into MAGT1 revealed its role in
asparagine (N)-linked glycosylation as part of the Oligo-
saccharyltransferase (OST) complex [4, 5]. MAGTTI or its
homologue TUSC3 associate with the enzymatic subunit
of the OST complex, STT3B. The overlapping functions
of MAGT1 and TUSC3 in glycosylation allow for com-
pensation through increased TUSC3 expression following
MAGT1 deletion [4, 6]. Since TUSC3 expression is unde-
tectable in liver and immune cells, MAGT] is required
for the N-linked glycosylation in these tissues [7]. Ravell
et al. showed a wide net of glycoproteins that are hypo-
glycosylated in MAGT 1-deficient patients, highlighting an
expanding array of downstream effects [8]. Based on this
crucial role of N-linked glycosylation, the etiology of the
disease due to MAGT 1 deficiency was renamed to XMEN
(X-linked MAGT1 deficiency with increased susceptibility
to Epstein-Barr virus infection and N-linked glycosylation
defect).

These patients have a primary immunodeficiency (PID)
with risk of recurrent viral (EBV, varicella-zoster, herpes
simplex) and sinopulmonary bacterial infections [8, 9].
The regulation of intracellular magnesium is thought to be
essential for cellular immunity against EBV, and MAGT1
deficiency impairs the magnesium influx required for
T-cell activation [1, 3, 10]. In addition, the lack of glyco-
sylation by MAGT1 leads to the decreased surface expres-
sion of natural killer group 2, member D (NKG2D), a vital
immunoreceptor on natural killer (NK) and CD8* T cells
in the immunosurveillance and cytolytic control of EBV-
infected cells and tumors [4, 11]. As a result, over 75%
of XMEN patients have chronic EBV infections, and up
to 50% may develop EBV-associated lymphoma by their
third decade of life [9].

Approximately 80 documented cases of MAGT1 defi-
ciency have broadened our comprehension of its implica-
tions beyond the immune system [1-5, 8, 12-53]. EBV is
the most common infection associated with hemophago-
cytic lymphohistiocytosis (HLH), a syndrome of life-
threatening hyperinflammation [54]. Considering the
association with EBV, MAGT1 deficiency could theoreti-
cally predispose to developing EBV-driven HLH. For this
reason, MAGT1 is included in targeted gene panels for
primary HLH alongside other pathogenic genetic variants
with EBV susceptibility [2, 12, 55]. This report presents
a complex case of a patient diagnosed with MAGT1 defi-
ciency following recurrent EBV-driven Classic Hodgkin
lymphoma with concurrent HLH. The presentation with
HLH necessitated a comprehensive understanding of the
MAGT1 deficiency phenotype through a systematic lit-
erature review to characterize the full spectrum of this
disease.
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Methods
Human Subjects

Patient and healthy controls were enrolled at Children’s
Healthcare of Atlanta. Blood sample preparation, whole
exome sequencing analysis, and the assessment of rare
single-nucleotide variants were performed based on insti-
tutional protocol. Index case and healthy controls were
enrolled following informed consent, with approval by the
Emory University Institutional Review Board.

Flow Cytometry and Analysis

Peripheral blood mononuclear cells were isolated by Ficoll-
Paque PLUS (GE Healthcare) gradient density centrifugation
and used for immunophenotyping. Flow cytometry data were
acquired on BD FACSymphony A5 (BD Biosciences, Frank-
lin Lakes, NJ) and analyzed using FlowJo software v10 (BD,
Ashland, Ore). List of antibodies used for staining is found in
Supplement Materials and Methods. Cell viability was meas-
ured using Live/Dead Aqua (Invitrogen). T-cell activation
was defined by co-expression of HLA-DR™ and CD38" on
T-cell effector memory (Tgy,) CD4* and CD8* T cells [56].

Systematic Review

A comprehensive literature review of peer-reviewed
journal articles, case reports, and case series published
between January 2011 (the initial identification of XMEN)
and September 15, 2023 was conducted. The literature
search was conducted using bibliographic databases,
including PubMed, Web of Science, Scopus, and Google
Scholar. The terms used for searching the databases
included a combination of: “XMEN” and “MAGT1"”.

Records were screened based on predetermined criteria
detailed in Supplement Materials and Methods. The results
of the screening and selection steps for our study are illus-
trated using the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) flow diagram estab-
lished by Prisma guidelines (Fig. 1) [57].

