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Is this a cure for XMEN?
Troy R. Torgerson | Allen Institute for Immunology

In this issue of Blood, Brault et al present exciting new data suggesting that a
novel gene editing approach to the treatment of X-linked MAGT1 deficiency
with increased susceptibility to Epstein-Barr virus (EBV) infection and
N-linked glycosylation defect (XMEN) can restore magnesium transporter
expression and natural killer (NK) group 2 member D (NKG2D) expression
on CD81 T cells and NK cells, thereby restoring their function.1

Patients with XMEN experience a com-
bined immunodeficiency that leads to sig-
nificant morbidity and early mortality. The
syndrome is caused by mutations in the
MAGT1 gene, located on the X chromo-
some at Xq21.1. Inherited in an X-linked
recessive pattern, the syndrome is charac-
terized by CD4 T-cell lymphopenia and
associated humoral immune defects
caused by poor T-cell help and viral infec-
tions, of which chronic EBV infection is the
most problematic, leading to EBV lym-
phoproliferative disease.2 Consequently,
patients often survive only into their third
or fourth decade of life. Molecular defects
in the magnesium transporter encoded
by MAGT1 leads to a range of immuno-
logic defects, including decreased
expression of the NKG2D receptor on
NK and CD81 cytotoxic T cells. Abnormal
NKG2D expression is thought to be a
major contributor to the poor antiviral
responses that are characteristic of the
syndrome.3

A variety of approaches have been tried
to control disease, enhance immune
function, and improve outcomes, with
only modest success. In patients with
EBV lymphoproliferative disease, B-cell
depletion therapy with rituximab has
shown temporary efficacy, typically as a
preparative step before hematopoietic
cell transplantation (HCT). Immunoglobu-
lin replacement therapy has been used to
compensate for the hypogammaglobuli-
nemia intrinsic to the disorder or induced

by rituximab to decrease sinopulmonary
infections, but this has had no effect on
chronic EBV. Magnesium supplementa-
tion, particularly with magnesium threo-
nate, seems to be a safe way to increase
lymphocyte Mg11 levels, but NKG2D
expression on CD81 cytotoxic T cells
and NK cells was not significantly
improved and EBV viremia was not
decreased.4 HCT has also been tried in
some patients, particularly those with
EBV lymphoproliferative disease, but sur-
vival has not been encouraging. At pre-
sent, patients are left with few effective
therapeutic options.5

Brault et al now present data on a novel
gene editing approach that can restore
magnesium transporter expression and
NKG2D expression on CD81 T cells and
NK cells, restoring their function. The
approach utilizes CRISPR to create a
double-stranded DNA break within the
first coding exon of the endogenous
MAGT1 gene followed by insertion of a
spliced, codon-optimized MAGT1 com-
plementary DNA (cDNA) via homologous
recombination using a repair template
delivered by recombinant adeno-
associated virus (rAAV). By placing the
spliced cDNA near the initiation codon,
expression of the transcript is controlled
by the endogenous MAGT1 promoter,
allowing appropriate tissue-specific
expression. Cleverly, this approach also
makes the therapy universal to virtually
all patients with XMEN, regardless of the

location of their mutation within the
gene (excluding mutations that might
affect the integrity of the gene promoter
itself). The methodology also offers the
potential of a 2-stage therapeutic
approach where patient T cells could be
edited to provide temporary control of
EBV before administration of edited
hematopoietic stem cells (HSCs), which
will almost certainly require the use of a
conditioning regimen to achieve signifi-
cant levels of engraftment.

Two other advancements used by the
study team enhance this approach, mak-
ing it more innovative and likely to be suc-
cessful therapeutically. The first improves
gene editing efficiency by skewing
double-strand break-repair mechanisms
toward homology-directed repair. This is
accomplished by transient expression of
i53 to block 53BP1 accumulation at DNA
breaks, thus inhibiting nonhomologous
end joining. The second addresses a
major problem encountered by virtually
all laboratories working on gene editing
in human HSCs, namely the poor engraft-
ability of edited cells. The authors note
that treatment of HSCs with the rAAV
vector carrying the repair template by
itself led to significant activation of the
DNA damage response, reflected
by increased phosphorylation of H2AX
and decreased cell viability. By tran-
siently expressing a humanized genetic
suppressor element that inhibits TP53
activity during the gene editing pro-
cess, they limited the DNA damage
response, improved the viability of
the edited cells, and achieved substan-
tial improvements in edited HSC
engraftment in a humanized murine
model.

This unique combination of approaches
may offer a viable opportunity for an
XMEN cure that could prevent the severe
outcomes and early death associated
with this combined immunodeficiency
syndrome.

Conflict-of-interest disclosure: The author
declares no competing financial interests. n

blood® 30 DECEMBER 2021 | VOLUME 138, NUMBER 26 2743

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/138/26/2743/1855980/bloodbld2021012755c.pdf by guest on 02 June 2024

http://www.bloodjournal.org/content/138/26/2768
http://www.bloodjournal.org/content/138/26/2768
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2021012755&domain=pdf&date_stamp=2021-12-30


REFERENCES
1. Brault J, Liu T, Bello E, et al. CRISPR-

targeted MAGT1 insertion restores XMEN
patient hematopoietic stem cells and
lymphocytes. Blood. 2021;138(26):2767-
2779.

2. Li FY, Chaigne-Delalande B, Kanellopoulou
C, et al. Second messenger role for Mg21
revealed by human T-cell immunodefi-
ciency. Nature. 2011;475(7357):471-
476.

3. Li FY, Chaigne-Delalande B, O’Connor G, et al.
Intracellular free Mg21is required to maintain
NKG2D expression necessary for controlling

EBV infection in XMEN disease. J Immunol.
2013;190(suppl):114.15.

