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1. INTRODUCTION

Epstein-Barr virus (EBV) is able to infect T and/or natural
killer (NK) cells and trigger persistent EBV replication and
intractable EBV-associated T/NK lymphoproliferative diseases
(EBV-T/NK-LPDs) in rare cases,"? especially when the function-
alities of tonsillar NK cells® and CD8* T cells** are impaired.
Tumor necrosis factor-like receptors (TNFRs) are part of a
superfamily heavily involved in the physiology of immune
cells. Mutations in TNFRSF13B (encoding the transmembrane
activator and cyclophilin interactor [TACI] protein) were pre-
viously reported to be associated with common variable immu-
nodeficiency (CVID),® indicating the complex imbalance of the
immune system caused by TACI deficiency. Increasing evidence
also suggests the potential role of TACI in responses of T cells.”*
Here we report a series of novel heterozygous TNFRSF13B
mutations in 6 patients diagnosed with EBV-T/NK-LPDs. In this
work, we try to expand the routine panel of genes screened in
the patients presenting with EBV-associated proliferative dis-
eases and provide a new possible way to correlate the genetic
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predisposition, persistent EBV infection, and EBV-T/NK-LPDs
etiopathology.

2. CASE REPORTS

2.1. Case presentation

From May 2016 to December 2022, 6 patients in our hos-
pital coincidentally met 2 criteria: be diagnosed with EBV-
associated hemophagocytic lymphohistiocytosis (EBV-HLH)
or chronic active EBV disease of T/NK-cell type (chronic active
EBV disease of T/NK-cell type [CAEBV-T/NK]); potentially
deleterious alterations in TNFRSF13B with or without other
previously confirmed HLH-associated genetic mutations were
reported in whole exon sequencing (WES) (Table 1). Routine
laboratory examinations, diagnostic imaging, dynamic monitor-
ing of biomarkers for prognosis, and corresponding treatments
performed in our hospital are displayed in Table 2, Figure 1A
and Supplementary Figure 1, http:/links.lww.com/BS/A80.
Examinations listed here were performed within 7 days after
the first admission or attack, and the test time was as close as
enough to the first admission or attack. In total, 4 of 6 patients
had met the current diagnostic criteria for HLH and were given
HLH-1994 or HLH-2004 regimen. Hemophagocytosis phe-
nomenon in bone marrow was found in 3 of 6 patients (Fig. 1B).
Special experiments on EBV infections and the functionalities
of CTLs/NK cells are summarized in Figure 1. In all 6 patients,
T cells and NK cells were the main targets of EBV infection
(Fig. 1C), accompanied by the low NK-cell cytotoxicity and
relatively normal expression levels of granzyme B/perforin on
CTLs/NK cells (Fig. 1D, E). Chemotherapies were performed in
4 of the 6 patients (Table 2), including Tislelizumab (patient 1),
HLH-1994° and DEP regimen (patient 2), HLH-1994 regimen
(patient 3), HLH-2004'" and L-GMOX regimen (patient 4), and
the HLH-1994 plus rituximab (patient 6). Three of 6 patients
(patients 2, 3, and 5) had received the hematopoietic stem cell
transplantation (HSCT) (Supplementary Table 1, http:/links.
lww.com/BS/A81) but 2 of them eventually died of uncontrolled
HLH. HSCT was also recommended for patient 4 and patient 6
but not finally performed due to personal reasons. Their present
status is not available since they were lost to follow-up.

2.2. Genetic findings

To detect the possible molecular basis of the EBV-T/NK-LPDs,
WES was conducted in these patients. Nucleotide substitutions,
insertions, and deletions in the whole-exome regions of the
human genome were detected. Very rare (minor allele frequency <
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MAF (gnomAD)

Mutation taster

Polyphen2

SIFT

Protein
p.Ser123Valfs*31

cDNA
¢.366delG
¢.105delC
€.8624G>A
c.139T>A
€.922C>T
.226G>T
c.115T>C
€.1234T7>C
¢.124C>A

Frequency

Exon

Type
Frameshift deletion

Age Gene
TNFRSF13B

Gender

Patient

<0.0001
0.000121
<0.0001

p.Glu36Lysfs*48
p.Arg2875His

43.60%
40.00%
50.00%
54.40%
54.80%
54.12%
49.43%
49.80%
50.40%

3
2

Frameshift Deletion
Missense mutation

TNFRSF13B
LYST

36
46

rs200353560
rs769182186

o

34

(]

p.Cys47Ser
p.Leu308Phe

2
4
2
2
13

Missense mutation

TNFRSF13B
NOD2

32

<0.0001

Missense mutation

rs146436713

p.Gly76Cys
p.Tyr39His
p.Tyr412His

Missense mutation
Missense mutation

TNFRSF13B

TNFRSF13B
AP3B1

46
8

rs781034104
rs531640813

0.000014
<0.0001

()

()

Missense mutation

[aa]

[an]

p.Prod2Thr

2
minor allele frequency, SIFT = sorting intolerant from tolerant.