Results
Index Case and Disease Course
A 12-year-old boy presented to our institution after two

recurrences of EBV-driven classic Hodgkin Lymphoma
(cHL). The patient's medical history is outlined in Fig. 2, A.
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Fig. 1 Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram detailing the study screening and selection

process for XMEN/MAGT1 deficiency reports

At 4 years of age, he presented with fever, night sweats,
weight loss, adenopathy, and splenomegaly, initially attrib-
uted to an EBV infection. Investigations revealed pancytope-
nia, elevated ferritin, triglycerides, and liver enzymes, with
hemophagocytosis on axillary lymph node biopsy. Accord-
ingly, he was diagnosed with HLH and commenced treatment
with dexamethasone and etoposide. Following initiation of
HLH therapy, review of the axillary lymph node and marrow
biopsies revealed underlying stage IVB nodular sclerosing cHL
with Reed-Sternberg cells positive for EBV-encoded small

RNA (EBER). Bilateral bone marrow biopsies confirmed the
cHL diagnosis and demonstrated hemophagocytosis.
Following stage IV cHL diagnosis, he received four
cycles of BEACOPP (bleomycin, etoposide, doxorubicin,
cyclophosphamide, vincristine, procarbazine, and pred-
nisone), followed by two cycles of ABVD (doxorubicin,
bleomycin, vinblastine, and dacarbazine) and consolidative
radiation to the right axillary lymph nodes, spleen, supra-
clavicular fossa and right axilla. He attained remission and,
surveillance CT scans over 3 years showed no disease.
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Fig.2 Undiagnosed MAGT1 (A)

deficiency presents as a com-
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side, doxorubicin, cyclophos- [
phamide, vincristine, procar- Stage IV
bazine, and prednisone. BEAM: Hodgkin
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bine, and melphalan. (B) Top
panel: Liver biopsy showing
Reed-Sternberg cells (arrows)
interspersed in a background of (B)
many small lymphocytes and
histiocytes. H&E stain, 400X.
Bottom panel: Reed-Sternberg
cells are positive for EBER
(red chromogen). EBV in-situ
hybridization, 400X. (C) PET
CT scan of patient at presenta-
tion shows metastatic spread of
EBV lymphoma

At 8 years old, he experienced intermittent fevers, fatigue,
and right cervical adenopathy. Subsequent imaging and cer-
vical lymph node biopsy confirmed cHL relapse. He was
treated with three cycles of ifosfamide and vinorelbine, with
follow-up imaging indicating a good response. He underwent
an autologous stem cell transplant with BEAM condition-
ing (BCNU, etoposide and cytarabine, and melphalan) fol-
lowed by 16 cycles of Brentuximab infusions, and remained
in remission for an additional two and a half years. (Fig. 2A).

His past history was also significant for infectious com-
plications. He had recurrent severe respiratory and ear infec-
tions, intermittent disseminated molluscum contagiosum,
and shingles at ages four, six, and eight years. He also had
persistent hypogammaglobulinemia from the age of four, but
only received IVIG infusions intermittently.
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Upon referral to our institution at 48 months into 2nd
remission, the patient had been experiencing three months
of fevers, weight loss, and fatigue. A CT scan revealed
widespread lymphadenopathy, with an inguinal lymph node
biopsy suspicious for an EBV-driven process. Liver biopsy
and sampling of epigastric lymph nodes revealed an infiltrate
with large, atypical EBER-positive Reed-Sternberg cells,
confirming lymphoma recurrence (Fig. 2B). PET imaging
showed widespread metastatic disease in lymph nodes, skel-
eton, liver, spleen, and brain parenchyma (Fig. 2C). Bilateral
bone marrow biopsy revealed hemophagocytosis, raising
suspicion for HLH.

Laboratory evaluation at our institution revealed lym-
phopenia, anemia, elevated Ferritin of 3,256 ng/mL, sIL-
2R level elevated at 5,195 IU/ml, and EBV PCR elevated
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at 146,398 IU/mL. Additional elevated cytokines were
concerning for EBV-driven HLH (Table 1). For confir-
mation, we assessed the expression of activation markers
on CD4* and CD8™" T-cell subsets. Compared to healthy
control, there was a reduced naive CD8" population, how-
ever CD4:CDS8 ratio was greater than 2, similar to control
(Fig. 3A). Furthermore, our patient showed increased acti-
vation markers HLA-DR" and CD38" expression in the
TEM compartment of CD4* and CD8™ T cells, consistent
with HLH (Fig. 3B).

