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Epstein Barr virus-mediated transformation of B cells from XIAP-
deficient patients leads to increased expression of the tumor
suppressor CADM1
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X-linked lymphoproliferative disease (XLP) is either caused by loss of the SLAM-associated protein (SAP; XLP-1) or the X-linked
inhibitor of apoptosis (XIAP; XLP-2). In both instances, infection with the oncogenic human Epstein Barr virus (EBV) leads to
pathology, but EBV-associated lymphomas only emerge in XLP-1 patients. Therefore, we investigated the role of XIAP during B cell
transformation by EBV. Using humanized mice, IAP inhibition in EBV-infected mice led to a loss of B cells and a tendency to lower
viral titers and lymphomagenesis. Loss of memory B cells was also observed in four newly described patients with XIAP deficiency.
EBV was able to transform their B cells into lymphoblastoid cell lines (LCLs) with similar growth characteristics to patient mothers’
LCLs in vitro and in vivo. Gene expression analysis revealed modest elevated lytic EBV gene transcription as well as the expression
of the tumor suppressor cell adhesion molecule 1 (CADM1). CADM1 expression on EBV-infected B cells might therefore inhibit EBV-
associated lymphomagenesis in patients and result in the absence of EBV-associated malignancies in XLP-2 patients.
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INTRODUCTION
XIAP-deficiency is a rare primary immunodeficiency disease also
called X-linked lymphoproliferative disease 2 (XLP-2) that
affects about 1–2 in a million males [1]. The disease was first
characterized in 2006 by Rigaud et al. [2] in patients with
characteristic symptoms of XLP, including hemophagocytic
lymphohistiocytosis (HLH), hypogammaglobulinemia and cyto-
penia, but lacking mutations in the SLAM-associated protein
(SAP) gene, which at the time was the known genetic defect to
cause XLP (XLP-1). Genotype analysis of the X chromosome led
to the discovery of genetic mutations in the XIAP gene,
encoding the X-linked inhibitor of apoptosis (XIAP). In contrast
to XLP-1 patients, which are exquisitely susceptible to
pathology driven by oncogenic Epstein Barr virus (EBV)
infection, EBV is not the only driver of disease in XLP-2.
Nevertheless, HLH is often triggered by EBV infection, but in
contrast to XLP-1 EBV-driven lymphomas have not been
observed in XLP-2 [3].
XIAP is a ubiquitously expressed protein and a member of the

inhibitor of apoptosis (IAP) family, which also includes cellular
IAP1 (cIAP1), cellular IAP2 (cIAP2), melanoma IAP (ML-IAP),
neuronal apoptosis inhibitory protein (NAIP), survivin, Appolon
and IAP-like protein 2 (ILP2) [4]. Members of the IAP family are
characterized by the presence of one to three baculoviral IAP
repeat (BIR) domains, which confer their ability to interact with

specific binding partners [5]. As their name suggests, IAPs are
involved in the regulation of the apoptotic pathway either solely
by binding to its key components and/or by ubiquinating these
for proteasomal degradation. Indeed, XIAP can directly bind to
and inhibit the executioner caspases 3 and 7 with its BIR1-BIR2
linker domain [6] and to the initiator caspase 9 with its BIR3
domain [7]. Besides modulation of apoptosis, IAPs are involved in
a plethora of other signaling pathways, including NF-κB and
MAPK pathways [8, 9], autophagy [10–12], as well as DNA
damage, Wnt signaling, cell motility and migration [13, 14].
Therefore, XIAP might support EBV-associated lymphomagenesis
via a variety of mechanisms.
In this study, we aimed to shed light on the role of XIAP in

lymphomagenesis during primary EBV infection and in established
immortalized lymphoblastoid cell lines (LCLs) from XIAP-deficient
patients. Pharmacological inhibition of IAPs using SMAC-mimetics
in a humanized mouse model of EBV infection led to a reduction
in circulating B cells, a phenotype primarily found in memory B
cells of XIAP-patients and slightly reduced viral loads and tumor
development. RNA sequencing of established LCLs from patients
and their mothers revealed the induction of the tumor suppressor
cellular adhesion molecule 1 (CADM1) in patient-derived cells.
Even though CADM1 was not required for the growth of LCLs
in vitro, it might contribute to the absence of EBV-associated
lymphomas in XLP-2 patients.
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RESULTS
SMAC-mimetic treatment leads to a decrease of B cells in
humanized mice
SMAC-mimetics are small molecules being evaluated in clinical
trials, either alone or in combination with chemotherapeutics to
treat a wide range of cancer types [15]. SMAC/Diablo is a
naturally occurring mitochondria-derived protein that interacts
with IAPs to antagonize their anti-apoptotic function [16, 17].
SMAC-mimetics bind to cIAPs and trigger their auto-ubiquityla-
tion, targeting them for proteasomal degradation and prevent
XIAP from binding and thereby inhibiting caspase activation [4].
IAPs are often overexpressed in cancer [18] and correlate with
worse outcomes. In this study, we aimed to investigate the role
of XIAP loss in primary EBV infection. To this end, we made use of
the second-generation bivalent SMAC-mimetic Birinapant, tar-
geting cIAP1 and cIAP2 [19], and the bivalent GT13072, which
targets cIAPs and blocks XIAP function [20]. With this differential
effect of the used SMAC-mimetics on cIAPs and XIAP inhibition,
we aimed to pharmacologically interrogate cIAPs with and
without XIAP during primary EBV infection of NOD-scid γc