Missense mutation

TNFRSF13B

16

benign, cDNA = complementary DNA, D

deleterious, MAF =

B=

0.001), possibly damaging (according to prediction), and disease-
related variants were identified as pathogenic genetic aberra-
tions. Genes in the TNF-TNFR superfamily which involves in
integrative immune responses were paid particular attention.
Sequencing results revealed a series of heterozygous nonsyn-
onymous variants in the TNFRSF13B in 6 patients (Table 1).
Four of 6 mutations were located at the cysteine-rich domain
(CRD)1 region of transmembrane activator and CAML inter-
actor (TACI, encoded by TNFRSF13B), 1 mutation was located
at the CRD2 region which interacts with ligands of TACI, 1
mutation was located at the part between CRD2 and the trans-
membrane region (Fig. 2A, B). The deletion frameshift mutation
in TNFRSF13B carried by patient 1 (c.366delG, p.S123Vfs*31)
had not been reported in the OMIM (http://www.omim.
org) and ClinVar database (http://www.ncbi.nlm.nih.gov/
clinvar), and probably impaired the expression of TACI due
to the extremely truncated protein. The position at which the
frameshift deletion in patient 2 (c.105delC, p.Glu36Lysfs*48,
HGMD CD153877) occurred was reported to be disease-
causing at HGMD (https://www.hgmd.cf.ac.uk/ac/index.php).
The Sanger sequencing (Fig. 2C) indicated the same TNFRSF13B
frameshift deletion of his son. Missense mutations carried by
patients 3 (c.139T>A, p.Cys47Ser), 4 (c.226G>T, p.Gly76Cys),
5 (c.115T>C, p.Tyr39His), and 6 (c.124C>A, p.Pro42Thr) were
also predicted to be possibly deleterious by the sorting intolerant
from tolerant (http://sift.jcvi.org), Polyphen2 (http://genetics.
bwh.harvard.edu/pph2), or MutationTaster (https://www.gen-
ecascade.org/MutationTaster2021/). The mutation in patient 6
was previously reported in a study on CVID.!! Taken together,
all the 6 TNFRSF13B mutations were classified as likely patho-
genic.'? Patient 3 carried a heterozygous NOD2 mutation which
possibly contributed to her diarrhea similar to Crohn disease.
Patient 2 also carried a mutated LYST (c.c.8624G>A, p.Ar-
g2875His) causing nonselective vulnerability to EBV-HLH,'?
while patient 5 also carried a heterozygous AP3B1 mutation
(c.1234T>C, p.Tyr412His, 49.80%) which contributed to the
defects in T/NK-cell degranulation in typical HLH. Apart from
patient 2 and patient 5, the other 4 patients lacked a known
genetic etiology clearly related to EBV-LPDs.

3. DISCUSSION

In most benign cases of EBV infection, the target cells of EBV
were B cells and epithelial cells while in some populations sus-
ceptible to EBV infections, fatal diseases can occur, indicating
the underlying inborn defects of immunity. Impaired innate and/
or adaptive response to EBV may lead to uncontrolled EBV rep-
lication and the EBV-T/NK-LPDs in the worst case, including
the EBV-HLH and CAEBV-T/NK.

The EBV infection was controlled by both innate and spe-
cific immune cells including NK cells and conventional T cells.
Signaling via several members of the TNF-TNFR superfamily
supports the CD8* and CD4* T-cell functions was reported to
involve in EBV-specific responses, including the signals deliv-
ered by CD27, CD70, 4-1BB, and DcR3. Mutations in CD27
(TNFRSF7)"-CD70% pathway and 4-1BB (TNFRSF9)'* were
reported to be associated with severe, atypical EBV infections or
EBV-related lymphoma by impairing the expansion and activa-
tion of CD8* EBV-specific T cells. In this work, we report a series
of novel heterozygous TNFRSF13B mutations in 6 patients
diagnosed with EBV-T/NK-LPDs. Functional examinations of
NK cells and CTLs revealed significantly low NK cytotoxicity
in all 6 patients, indicating weak innate immunity when fight-
ing against EBV. Therefore, it seemed reasonable that the altered
immunity to EBV of these 6 patients were the complications
of TNFRSF13B deficiency. TACI primarily provides signals for
class switch recombination in B cells during T cell-independent
antibody response.'”!® It also involves in the physiological pro-
cesses of follicular helper T (Tfh) cells” and Th17.8 TNFRSF13B
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Figure 1. Clinical examinations and immunological and functional phenotypes of patients with TNFRSF13B mutations. (A) Level of EBV-DNA copies in PBMC
and in serum, sCD25 (normal range: 223-710 U/mL) and ferritin (normal range: 30-400 pg/L) of patient 2 after diagnosis. (B) Bone marrow biopsy showing
a hemophagocytic cell (red arrow) from patient 2. (C) EBV-DNA copies quantification of patients’ different cell types (PBMCs [gray], T [green], B [red], and NK
[blue] cells) by real-time PCR. (D) Function of NK cells and CTLs of patients with TNFRSF13B mutations. The dashed line shows the lower limit of normal range
(normal range of NK cell cytotoxicity: >15.11%, degranulation of resting NK cells: 5%, degranulation of stimulated NK cells: 240%, perforin expression of CTLs:
>2%, perforin expression of NK cells: >84%, granzyme B expression of CTLs: >2%, granzyme B expression of NK cells: >78%). (E) Flow cytometry analysis
of granzyme B-positive and perforin-positive cells in CD8+T cells and NK cells taken from patient 2. CD8+perforin+, CD3-CD56+perforin+, CD8+granzyme
B+, and CD3-CD56+ granzyme B+ cells were gated and analyzed using CD3-PerCP Cy5.5, CD8-APC-Cy7, CD56-APC, PE-granzyme B, and FITC-perforin.
CTL = cytotoxic T lymphocyte, EBV = Epstein-Barr virus, NK = natural killer, PBMCs = peripheral blood mononuclear cells, PCR = polymerase chain reaction,
sCD25 = soluble CD25.