Despite initiation of nivolumab, fever persisted for four
days with increasing ferritin levels. Subsequently, tocili-
zumab was administered due to concern for persistent hyper-
inflammation. IL-6 blockade resulted in fever resolution and
decreased ferritin.

Concurrently, he underwent genetic evaluation for an
underlying immune defect contributing to his severe, atypi-
cal clinical course [PID gene panel from Invitae Corpora-
tion, 407 genes]. Results revealed a novel deletion of Exons
9-10 in the MAGT1 gene, indicative of MAGT1 deficiency.
Confirmatory testing revealed markedly reduced levels of

Table 1 Description of laboratory characteristics and additional
HLH-relevant clinical parameters of case patient on presentation fol-
lowing 2nd cHL recurrence

Pt at presentation
(12-year-old)

Normal values for age

WBC 2.14 4.5—13.5 THOU/uL
ALC 0.41 1.0—5.2 THOUAL
ANC 1.40 1.80—7.97 THOU/uL
Hemoglobin 7.3 11.5—15.5 g/dL
Platelets 44 150—450 THOU/uL
Ferritin 3,256.91 13.70—78.80 ng/mL
sIL-2R level 5,195.7 175.3—858.2 pg/mL
CXCL9 level 6,533 < =121 pg/mL
Interferon gamma Level 336.7 < =4.2 pg/mL
Interleukin-10 Level 793.4 < =2.8 pg/mL
Interleukin-6 Level 40.5 < =2.0 pg/mL
Interleukin-13 Level 16.4 < =2.3 pg/mL

EBV PCR 146,398 <500 IU/mL

AST 135 18—40 U/L

ALT 74 10—30 U/L
Alkaline Phosphatase 620 127—517 U/L

HLH criteria is based on HLH-2004 diagnostic guidelines, which require
five of the following eight criteria to be met for diagnosis: fever, sple-
nomegaly, cytopenias (affecting>2 of 3: hemoglobin<9.0 g/dL, plate-
lets < 100 THOU/uUL, neutrophils < 1.0 THOU/uL, hypertriglyceridemia
(=265 mg/dl) and/or hypofibrinogenemia (< 1.5 g/l), hemophagocytosis
in bone marrow or spleen or lymph nodes, low or absent natural killer
(NK) cell activity, ferritin > 500 ng/mL, and sIL-2R >2,400 pg/mL

ALC, Absolute lymphocyte count; ALT, alanine transaminase; ANC,
absolute neutrophil count; WBC, white blood cell count

NKG2D expression in CD8* T cells when compared to
healthy controls (Fig. 3C). Additional immunological stud-
ies demonstrated markedly reduced NK cells compared to
controls, decreased B cells with reduced isotype-switched
CD27*IgMIgD™ memory B cells, and an increase in CD8"
effector memory cells (Table S1). Surrogate confirmatory
testing was performed using the Carbohydrate Transferrin
Test (CDT), which measures the degree of glycosylation in
transferrin. Our patient’s CDT demonstrated an increase
in mono-oligo transferrin isoforms relative to the normal
di-oligo fraction, along with an abnormal apolipoprotein
CIII-0/CIII-2 ratio, suggestive of a congenital disorder
of glycosylation (CDG) with impaired N-glycosylation
(Fig. S1).

Given the recurrence of EBV-driven lymphoma, the
patient received a 3-month course of brentuximab and
nivolumab, followed by a repeat PET scan revealing a
favorable response. Other than immune defects, he did not
have other symptoms commonly associated with CDGs
like growth failure, developmental delays, or other neuro-
logic manifestations, but did have elevated transaminases
(Table S1). With the lymphoma in remission, he was
evaluated for allogeneic HSCT to address the underlying
immune defect.

Updated Spectrum of MAGT1 Deficiency

We performed a systematic review of MAGT1/XMEN lit-
erature which yielded 272 publications from all sources
(Table S3). After removing duplicates, we retrieved 156 arti-
cles in the English literature. Articles were filtered based on
relevancy. The first round of exclusions focused on titles and
abstracts and the second based on a full text review. From
these exclusions, 50 articles were identified and abstracted
(Table S3) [1, 2, 4, 8-10, 13-53, 58-61]. Of these, 16 arti-
cles [2—-4, 8-10, 16-18, 20-25, 58] were also reviewed in the
most recent review by Ravell et al. [9] and we update this
with 34 additional articles.