−/−

(NSG) mice with reconstituted human immune system compo-
nents (humanized mice; Fig. 1A). This humanized mouse model is
an established model to study primary EBV infection in vivo,
recapitulating some of the hallmarks of infectious mononucleosis
(IM), including an up to tenfold increase in CD8+ T cells [21].
Additionally, 20–30% of these mice develop lymphoproliferative
lesions, enabling the study of the tumorigenic potential of EBV
[22]. Reduction of cIAP1 after SMAC-mimetic treatment was
verified by Western blot (Fig. S1B, D). The efficacy of XIAP-
blockade by GT13072 was shown by inhibiting the NOD2
pathway in PBMC-derived monocytes [23]. The addition of
GT13072 was able to reduce TNF-α secretion in L18-MDP
stimulated monocytes, whereas Birinapant was much less able
to do so at the same concentration (Fig. S1E). IAP depletion in
non-infected humanized mice led to a moderate reduction of
human CD45+ cells, resulting predominantly from a decrease of
B cells in the peripheral blood (Fig. 1B), whereas T and NK cells
remained largely unaffected (Fig. S1A, C). This phenotype is
reminiscent of patients treated with Birinapant [24]. EBV infection
in SMAC-mimetic treated mice resulted in a more pronounced
reduction of B and T cells compared to vehicle mice (Fig. 1C and
Fig. S1F). Additionally, GT13072–treatment induced a stronger
depletion than Birinapant, suggesting a role for XIAP in B and T
cell maintenance in humanized mice. In line with this, T cells
from XIAP patients are described to present with increased
activation induced cell death, with B cells not yet characterized. B
cells in humanized mice are predominantly immature and rarely
undergo class-switching due to poor development of secondary
lymphoid tissues [25]. Thus, we measured total IgM serum levels
at termination to determine whether plasma B cells would
preferentially be depleted by SMAC-mimetic treatment. Slightly
lower total IgM titers, albeit not significant, were determined in
GT13072-treated mice (Fig. S1H). Monitoring memory B cells
during EBV infection and SMAC-mimetic treatment is masked
due to the upregulation of CD27 by EBV in B cells (Fig. S1I). With
B cells being significantly reduced in treated mice, EBV viral loads
were also lower at week 3 post infection in peripheral blood of
GT13072-treated mice (Fig. 1D). However, no difference was
detected in splenic tissues or serum at sacrifice (Fig. 1E; Fig. S1G).
Moreover, fewer mice developed tumors in the GT13072-treated
mice (30%) compared to vehicle mice (44.4%) albeit this
difference was not statistically significant (Fig. 1F). These data
suggest that SMAC-mimetics compromise the human B cell
compartment in humanized mice along with a tendency towards
lower EBV infection. Importantly, the compromised immune
response through XIAP-inhibition did not further aggravate
tumorigenesis, suggesting that loss of XIAP does not lead to
tumor formation, as seen in XIAP patients.

Reduction of circulating memory B cells in XIAP-deficient
patients
Next we investigated the immune cell composition in the
peripheral blood of four unrelated XIAP patients and their
respective mothers, carriers of the mutation. Patient character-
istics are summarized in Table S1. Each patient presented with a
different mutation in the XIAP gene, that led to the complete
absence of the protein. Premature STOP codons or deletions of
several exons were detected (Fig. 2A). We assessed the total
white blood cell count of each donor together with immuno-
phenotyping to monitor immune cell cytopenia, a frequent
symptom described in these patients [2, 26, 27]. Patient 1 (X1)
presented on three different time points with a mean total
leukocyte count of 3.8 × 106/ml, the lower end of the normal
range. Patient 3 (X3) was assessed at one time point and showed
a massive expansion of total leukocyte count, most likely due to
chronic inflammation caused by IBD symptoms. On the other
hand, patients 2 (X2) and 4 (X4) were in the normal range
(Fig. 2B). Distribution of different immune cell subsets was
assessed by flow cytometry. In general, each patient presented
with a distinct immunophenotype (Fig. 2C and Fig. S2). Patient 1
and 4 presented with a reduced frequency and total number of
CD19+ B cells (Fig. 2C). Additionally, we differentiated B cell
subsets into naïve, switched-memory, non-switched memory and
double negative B cells according to the expression of the
markers CD27 and IgD (Fig. 2D). All described patients displayed
significantly increased naïve and reduced memory B cell pools
compared to their healthy mothers (Fig. 2E). To exclude that
lower cIAP1 or cIAP2 expression levels in memory B cells could
render these more susceptible to depletion after XIAP loss we
assessed their respective expression by Western blot in flow
cytometric-sorted switched-memory and naive B cells of healthy
donors. No difference in cIAP1 or cIAP2 levels were detected in
both B cell subsets (Fig. 2SC). Therefore, in line with IAP inhibition
in humanized mice, XIAP deficiency seems to affect the human B
cell compartment in patients. More specifically, in XIAP patients
memory B cells are depleted probably as a result of a general
requirement for IAPs in B cells as revealed by our pharmacolo-
gical inhibition in humanized mice.