mutations were mainly reported in CVID and systemic lupus  TACI deficiency.!” The paradox was that the TACI variants were
erythematosus (Supplementary Table 2, http:/links.lww.com/BS/  not reported previously to influence NK cells or CTLs,!”** while
A82), indicating a complex imbalance of immunity brought by  the impaired function of these cells was found in the patients.
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Figure 2. Genetic phenotypes of the patients with TNFRSF13B mutations. (A) Location of TNFRSF13B alterations in our patients. The numbers below represent
amino acid positions. (B) Shown is a 3D model diagram indicating the locations of mutants in the TACI proteins. The figures were prepared via PyMOL (www.
pymol.org). Most variants in TNFRSF13B were frameshift and missense variants. The numbers represent amino acid position. (C) Sanger sequencing of area
surrounding the frameshift TNFRSF13B mutation (c.105delC, p. Glu36Lysfs*48) in a reference control subject and son of patient 2. TCAIl = transmembrane

activator and cyclophilin interactor.

The exact mechanism by which the T or NK cells are infected
by EBV has also not been thoroughly investigated. Here we
offered 3 speculations on how TNFRSF13B mutations predis-
pose T and/or NK cells to EBV infection according to previous
studies: the TACI protein involves in the EBV binding process
(similar to the molecule CD21)*'; impaired TACI expression or
TACI variants influence the susceptibility of myeloid lineage
progenitors to EBV infection??; TNFRSF13B mutations impair
the activity of T and/or NK cells in controlling EBV replication
at the secondary lymphoid organs, resulting in the high load
of virus and subsequent infection.”> However, considering of
the little expression of TACI on CD16%™ NK cells and CTLs
(Supplementary Figure 2, http:/links.lww.com/BS/A83), their
vital role in preventing the EBV infection and eliminating the
EBV-infected B cells, and the significantly higher expression of
TACI on EBV-transformed B cells compared with the normal B
cells (data not shown), this work puts forward the hypothesis
that TACI may implicate in the T/NK cell-mediated responses
against EBV via the ligand-receptor interactions in EBV-infected
B cells. Interestingly, activated NK cells produce soluble B cell
activating factor from the TNF family (BAFF), the TACI ligand,

www.blood-science.org

when encountering CLL cells. High level of local BAFF protects
CLL cells from the NK cell-mediated lysis via unknown mech-
anisms,** also suggesting the possible interactions among the
TACI-BAFF network, EBV-infected B cells, and T/NK-cell kill-
ing capacity. Further experiments on TACI in our laboratory are
underway, and are expected to facilitate the discovery of novel
targets against atypical EBV infections. Further experiments
with TACI in our laboratory are underway and are expected
to facilitate the discovery of novel targets against atypical EBV
infections.

Another concern has been the heterozygous LYST mutation
found in patient 2, and the heterozygous AP3B1 mutation found
in patient 5. Defects in both of the 2 genes were associated with
the initiation of primary HLH.? Deleterious mutation in LYST
and AP3B1 disturbs the vesicle trafficking process in the release
of cytolytic particles, interfering the T/NK cell-mediated antivi-
ral responses. However, primary HLH is usually characterized
by the homozygous or compound heterozygous mutations, rela-
tively early onset, worse prognosis, and no significant relevance
to EBV infection, which was obviously not met in patients 2 and
5. The reasonable theory may be that with the trigger of EBV
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infection, heterozygous LYST/AP3B1/TNFRSF13B mutation
acts as a predisposing allele for EBV-HLH development.

The prognostic value of TNFRSF13B mutation is difficult to
evaluate due to the very small cohort and the loss to follow-up
beyond our control. Judging from the outcome of patients,
however, patient 1 who carried only the TNFRSF13B missense
mutation suffered the disease with much milder symptoms and
better prognosis, compared with patients 2 and 3 who car-
ried both HLH-associated genetic mutations and TNFRSF13B
mutation. This interesting trend could also be interpreted by the
theory about “predisposing allele.”

Taken together, our findings expand the range of genes rou-
tinely screened for in patients with EBV-T/NK-LPDs by report-
ing a novel set of TNFRSF13B mutations in 6 patients with
EBV-HLH and/or CAEBV-T/NK, outlining the need to investi-
gate the role of TNF-TNFR superfamily members in the patho-
genesis of intractable EBV infections.
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