From these 50 articles, we abstracted 80 unique cases
of MAGT1 deficiency (Table S4). To analyze the relevant
clinical phenotypes, we applied further stringent criteria,
excluding patients without disclosure of MAGT1 genetic
variant (n =7), patients with MAGT1 variant identified in
large whole exome panels for HLH/Rhabdomyolysis/PID
cohorts (n=9), and patients for whom there was only a
genetic variant disclosed without further documentation
of phenotype (n=2) (Table S4). One article disclosed a
patient with intellectual disability (ID) and abnormal skin
findings with a concomitant genetic variant in ATRX, an
ID-causing gene, and thus was excluded [22]. Our focus
was thus on confirmed and documented cases, which
amounted to 61 patients (Table S4).
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Fig.3 HLH in MAGT]1 deficiency is marked by increase in activa-
tion of CD4+and CD8+TEM cells. (A) Representative FACS plots
defining CD4" and CD8" T cells from CD3* T cells in healthy con-
trol and patient. T-cell phenotypes are identified from expression of
CCR7 and CD45RA. Gating strategy is listed above corresponding
plots. (B) Representative FACS plots showing surface expression of

Baseline Characteristics and EBV Susceptibility
Among these patients, various pathogenic variants were

identified, including missense (n=2), splice (n=06),
frameshift (n =22), nonsense (n=27), and large deletions
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(n=4) (Fig. 4 and Table S2). The most prevalent variant,
c.991C>T, p.(Arg331Ter), occurred in 6 individuals from
5 different families across diverse regions with varying phe-
notypes [4, 8, 19, 45, 47]. All 61 patients were male with a
median of 12 years (range 8 months — 58 years) at diagnosis.
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Fig.4 Schematic representation of MAGT! protein domains and
pathogenic variants seen in systematic review. Important domains of
MAGT1 gene include the thioredoxin (TRX) domain and OST Com-
plex subunit OST3/OST6. Lollipop graph based on MAGT1_Human
gene (RefSeq: NM_032121) generated from cBio Portal and further
modified with BioRender.com [71-73]. Green circles indicate mis-

From our cohort, HSCT has been performed on 8 individu-
als with severe EBV-driven disease, with a high mortality
of 50%. Altogether, 7/61 patients experienced mortality,
four due to complications from HSCT (at age 17-45 years)
and three others from uncontrolled lymphoma or associated
complications (at age 5 — 58 years) (Table S4).

40 out of 61 patients tested positive for EBV by PCR,
while 16 tested negative and 5 had unknown EBV status.
MAGT1 deficiency was confirmed by low NKG2D surface
expression in NK and T cells in all 53 tested individuals
(Fig. 5A).

Lymphoproliferation/Neoplasia

Non-malignant lymphoproliferation was prevalent in 33
out of 57 patients, presenting in a spectrum from chronic
lymphadenopathy/splenomegaly/hepatomegaly to biopsy-
proven reactive follicular hyperplasia and EBV-driven
lymphoproliferative diseases (LPDs) (Fig. SA). Aggres-
sive EBV-driven LPDs were found in six of these patients
at non-lymphoid sites including skin, hypothalamus, palate,
and muscle tissue and required chemotherapeutic agents for
treatment. In addition, two patients also exhibited Castle-
man-like changes, one with HHV§8-Negative Multicentric
Castleman disease.

Neoplasia was diverse affecting 16 individuals (one with
both cHL and Burkitt lymphoma) with initial diagnosis at
4 to 45 years of age and median of 15 years (Fig. 5A and
Table S4). Predominant lymphoma types included cHL,

sense Pathogenic variant subtypes are shown in colored circles, green
for missense, orange for splice, pink for frameshift, brown for non-
sense and black brackets indicating sites of large deletions. Frequency
of each pathogenic variant is seen on the y axis. For large deletions,
frequency is shown in parentheses

Diffuse Large B-cell Lymphoma, Burkitt Lymphoma, and
unspecified Non-Hodgkin Lymphoma (Fig. 5B). Other
tumors documented were HHVS8 + Kaposi Sarcoma,
EBV + Marginal Zone Lymphoma, Cutaneous T-cell Lym-
phoma, and Liposarcoma.