XIAP-deficiency does not influence the proliferation and cell
death rate of EBV-transformed primary B cells
To investigate if loss of XIAP plays a role in EBV-infected B cells, we
isolated B cells of XIAP patient-derived PBMCs, their mothers, and
healthy donor controls and infected them with the EBV B95-8
strain at a multiplicity of infection (MOI) of 0.1. XIAP loss did not
interfere with EBV transformation of primary B cells and thus
lymphoblastoid cell lines (LCLs) were generated from four mothers
(M1, M2, M3, and M4) and from three patients (X1, X2, X4). In line
with this, unchanged XIAP transcript levels during primary EBV
infection of healthy human B cells in vitro suggest that EBV does
not regulate XIAP expression (Fig. S3A) [28]. The expression levels
of XIAP in control, mother and patient LCLs was confirmed by
Western blot analysis. Additional XIAP patient-derived LCLs (X6,
X7) provided by R. Marsh were analyzed (Fig. 3A). Long exposure
shows residual expression of XIAP in LCLs derived from patient X6.
Mother-derived LCLs showed similar XIAP expression levels as
healthy donor controls. Additionally, the expression of cIAP1 and
cIAP2 remained unaffected by XIAP loss, as shown by similar
expression levels in all tested LCLs. As XIAP plays a major role in
protecting cells from apoptosis, we assessed the growth rate and
spontaneous cell death of the generated LCLs. However, the
absence of XIAP did not impair proliferation of LCLs as shown by
comparable growth rates of each cell line (Fig. 3B and Fig. S3B).
Each LCL also contained similar frequencies of spontaneous cell
death (Fig. 3C). The successful transformation of XIAP-deficient
primary B cells by EBV in vitro and the similar growth rates and
incidence of spontaneous apoptosis in established LCLs suggests
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that XIAP is not involved in these processes, underpinning the
strong transformation capability of EBV.
XIAP is also shown to regulate cell migration [13, 14], therefore

we assessed the migration capacity of LCLs in an in vivo model

using NSG mice. We injected LCLs from patient 2 or mother
2 subcutaneously into the right flank of NSG mice and monitored
tumor development and growth as well as subsequent spreading
by measuring EBV viral loads in the spleen and peripheral blood

Fig. 1 SMAC-mimetic treatment leads to reduction in lymphoid cells. A Experimental procedure of SMAC-mimetic treatment in humanized
mice. Male and female mice were distributed into vehicle or treatment groups with the SMAC-mimetics Birinapant or GT13072, with or
without EBV infection. Compounds were injected intraperitoneally three times a week until the end of the experiment, starting with two
injections prior to infection. B Total numbers of human CD45+ leukocytes and CD19+ B cells during the treatment with Birinapant (blue,
n= 6), GT13072 (purple, n= 6) and vehicle (black, n= 5 and 4, respectively) of humanized mice. The data originate from mice reconstituted
with hCD34+ cells derived from 1 donor (Birinapant) or 2 donors (GT13072). C Total numbers of human CD45+ cells, CD19+ B cells, CD3+ and
CD8+ T cells during EBV infection under SMAC-mimetic treatment with Birinapant (blue, n= 8), GT13072 (purple, n= 10) or vehicle (black,
n= 11). The data originate from mice reconstituted with hCD34+ cells derived from three different donors. D EBV genome copies per ml of
blood from mice treated with Birinapant (blue, n= 8), GT13072 (purple, n= 10), or vehicle (black, n= 11) during the course of the experiment
as determined by qPCR detecting the BamHI-W fragment of EBV. E EBV genome copies per mg spleen. Data include all mice that survived at
least until week 4 (Birinapant, n= 8; GT13072, n= 10; vehicle, n= 9). F Tumor incidence in SMAC-mimetic-treated or untreated mice. Number
of macroscopically visible tumors in organs or in the peritoneum were determined at the end of the experiment (Birinapant, n= 8; GT13072,
n= 10; vehicle, n= 9). B–F Each dot represents one animal (median + IQR). *p < 0.05, **p < 0.01, ***p < 0.001, significant comparisons are
indicated and significance was determined using Mann–Whitney U test.
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(Fig. 3D). In most mice a palpable tumor formed after a week,
which was then monitored until four weeks post injection or until
the tumor reached a maximum length of 1.5 cm, which was the
humane endpoint for euthanasia. Tumors from each donor grew
fast or slow, depending on the experiment (Fig. 1E). Thus, mice
had to be euthanized at a similar rate (Fig. 3F). Additionally, EBV
viral loads in the spleen and blood did not differ between the two
donors (Fig. 3G, H). Consequently, loss of XIAP also did not impair
tumor formation and did not prevent LCLs from spreading via the
circulation into the spleen. Thus, XIAP does not seem to be
required for EBV induced B cell transformation in vitro and has no
significant effect on tumor formation by the resulting LCLs in vivo.