4. Ravell JC, Chauvin SD, He T, Lenardo M. An
update on XMEN disease. J Clin Immunol.
2020;40(5):671-681.

5. Chaigne-Delalande B, Li FY, O’Connor GM,
et al. Mg21 regulates cytotoxic functions of
NK and CD8 T cells in chronic EBV infection
through NKG2D. Science. 2013;341(6142):
186.

DOI 10.1182/blood.2021012755

© 2021 by The American Society of Hematology

HEMATOPOIESIS AND STEM CELLS

Comment on Pagliuca et al, page 2781, and Zaimoku et al, page 2799

HLA in AA: innocent
bystander or culprit?
Antonio M. Risitano1,2 | 1Giuseppe Moscati Avellino; 2University of Naples
Federico II

In this issue of Blood, 2 papers deal with HLA in patients with acquired idiopathic
aplastic anemia (AA). Pagliuca et al1 show that patients with AA have a reduced
structural divergence of homologous HLA alleles, possibly contributing to reduced
T-cell receptor repertoire diversity, cross-reactivity, and emergence of auto-
reactive T-cell clones. In parallel, Zaimoku et al2 document that somatic mutations
inHLAgenes leading to functional loss are frequent and correlatewith clinicalman-
ifestations of AA, such as age onset and risk of clonal evolution.

These 2 independent experimental works
highlight that HLA plays amajor role in AA
pathophysiology and clinical course. Both
papers ultimately confirm the well-
established immune-mediated patho-
physiology of acquired AA.3 The 2 papers
describe different aspects of HLA involve-
ment and are complementary in shaping
a fuller story for HLA in AA. The full
story will only be known when the key
player, the target antigen in AA, is identi-
fied. That acquired idiopathic AA is a T
cell–mediated disorder is clearly proven
by the clinical efficacy of antithymocyte
globulin4 and by a number of experimen-
tal observations.3 In particular, autoreac-
tive T-cell clones have been identified as
the key pathogenic effector in patients
with AA.5 Even if the identification of
the target antigen(s) remains elusive, it is
plausible that these auto-reactive T cells
recognize specific epitopes presented
on hematopoietic progenitor/stem cells
(HSCs) through HLA molecules. Thus, HLA
is necessarily involved in the immune-
mediated damage of hematopoietic pro-
genitors, either as an innocent bystander
or as a culprit. The 2 manuscripts both

support a scenario where HLA is not an
innocent bystander, but rather, it appears
to be a vicious culprit involved during the
whole course of the disease.

In their work, Pagliuca et al show that evo-
lutionary divergence in class II alleles is
lower in patients with AA. This is associated
with a smaller size than predicted of the
immunopeptidomic spectrum, thus
accounting for decreased T-cell receptor
(TCR) diversity. In addition to the evolution-
ary divergence assessed through metric
quantification of the Grantham distance,
the reduced diversity of homologous class
II HLA alleles is also caused by a higher fre-
quency of homozygosity at these loci. In
evolutionary biology, this condition is sup-
posed to confer a disadvantagebecause of
a less efficient T-cell response against
tumors and infectious agents. Thus, in
humans, the HLA loci have evolved, devel-
oping the greatest diversity. Therefore, in
individual subjectswith reducedHLAdiver-
gence, the immune response remains
globally efficient, but it may resort to
molecular mimicry and cross-reactivity,
whichmay favor autoimmune phenomena.

The work of Pagliuca et al is a very elegant
attempt to investigate immunogenetic risk
in the development of AA, with the caveat
of the understanding of the metric quanti-
fication of divergence (variations are
quite small, with large overlap between
patients with AA and a control popula-
tion). Nevertheless, they could not
make further meaningful steps toward
the Holy Grail of AA: namely the target
antigen. Pagliuca et al exploit an in
silico approach trying to identify recur-
rent amino acid structures in the peptide
binding site of HLA and trying to model
antigen interaction and subsequent
TCR binding. However, even looking at
the HSC-specific proteomic reference,
they could only find a lower peptide bind-
ing capability, without identifying puta-
tive target peptides bound by recurrent
HLA binding site structures. Finally,
high-throughput analysis of the TCR rep-
ertoire confirmed that TCR diversity is
lower in patients with AA, but it did not
correlate with class II HLA evolutionary
divergence. However, patients with AA
showed increased frequency of T-cell
clones harboring TCR CDR3 sequences
with known autoreactive specificity, sup-
porting the authors’ hypothesis that molec-
ular mimicry and cross-reactivity may result
in pathogenic events.

In the other paper, Zaimoku et al point out
that HLAmolecules do not remain passive
during the clinical course of AA, because
somatic genetic lesions ranging from locus
deletion (ie, 6p loss of heterozygosity) to
single nucleotide mutations may affect
about half of patients with AA, leading to
functional HLA loss (seen as lack of surface
expression). The occurrence of these
mutations seems consistent with the nor-
mal somatic mutation rate of rapidly repli-
cating cells, but their emergence over
normally polyclonal hematopoiesis can
be caused by a specific immune privilege
of HSCs harboring HLA loss (ie, multiple
mutant clones are possible), similar to
PIGA-mutated cells.6 Nevertheless, in
contrast with paroxysmal nosturnal hemo-
globinuria (PNH), in the case of HLA loss,
mutant clones usually are unable to effec-
tively replace normal hematopoiesis (vari-
ant allele frequency is relatively low and
tends to decrease after immunosuppres-
sive treatment). Zaimoku et al also demon-
strate that HLA loss and the presence of
specific HLA alleles frequently found with
HLA loss (irrespective of their loss,
such as HLA-B*1402) are associated with
a high risk of clonal evolution. Thus,
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