Immune Deficiency

Immune deficiency characterized by recurrent ear and sin-
opulmonary infections was noted in 39 out of 57 patients.
The presence of persistent EBV viremia, disseminated mol-
luscum contagiosum, skin warts, mouth sores, and severe
sinopulmonary infections was prevalent (Fig. SA).

Analysis of immune profile data from 55 patients revealed
markedly elevated B cells, low CD4/CDS ratio, heightened
ap- double CD4* and CD8* negative T cells and CD4 lym-
phopenia (Fig. 5A). Notably, B-cell phenotyping indicated
an increase in naive B cells and a decrease in class-switched
memory B cells. Hypogammaglobulinemia was promi-
nent, with 32 and 33 out of 55 patients having low levels of
IgG and IgA, respectively. This was consistent in patients
whether or not rituximab was used for treatment. One patient
had low IgM levels, and seven showed significantly reduced
antibody responses, particularly to polysaccharides. 16 of
the 55 patients were on immunoglobulin replacement due to
recurrent infections and hypogammaglobulinemia (Fig. 5A).
Patients who required rituximab as part of chemotherapy for
LPD/neoplasms or hemolytic anemia received IVIG more
consistently than those who did not.
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Fig.5 MAGT! deficiency (A)
comprises a variability of
phenotypes in multiple organ
systems. (A) Clinical manifesta-
tions of MAGT1 deficiency in
systematic review grouped by
organ systems. The percentage
of all patients who presented
with the specific clinical
manifestation or laboratory
finding is found on the X axis.
The number of patients reported
with each clinical phenotype out
of the number of patients tested
is given for each. (B) Pie chart
representation of the frequency
of different neoplastic tumors in
systematic review. The number
of each neoplasia subtype

is shown. * Non-Malignant
Lymphoproliferation includes
chronic lymphadenopathy/
splenomegaly/hepatomegaly,
reactive follicular hyperplasia
and EBV-LPD

EBV Seropositivity | [ 40/61

*Non-MaIignant Lymphoproliferation | [ 33/57

Agressive EBV-LPD = [ 6/57
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Neurological Findings =) [ 16/56
Cave Septum Pellucidum = [ 5/56
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Low lgG- [ 32/55
Absent Antibody Response =) [ 7/55

Immunoglobulin Replacement =| [l 16/55

20% 40% 60% 80% 100%

Neoplasia Phenotypes

Autoimmunity/Hyperinflammation

Autoimmunity affected 18 out of 55 individuals, with
severe autoimmune cytopenias such as autoimmune hemo-
lytic anemia (AIHA) and immune thrombocytopenia (ITP)
with platelets less than 25,000/uL identified in 13 patients
(Fig. 5A). Two cases of refractory ITP necessitated sple-
nectomy. Additional autoimmune manifestations included
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Total=17

6 Classic Hodgkin Lymphoma

3 Diffuse Large B-cell Lymphoma
2 Burkitt Lymphoma

2 Unspecified Lymphoma

1 Kaposi Sarcoma

1 EBV+ Marginal Zone Lymphoma
1 Liposarcoma (EBV-)

1 Cutaneous T-cell Lymphoma

BOREO000

Guillain-Barré syndrome, autoimmune hepatitis, episcleritis,
alopecia partialis, central nervous system vasculitis, ulcera-
tive colitis, tenosynovitis, thrombocytopenia, and transient
neutropenia. Hyperinflammation was rare, with one patient
experiencing hemophagocytosis at the age of 45 due to
EBV-driven lymphoma [2, 9]. Moreover, two patients were
diagnosed with Kawasaki disease at the early ages of 3 and
17 months [3, 33, 46].
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Utilizing the IDDA2.1 Score for MAGT1 Deficiency