RNAseq analysis reveals increased expression of lytic EBV
genes in XIAP-deficient LCLs
To investigate the consequences of XIAP loss on cellular and viral
gene expression, we performed RNAseq analysis on bulk RNA
isolated from LCLs derived from patients, as well as their mothers
and wildtype LCLs. In addition to our patients 1 and 2, we included
XIAP patient-derived LCLs X5, X6, X7 (Table S2) [26]. Principle
component analysis of EBV genes clustered all wild type cells
together with M1 and M3, indicating similar expression patterns.
Patient-derived LCLs clustered separately, suggesting altered but
variable viral gene expression in different XIAP patients. Addi-
tionally, the mother of patient 2 reveals a similar gene expression
as X2 (Fig. 4B). A heatmap depicting normalized and transformed
EBV gene expression suggests that most XIAP patient-derived

LCLs express lytic genes at higher levels than mother and healthy
donor LCLs (Fig. 4A and Data S2). Genes in the heatmap are
categorized and color-coded according to the grouping of
Djavadian et al. into latent, immediate early, ‘leaky’ late and late
[29]. Genes in the upper half of the heatmap correspond mainly to
‘leaky’ late or late genes, with higher expression in the patient-
derived LCLs, such as BDLF2, BLLF1, BLRF2, BGLF1, and BZLF2. To
verify the increased expression of lytic genes in XIAP LCLs, we
analyzed the expression of some lytic genes, including BALF4,
BILF2, BLLF1, BVRF2, and BILF1 by RT-qPCR (Fig. 4C). Although
some patient-derived LCLs showed a tendency towards higher
expression levels of these genes compared to wild type cells, no
statistical significance was reached due to the heterogeneity of
this lytic EBV gene expression in LCLs of different patients.
Additional analysis of early lytic and latent gene expression also
did not show statistically significant differences (Fig. S4A, B). The
tendency of higher lytic EBV gene expression did also not result in
altered chemokine and cytokine production by XIAP-deficient
LCLs (Fig. S4C). Thus, XIAP-deficient LCLs show a tendency
towards higher lytic EBV gene expression but this did not
significantly affect their growth in vitro or in vivo, as demonstrated
above.

Upregulation of the tumor suppressor CADM1 in XIAP-
deficient LCLs
Additionally, we analyzed the host transcriptome of all LCLs and
compared patients to mothers and patients to wildtype LCLs.

Fig. 2 Phenotypic characterization of peripheral blood lymphocytes in XIAP-deficient patients and their mothers. A Graphical depiction
of mutations in XIAP patients described in this study. Numbered boxes represent the 6 coding exons of XIAP. B–E Phenotypic characterization
in healthy donors (HD, black), including 2 children aged 6 and 10 years (white circles), female carriers (M, blue), and XIAP patients (X, red). Each
family was assigned a distinct symbol. B White blood cell count of whole blood determined on the day of blood draw. Each blood donation is
shown, number of donations per family were either one, two, or three. C Percentage and total cell count of peripheral CD19+ B cells in HD
(n= 19), M (n= 7) and X (n= 6). D Representative flow cytometric plot of naïve, switched-memory (SwMe), non-switched memory (NSM) and
double negative (DN) B cells as determined by IgD and CD27 expression. E Frequencies of naïve, SwMe and NSM B cell subsets within all
CD19+ cells in HD, M, and X. Error bars represent median + IQR. Statistical significance was calculated using a Mann–Whitney U test, *p < 0.05;
**p < 0.01.
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Principal component analysis generated three clusters. One cluster
grouped all healthy donor controls together and a second cluster
grouped the three mothers together with two patients, which are
the respective sons of the mothers. A third cluster grouped the
remaining unrelated patients (Fig. 5A). Gene-set enrichment
analysis (GSEA) revealed several pathways differentially regulated

in XIAP-deficient LCLs, however, no common pathways in both
comparisons that would reveal a phenotype in XIAP-deficient LCLs
could be determined (Fig. S5D). Differential gene expression
analysis comparing mothers and patients revealed 238, hits
whereas patients and wild type controls presented 119 hits. The
10 overlapping differentially expressed genes in both comparisons
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revealed the adhesion molecule and tumor suppressor CADM1
(TSLC-1, NECL2, SynCAM or IgSF4) as significantly upregulated in
patient LCLs (Fig. 5B, C; Data S3). In the context of virus-infected
cells, CADM1 expression has been shown to be upregulated upon
Kaposi sarcoma-associated herpes virus (KSHV) infection of
primary B cells and in human T-lymphotropic virus type 1
(HTLV-1)-infected cells [30, 31]. In these virus-infected cells the
intracellular domain of CADM1 plays a role as a scaffold to enable
chronic signaling through the canonical and non-canonical NF-κB
pathway, which is required for cell survival. We hypothesized that
CADM1 could play an equal important role in chronic NF-κB
activation in LCLs when the XIAP protein is absent. We validated
the upregulation of CADM1 mRNA by RT-qPCR (Fig. 5D) and
analyzed CADM1 protein expression by flow cytometry (Fig. 5E, F).
Indeed, patient-derived LCLs showed higher frequencies of
CADM1-positive cells and consistent upregulation of CADM1 on
the cell surface in comparison to their respective mothers.
Comparison of all 5 XIAP-deficient LCLs to mothers and wild-
type controls showed significant higher expression levels of
CADM1 in XIAP-deficient LCLs (Fig. 5F). To investigate whether
CADM1 expression in patient-derived LCLs is due to the absence
of XIAP, we made use of the CRISPR/Cas9 technology to knock-out
XIAP in the LCLs derived from the patients’ mothers. We assessed
XIAP knock-out efficiency and CADM1 expression by flow
cytometry for the first time after five days (Fig. S5A). Knock-out
efficiency was between 70 and 80% in each cell line (Fig. S5B). We
then investigated whether CADM1 would be upregulated on the
XIAP negative cells in comparison to the XIAP positive cells, which
act as an internal control. Over the course of 3 weeks post XIAP
knock-out, CADM1 expression did however not increase in the
XIAP negative population (Fig. S5C). Therefore, XIAP deletion in
already established LCLs does not seem to induce the phenotypic
changes, like CADM1 upregulation, that are observed upon EBV
transformation of XIAP-deficient B cells.
To see whether CADM1 has a pro-survival or pro-proliferative

function, similar to the one observed in KSHV-infected cell lines, in
established XIAP-deficient LCLs, we again made use of the CRISPR/
Cas9 technology to knock-out CADM1. Knock-out efficiency was
assessed after 5 days by flow cytometry (Fig. S6A). We then
followed their proliferation rate by trypan blue exclusion as well as
by cell trace violet (CTV) staining and Ki67 expression (Fig. S6B–E).
There was no difference in the growth between CADM1-ko cells
and ctrl-ko cells. (Fig. S6B). With the Ki67 and CTV staining we
could specifically monitor the CADM1 positive and negative
subpopulations (Fig. S6C). Neither Ki67 (Fig. S6D) nor CTV (Fig.
S6E) showed a difference between both populations after 5
additional days in culture. In line with these data, CADM1-ko cells
were not more prone to apoptosis compared to ctrl-ko cells as
determined by AnnexinV/PI staining (Fig. S6E). These results
suggest that CADM1 expression in XIAP-deficient LCLs is not
required for their survival and proliferation in vitro.
As CADM1 can also mediate heterotypic interactions with T and

NK cells through the class I-restricted T cell-associated molecule

(CRTAM) and was shown to enhance lysis of HTLV-infected cells
[32, 33], we assessed the killing efficiency of XIAP-deficient LCLs by
T cells. We generated T cell clones specific for the EBV EBNA1 and
EBNA3A antigens and used them in killing assays targeting HLA-
matched wild type and XIAP-deficient LCLs. XIAP-deficient LCLs
were killed to the same extent as wild type LCLs (Fig. S6G) and
cytokine secretion, as well as degranulation markers were
expressed at similar levels in the co-cultured T cells in both
conditions (Fig. S6H). Thus, XIAP-deficient LCLs did not seem to be
more susceptible to cytotoxic T cell killing.

DISCUSSION
Despite a high susceptibility of XIAP-deficient T cells to cell death
after activation, EBV infection causes pathologies only in a third of
XLP-2 patients and no EBV-associated lymphoproliferative dis-
eases have so far been reported [2, 3, 27, 34–37]. This is surprising
because compromised cytotoxic CD8+ T cell function has been
identified in many other primary immunodeficiencies as the cause
of immune control loss against EBV-associated lymphomagenesis
[38–41]. XLP-1 patients are exemplary for this phenomenon and
20–30% of these patients go on to develop EBV-associated
lymphomas [42]. The importance of SAP-mediated 2B4 signaling
in T cells was already demonstrated by our lab using the
humanized mouse model of EBV infection [43]. In this model,
2B4 receptor blockade resulted in increased tumorigenesis,
demonstrating the utility of this model in studying primary
immunodeficiency diseases. Shedding some light on this dis-
crepancy in XLP-2 patients, we report here that B cell frequency is
reduced upon IAP inhibition and the memory B cell compartment
appears compromised in XLP-2 patients. Since EBV exploits this B
cell differentiation for persistence [44], this might in part explain
the absence of EBV-associated malignancies in XLP-2 patients that
originate from germinal center B cells, such as Hodgkin’s and
Burkitt’s lymphoma [45]. The fact that the frequency of mice
harboring tumors did not increase after IAP depletion confirms
that XIAP loss does not promote EBV-associated lymphomagen-
esis. Furthermore, we demonstrate the upregulation of the tumor
suppressor CADM1 upon EBV-mediated transformation of B cells
from XLP-2 patients, resulting in LCLs that resemble extrafollicular
lymphoproliferative diseases caused by EBV [46].
Even though our current experimental systems were not able to

pinpoint how CADM1 expression might compromise EBV-
associated lymphomagenesis in the absence of XIAP, it might
stimulate immune control, possibly by innate immunity in
secondary lymphoid tissues to prevent EBV-positive lymphomas
in XLP-2 patients.
XIAP has a critical role in survival of myeloid cells. In the absence

of XIAP, myeloid cells are particularly prone to cell death in
response to infection [47–49]. Stimulation with TNF super family
receptors, such as Fas or TNFR2, myeloid cells die either by
necroptosis or via inflammasome activation [50, 51], and any
stimuli which also decreases cIAP1/2 protein levels, sensitize