We used the previously validated Immune Deficiency
and Dysregulation Activity (IDDA2.1) score generated
by Seidel et al. to evaluate MAGT1 deficiency in com-
parison to other primary immunodeficiencies with EBV
susceptibility (Table S5) [62, 63]. In our study, we applied
the IDDAZ2.1 score to assess 12 organ systems related to
immune dysregulation in 55 out of 61 patients for whom a
full immune workup and comprehensive organ involvement
was disclosed. The Karnofsky performance score was set
at 100% for standardization due to unavailability in our
patient cohort. Hospitalization and ICU stay details were
excluded from the IDDA2.1 score due to lack of disclo-
sure. A heatmap of the 55 patients was generated, follow-
ing Seidel et al.'s main categories (Table S5 and Fig. 6A).
By organizing patients based on decreasing severity of
EBV/chronic infections, a notable phenotypic distinction
emerged, revealing a higher incidence of neoplasia and a
more severe prognosis in EBV-positive individuals. To
enhance visualization, we employed a radar chart similar
to Seidel et al. illustrating that the most significant features
of MAGT1 Deficiency include severe infections, hypogam-
maglobulinemia, other organ or immune dysfunction and
lymphoproliferation (Fig. 6B).

Multisystem Abnormalities

Most patients with MAGT1 deficiency exhibited non-
immune organ dysfunction. Liver involvement was
observed in 39 out of 61 patients, with 33 individuals
showing fluctuating elevated liver enzymes and 11 dis-
playing varying degrees of steatosis and bridging fibro-
sis on hepatic biopsies (Fig. 5A). Carbohydrate deficient
transferrin testing in 21 patients revealed characteristics
consistent with Type 1 congenital disorders of glycosyla-
tion (CDG) with elevated Di-Oligo Transferrin levels, and
six of them also had abnormalities in apolipoprotein-CIII
glycosylation (Fig. 5SA). Seven patients experienced bleed-
ing dysfunction including severe hemorrhage, epistaxis,
hematochezia, and perioperative and non-operative bleed-
ing episodes. Less common features included pericardial
and/or pulmonary effusions and profound growth hormone
deficiency.

Neurological abnormalities were present in 16 out of
56 patients, with brain MRI findings showing rare occur-
rences like cave septum pellucidum in five patients from
four different families (Fig. 5A). Two patients experienced
neurodegeneration and cognitive decline in the second dec-
ade, with imaging findings indicating cerebral, cerebellar,
brainstem, and spinal atrophy, along with multifocal white
matter lesions and calcification [33, 46]. Additional neu-
rological symptoms included movement problems, lower

limb weakness, and acute onset hemiplegia. Three cases
exhibited characteristics more akin to classical congeni-
tal disorders of glycosylation (CDG), such as intellectual
and developmental delay and mild facial dysmorphism [4].
Four patients showed chemotherapy-related consequences,
including brain atrophy and posterior reversible encepha-
lopathy syndrome (PRES).

To assess non-immune CDG dysfunction in MAGT1
deficiency, the Nijmegen Pediatric CDG Rating Scale
(NPCRS) was utilized [64]. This validated tool measures
disease severity in CDG disorders across three domains:
current functional status, system-specific involvement,
and current clinical assessment regarding growth, devel-
opment, and neurologic deficits [65, 66]. Our focus was on
Domain 2 of the NPCRS score, covering system-specific
involvement in our cohort of 55 patients as detailed prior
(Table S5). A radar chart was employed to highlight the
systems most affected by glycosylation defects in MAGT1
deficiency, indicating liver involvement in 87.5% of
patients, blood abnormalities in 41%, bleeding/coagula-
tion issues in 12.5%, and other systems, including neu-
rological, to a lesser degree (Fig. 6C). The neurological
manifestations of the disease were not fully encapsulated
by the NPCRS domain 2 score which primarily focuses
on encephalopathy and seizures and are likely much more
global with abnormal anatomic findings and signs of neu-
rodegeneration as previously discussed.

Discussion

In this study, we present a case of MAGT]1 deficiency with
a severe phenotype, initially manifested by EBV-driven
lymphoma with associated complication of HLH at the age
of four. The lack of early genetic testing despite the severe
presentation highlights the importance of a high index of
suspicion in young children with EBV-driven lymphoma.
Early genetic diagnosis could have facilitated initiation of
supportive therapy and consideration for allogeneic HSCT
as a potential curative option. While abnormal immune
profile was observed throughout the patient's history, no
other non-immune manifestations of MAGT1 deficiency
were prominent except for elevated liver function stud-
ies and increased frequency of viral and sinopulmonary
infections.