Fig. 3 Loss of XIAP in LCLs does not affect their proliferation, spontaneous apoptosis or tumorigenesis. A Western blot analysis of XIAP,
cIAP1, and cIAP2 expression in LCLs derived from healthy donors (C), female carriers (M) and XIAP-patients (X). Quantification of cIAP1, cIAP2,
and XIAP relative to GAPDH. B Total cell count as determined by trypan blue exclusion of LCL cell cultures over 4 days (Left). Proliferation rate
as determined by the inverse of the median fluorescent intensity (MFI) of Cell Trace Violet ×106 of each cell line (right). Cells were seeded at
0.3 × 105 cells/ml after CTV staining and analyzed every day for total cell counts and CTV expression. C Frequency of apoptotic cells after
4 days in culture determined by AnnexinV/PI staining. D Experimental scheme of LCL transfer experiment. 2.5 × 106 LCLs were subcutaneously
injected into the right flank. Tumor growth was monitored once a palpable tumor was formed by calipering every second day and every day
once the tumor reached a width of 1 cm. Mice were euthanized when the tumor reached a maximum width of 1.5 cm. E Tumor volume of
individual mice during the course of the experiment. Tumor volume was calculated with the formula (π × length × width2)/6, with length
representing the largest tumor diameter and width the perpendicular tumor diameter. F Kaplan–Meier survival curve of animals injected with
either XIAP patient- or mother-derived LCLs. G EBV DNA loads in the spleen of mice. H EBV viral loads in the peripheral blood. D–H Data are
from two independent experiments. XIAP patient LCL-injected mice, n= 7; mother LCL-injected mice, n= 7. B–C, G, H Data are presented as
median + IQR. A, C, G, H Statistical significance was assessed with the Mann–Whitney U test, *p < 0.05; **p < 0.01.
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xiap−/− macrophages to TNF-mediated cell death [52]. In a XIAP-
deficient patient, macrophages may provide an inflammatory
environment, eliciting an immune response and thereby prevent-
ing tumor formation.
CADM1 has been found upregulated on lymphocytes that are

transformed with two other human tumorviruses, namely HTLV-1
and KSHV or human herpesvirus 8 (HHV8) [30–32, 53, 54]. Both cell
intrinsic and extrinsic effects of CADM1 in the respective T and B
cell lymphomas have been described. For HTLV-1-associated T cell
lymphomas and KSHV-associated primary effusion lymphoma,

CADM1 has been described to support viral oncogene-driven NF-
κB activation, and thereby to directly drive transformed lympho-
cyte proliferation [30, 31]. In addition, CADM1 mediates cytotoxic
lymphocyte recognition of tumor cells, including HTLV-1-
associated CD4+ T cell lymphomas [32, 33]. We tested those two
mechanisms for XIAP-deficient EBV-transformed B cells, but
deletion of CADM1 in LCLs of XLP-2 patients did not significantly
change their growth, nor did cytotoxic CD8+ T cell recognition
significantly differ between XIAP-deficient and sufficient LCLs.
Thus, CADM1 might mediate its tumor suppressor function against

Fig. 4 XIAP-deficient LCLs tend to express lytic EBV genes at higher levels. A Heatmap of normalized EBV genes in LCLs derived from three
healthy donors (C1, C2, and C3), three mothers (M1, M2, and M3) and five XIAP patients (X1, X2, X5, X6, and X7). B Principal component
analysis of EBV genes. C RT-qPCR analysis with previously published primers [79, 80] of late lytic EBV genes in healthy donor (C1, C2, and C3),
mother (M1, M2, M3, and M4), and XIAP patient LCLs (X1, X2, X4, X6, and X7). Each dot represents one cell line derived from 1 to 3 technical
replicates. Statistical significance was assessed with the Mann–Whitney U test.
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EBV-transformed B cells during XIAP deficiency in a cell extrinsic
function that is independent of CD8+ T cells.
The tumor suppressor function of CADM1, however, extends

beyond virus-induced lymphomas. Along these lines, CADM1-
deficient mice develop lymphomas and to a lesser degree leukemias,
as well as epithelial cell-derived adenomas spontaneously at
increased incidences [55]. Accordingly, CADM1 is frequently silenced
in acute lymphoblastic leukemias [56]. Furthermore, CADM1 is
deleted in a subset of myelodysplastic syndromes [57]. Beyond
hematopoietic malignancies, it was originally described as tumor

suppressor in lung cancer 1 (TSLC-1) in non-small-cell lung cancer
[58]. However, its inactivation is also associated with prostate,
esophageal, gastric, nasopharyngeal, breast, and cervical carcinoma,
as well as meningioma [59–67]. Especially, invasive tumors
upregulate CADM1 [68–71]. Thus, CADM1 downregulation is
observed in a variety of hematopoietic and epithelial malignancies,
for which also loss of cell adhesion and of immune surveillance are
discussed as possible mechanisms. Therefore, the CADM1 upregula-
tion observed in this study on EBV-transformed B cells of XLP-2
patients might be in part responsible for the absence of EBV-

Fig. 5 CADM1 expression is upregulated in XIAP patient-derived LCLs compared to healthy donors and mothers. A Principal component
analysis of cellular gene transcripts in LCLs derived from three healthy donors (C1, C2, and C3), three mothers (M1, M2, and M3), and five XIAP
patients (X1, X2, X5, X6, and X7). B Volcano plots highlighting differentially expressed genes (DEG) in XIAP patient-derived LCLs relative to
mothers (left) and relative to healthy donors (right). The horizontal line corresponds to FDR= 0.1, with genes located above being significantly
changed. The two vertical lines correspond to a log2 fold change of 2. Genes strongly and significantly expressed are depicted in red. C Venn
diagram showing overlapping DEG after comparing XIAP patient LCLs to mother or healthy donor LCLs. D Relative CADM1 gene expression in
healthy donors (n= 3), mothers (n= 4) and XIAP patients (n= 5) as determined by RT-qPCR. E Representative flow cytometry plots depicting
CADM1 protein expression on the cell surface of three mother-patient pairs. F Quantification of CADM1 expression by flow cytometry of all
investigated LCLs (HD, n= 6; M, n= 4; X, n= 5). D, F Each dot represents one donor with the mean expression of three technical replicates
(median + IQR). Significance was assessed using the Mann–Whitney U test, *p < 0.05, **p < 0.01.
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associated lymphoproliferative diseases despite compromised EBV-
specific immune control in the absence of XIAP.