Our systematic review delved into the broad spectrum
of immune effects in MAGT]1 deficiency and its associa-
tion with HLH. While familial HLH is commonly associ-
ated with pathogenic variants in PRF1, UNCI13D, STX11,
and STXBP2; some immunodeficiencies, including XLP
and MAGT1 deficiency, lead to an inability to clear EBV,
contributing to HLH [54, 55]. Our systematic review found
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Fig.6 IDDA2.1 and NPCRS Scores highlight main phenotypes of
MAGT1 deficiency. (A) Phenotype expression heatmap showing
results of grading according to previously described IDDA2.1 score
for 17 defined parameters. The clustered heatmap was created by
using the R package pheatmap 1.0.12 (Raivo Kolde, 2019). Cluster-
ing on patients was done in the order of decreasing severity of EBV
chronic infection with a separation based on seropositivity. Severity
of each domain is expressed as 0,1,2,3,4 according to IDDA2.1 scale
corresponding to white, yellow, light orange, dark orange, red color
in heatmap. This score consists of 22 parameters, each quantified per
patient from O to 4. For more information on criteria, please refer to
Supplement Table 5 and Seidel et al. publication on IDDA2.1 score
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[63]. (B) Representation of described 17 parameters of IDDA2.1
score as a radar (spider) chart, with values for each as percentages
similar to kaleidoscope function by Seidel et al. [63]. The frequency
of each portrayed complication or affected organ in the cohort corre-
sponds to the dot in an axis from 0 to 100% [63]. (C) Representation
of domain 2 of the Nijmegen Pediatric CDG Rating Scale (NPCRS)
as a radar chart. This encompasses 10 categories: seizures, encepha-
lopathy, bleeding diathesis or coagulation defect, gastrointestinal,
endocrine, respiratory, cardiovascular, renal, liver function, and blood
anomalies further defined in Supplement Table 5. The frequency of
each portrayed complication or affected organ in the cohort corre-
sponds to the dot in an axis from 0 to 100%
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one patient other than our case with HLH as part of his
EBV-driven lymphoma, who unfortunately succumbed
after HSCT due to hemophagocytic syndrome and mul-
tiorgan failure [2, 12]. One of the largest studies of 1892
patients with suspected genetic HLH disorders discovered
five patients with MAGT1 deficiency that were referred for
genetic testing following diagnosis or suspicion of HLH
[32]. Interestingly, two other studies from different geo-
graphical areas also found two novel genetic variants muta-
tions in MAGT1 following whole exome panels for patients
meeting HLH criteria [29, 36]. Hence, MAGT1 has been
included in whole exome and targeted sequencing panels
for patients with HLH.

MAGT1 deficiency lies on the crossroads of immunode-
ficiency and congenital disorders of glycosylation (CDG).
Lymphoproliferation is a consistent hallmark of MAGT1
deficiency, irrespective of EBV seropositivity, and encom-
passes a broad presentation from benign lymphoproliferative
manifestations that are Castleman-like to EBV-associated
LPD and classical lymphoma subtypes (including EBV-
negative). Moreover, rare non-hematopoietic lineage neo-
plasia has been reported. The prototypical XMEN patient
exhibits recurrent sinopulmonary infections and persistent
EBYV viremia, mirrored in our review cohort. However, a
notable susceptibility to other chronic viruses, such as mol-
luscum contagiosum, skin warts, and severe varicella-zoster
virus (VZV) infections, underscores a broader immune defi-
ciency in viral clearance. Certain viruses even precipitate
neoplasms in these patients, including EBV Lymphoma
and HHV8 Kaposi Sarcoma as seen in our cohort [23, 37].
In addition, two case reports, which met exclusion criteria,
highlighted three individuals with Polyoma-virus-positive
Merkel Cell Carcinoma and one with EBV-positive systemic
T-cell lymphoma, underscoring the diverse viral-associated
malignancies associated with MAGT1 deficiency [26, 27,
41]. MAGT]1 deficiency also leads to impaired glycosyla-
tion of immune receptors, CD28 and CD70. Their important
role in NK cell and CD8* T-cell function to clear chronic
viral infections is thus compromised [5, 7]. NKG2D activ-
ity in NK cells, crucial for defense against polyomaviruses,
HPYV, and gamma herpesviruses like EBV, is also mediated
by MAGT1. [67-69].