MATERIALS AND METHODS
Humanized mice generation, infection, and SMAC-mimetic
treatment
NOD-scid γc

−/− (NSG) mice (Jackson Laboratory, Bar Harbor, ME, USA) were
bred and maintained under specific pathogen-free conditions at the
Institute of Experimental Immunology, University of Zurich, Switzerland.
Newborn pups, 1 to 5 days of age, were sub-lethally irradiated with 1 Gy by
X-ray. Five to seven hours later, the pups were injected intrahepatically with
1–3 × 105 CD34+ hematopoietic stem and progenitor cells (HPSCs) derived
from human fetal livers (Advanced Bioscience Resources). CD34+ HPSCs
were isolated by positive selection of CD34+ cells by magnetic cell sorting
(Miltenyi), according to the manufacturer’s protocol and as described
previously [21]. Three months later, the engraftment of human immune
cells was assessed in the peripheral blood by flow cytometry. Male and
female mice were intraperitoneally (i.p.) infected with 105 Raji Infectious
Units (RIU) of the EBV B95-8 strain or PBS control and followed for up to
5 weeks post-infection. For treatment with SMAC-mimetics, mice were
evenly distributed to different treatment groups according to their human
reconstitution levels in the blood and with an equal male to female ratio.
The SMAC-mimetics Birinapant (Chemietek, Indianapolis, IN, USA) and
GT13072 (Tetralogics, Malvern, PA, USA) were dissolved in 12.5% Captisol
(Captisol, KS, USA). Aliquots of the compounds were stored at −80 °C and
freshly thawed on each day of injection. Mice were treated intraperitoneally
three times a week during the whole experiment at 50mg/kg/dose, starting
with two injections prior to EBV infection. Control mice were treated with
equal amounts of solvent (12.5% Captisol). Investigators were not blinded
regarding the different treatment groups of the animal experiments.
Organs of the animals were harvested after 4 to 5 weeks post infection or
earlier if the mice developed general health symptoms and/or weight loss
that required their pre-mature euthanasia according to the general
guidelines of the animal welfare protocol. Mice that had to be euthanized
prematurely, before 3 weeks of infection as well as mice that did not get
infected as assessed by viral loads in the blood and spleen, were excluded
from the analysis. Tumor development was assessed at the day of sacrifice
by macroscopic inspection of the organs and peritoneum.

Production of recombinant EBV
The EBV strain B95-8 was produced in HEK293 cells (ATCC) containing a GFP-
encoding wild type EBV BACmid (p2089; kind gift from W. Hammerschmidt)
(Delecluse et al., 1998). Recombinant virus particles were collected from the
supernatant three days after lytic cycle induction by transfecting the cells with
the BZLF1 (p509) and BALF4 (p2670) -encoding plasmids with METAFECTENE®
PRO (Biontex). Supernatants were collected and filtered through a 0.45 μm
filter and then concentrated at 30 000xG, for 2 h at 4 °C. Virus concentrates
were titrated on Raji cells (ATCC) as previously described [72]. Raji Infectious
Units (RIU) were determined by measuring GFP-positive cells two days after
infection by flow cytometry on a BD FACSCanto II.

Viral load quantification in blood and tissue
DNA from whole blood and serum was extracted with the NucliSENS
EasyMAG System (Biomérieux) and DNA from splenic tissues was isolated
using the DNeasy Blood and Tissue kit (QIAGEN), according to the
manufacturer’s recommendations. Taqman real-time PCR was used to
quantify EBV viral loads using modified primers (5′-CTTCTCAGT
CCAGCGCGTTT-3′ and 5′-CAGTGGTCCCCCTCCCTAGA-3′) and a fluorogenic
probe (5′-FAM CGTAAGCCAGACAGCAGCCAATTGTCAG-TAMRA-3′) to
detect the conserved EBV BamHI-W fragment. Blood and splenic tissue
viral loads from SMAC-mimetic treated mice were analyzed on an ABI
Prism 7700 Sequence detector (Applied BioSystems) and run in duplicates,
with EBV loads indicated in EBV genome copy numbers. EBV load in serum
of SMAC-mimetic treated mice and LCL-transfer experiment samples were
analyzed in triplicates and run on a CFX384 Touch Real-time PCR Detection
System (Bio-Rad), indicating EBV International Units (IU).

Flow cytometric analysis of huNSG cells
Peripheral blood from mice was collected either by tail vein bleeding or
terminal heart puncture at the day of sacrifice. An aliquot of whole blood
was used to determine the whole blood cell count with a Beckman Coulter
AcT diff Analyzer for the calculation of total cell counts. Red blood cells

were lysed with ACK-lysis buffer for 5 min and subsequently stained with
fluorochrome-conjugated antibodies for phenotypic analysis by flow
cytometry. Cells were stained with surface markers for 20min at 4 °C.
Human reconstitution levels were determined with the expression of
human CD45, CD3, CD4, CD8, CD19, and NKp46. Labeled cells were
acquired on a BD FACSCantoII, BD LSRFortessa, or BD FACSymphony. Data
analysis was performed using FlowJo software (FlowJo LLC).