Initially characterized by CD4* T-cell lymphopenia and
an inverted CD4:CD8 T-cell ratio, the immune abnormali-
ties associated with MAGT]1 deficiency have expanded.
Most patients exhibit a B-cell differentiation and matura-
tion defect, featuring an increased number of naive B cells
and decreased class-switched memory B cells. Rowane
et al. recently demonstrated that this naive-like population
has a high expression of CD5 leading to problems with
B-cell maturation, previously reported in mice models [51,
70]. Decreased serum IgG and IgA, coupled with impaired
responses to polysaccharide antigens, are common. One

patient was initially classified to have specific polysaccha-
ride deficiency until the underlying diagnosis of MAGT1
deficiency was made [51]. MAGT1 deficiency, respon-
sible for glycosylating IgG, results in a hypoglycosylated
form with reduced half-life, explaining the vulnerability to
infections [5]. Consequently, immunoglobulin replacement
becomes essential for patients, including our case.

As evidenced in our index case and previous reports of
EBV-driven lymphoma in MAGT1 deficient patients, it is
important that recurrence of EBV-driven lymphoma in a
male with or without underlying immune deficiency should
warrant genetic evaluation for MAGT1 and other inborn
errors of immunity with predisposition to EBV. Early man-
agement with allogenic HSCT has been shown to prevent
relapse of EBV-driven lymphoma in MAGT1 deficient
patients and correct the underlying immune deficiency
[17-19]. However, due to the high mortality with HSCT,
this consideration needs to be made judiciously especially
if patients have MAGT 1-related bleeding dysfunction [17].

The IDDAZ2.1 score application enabled a comprehensive
assessment of MAGT1 deficiency's impact across 12 organ
systems regarding immune dysregulation in our patients
[61]. Our scores aligned with Seidel et al.'s CD27 and CD70
deficiency charts, with notable distinctions in heightened
"other organ involvement" in our analysis [60, 61, 71]. Inter-
estingly, CD70 has also been shown to be hypoglycosylated
in MAGT]1 deficiency and is thought to contribute to the
lack of EBV protection, further supporting our findings [8].
The downstream effects, as evidenced in our CDG-specific
NPCRS and immune specific IDDA2.1 radar charts, under-
score the significance of MAGT1 deficiency in glycopro-
tein hypoglycosylation, leading to liver damage, bleeding
dysfunction, hematological anomalies, and neurological
manifestations.

Hepatocellular injury, observed in 30% of known CDG
disorders, is a prominent feature of MAGT1 deficiency [72].
The spectrum of liver damage, from elevated transaminases
to fibrosis and cirrhosis, remains underrecognized. Ding
et al. demonstrated that TUSC3, MAGT1's homologue,
exhibits the lowest expression in liver and bone marrow,
emphasizing these affected uncompensated systems [13].
Bleeding dysfunction, prevalent in other CDGs, results
from glycosylation alterations affecting coagulation bal-
ance. MAGT1 deficiency, implicated in platelet dysfunc-
tion via glycosylation defects in targets like PAR-1, leads to
dysregulated calcium signaling in platelets [22, 57]. Studies
by Gotru et al. revealed heightened platelet aggregation and
degranulation in MAGT1-deficient platelets [48]. In addi-
tion, Kauskot et al. showcased that HSCT reversed the pre-
disposition to bleeding through corrected platelet progeni-
tors [19]. The intricate interplay of glycoproteins in platelets
determines the bleeding or thrombosis tendency observed
in our cohort. Neurological abnormalities and midline
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defects, noted in other CDGs linked to PMM2 and ALG6,
are also evident in MAGT deficiency [74]. The pronounced
neurodegeneration necessitates further research to unravel
MAGTT1's role in these manifestations.

Our study has limitations, including the retrospective
nature of obtaining patient data from literature and reli-
ance on reported symptoms rather than primary analysis of
patient records. As well, due to limited phenotype details,
certain patients with MAGT1 pathogenic variants met
exclusion criteria in our analysis. Grading for IDDA?2.1 and
NPCRS scores is subject to some variation due to missing
values and interpretation in scoring domains.

MAGT1 deficiency manifests in diverse phenotypes,
involving immune system anomalies and multi-organ dys-
function. Our patient case highlights the complexity of
XMEN syndrome, underscoring the need for comprehensive
genetic and immunologic evaluation in patients with recur-
rent infections and hematologic malignancies. HLH may be
an underrecognized manifestation of MAGT1 deficiency,
potentially more common than previously thought. The
broad impact of glycosylation in various organ systems, spe-
cifically the immune system, in MAGT1 deficiency remains
incompletely understood.
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