Flow cytometric analysis of cell lines
Lymphoblastoid cell lines (LCLs) or other cell lines were washed in 1× PBS
before the addition of Fc block (BD) and a fixable live/dead stain
(BioLegend) and incubated for 10min at room temperature. CADM1
expression was determined by staining cells with α-CADM1 or normal
chicken isotype-control (MBL International Corporation), followed by goat
α-chicken-AF647 secondary antibody (Abcam). Positive gates were set
according to isotype-control staining and unspecific staining was sub-
tracted from the CADM1 signal for quantification. XIAP protein expression
was analyzed by staining with α-XIAP (clone 48, BD) for 20min at 4 °C after
fixation and permeabilization with the Cytofix/Cytoperm intracellular
staining kit (BD) for 15min at 4 °C. A secondary α-mouse IgG-PE (A85-1,
BD Pharmingen) antibody was used and incubated for 20min at 4 °C.
Stained cells were acquired either on a BD LSRFortessa or BD
FACSymphony. The data was analyzed using FlowJo software (FlowJo
LLC) All antibodies and dyes used for flow cytometry are listed in Table S5.

Processing of whole blood samples
Venous blood was drawn into EDTA tubes and processed on the same day.
A small aliquot of the whole blood was used to determine the white blood
cell count with a Beckman Coulter AcT diff Analyzer. Additional whole
blood aliquots were used for immune cell phenotyping after red blood cell
lysis with ACK-lysis buffer for 5 min and staining with antibodies for 20min
at 4 °C. Labeled cells were acquired either on a BD LSRFortessa or BD
FACSymphony and data analysis was performed using FlowJo software
(FlowJo LLC). Peripheral blood mononuclear cells (PBMCs) were isolated
from the remaining blood samples by Ficoll-Paque (GE Healthcare),
according to the manufacturer’s protocol.

Lymphoblastoid cell line generation
For the generation of LCLs, B cells were isolated from PBMCs by positive
selection using the MACS technology with CD19 microbeads (Miltenyi),
according to the manufacturer’s protocol. Isolated B cells were resuspended in
R10 (RPMI 1640+ 10% FBS, 1% penicillin/streptomycin + 1% L-Glutamine
Gibco, Thermo Fisher Scientific). EBV particles were added at a MOI of 0.1 to
the cells, which were then incubated at 37 °C, 5% CO2 until EBV-transformed B
cells grew out. Established LCLs were passaged 2–3 times per week. LCLs
provided by R. Marsh were generated in a similar way, by infecting total
PBMCs with EBV collected from the spent supernatant of the B95-8 marmoset
cell line and the addition of cyclosporine A. All cell lines were routinely
checked for mycoplasma contamination.

T cell clone generation
EBV-specific T cell clones for EBNA1 and EBNA3A were generated from PBMCs
derived from a healthy donor or from mother 2. PBMCs were stimulated with
peptide-pulsed (1 μM; EBNA1407–417: HPVGEADYFEY and HLA-B35 restricted;
EBNA3A325–333: FLRGRAYGL and HLA-B8 restricted) autologous LCLs for 3–4 h
and IFN-γ secreting cells were then isolated with the IFN-γ Secretion Assay –
Detection kit (Miltenyi Biotech). Isolated cells were then seeded into 96-well
plates using the single cell cloning dilution method. PBMCs, stimulated
overnight with PHA (5 μg/ml), and peptide-pulsed LCLs were irradiated at 20
and 60 Gy, respectively, and served as feeder cells. IL-2 (Peprotech) was added
after 2 days and subsequently two times a week at 125 U/ml. After 3–4 weeks,
colonies formed, which were screened for IFN-γ production by ELISA, after
stimulation with 1 μM specific peptide. Positive clones were kept in culture
and re-fed every 2–3 weeks as described above.

In vitro T cell killing and cytokine secretion assays
EBNA1 and EBNA3A-specific T cell clones were co-cultured with autologous
wild type or XIAP-deficient LCLs to assess the killing efficiency of the LCLs. The
target LCLs were labeled with PKH-26 (Sigma-Aldrich) for 5min according to
the manufacturer’s protocol to distinguish them from the T cells. LCLs were
then co-cultured with the T cell clones at a 5:1 effector:target ratio and
incubated for 18 h. LCL cell death was assessed by adding TO-PRO-3-iodide
(ThermoFisher Scientific) at a final concentration of 0.5 μM prior to acquisition.
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To determine the degranulation capacity by CD107a (H4A3, BD
Biosciences) and the ability of cytokine secretion, T cell clones were co-
cultured as described above for 6 h. After 2 h Brefeldin A (Sigma-Aldrich)
was added and cells were cultured for additional 4 h. Cytokine production
was measured by intracellular staining of TNF-α (Mab11, BD Biosciences),
IL-2 (MQ1-17H12, eBioscience) and IFN-γ (4S.B3, eBioscience).

NOD2 stimulation of monocytes
XIAP-blockade by GT13072 was shown by preincubating buffy-coat derived
monocytes with Birinapant or GT13072 for 30min, before stimulating the
monocytes with the NOD2 ligand L18-MDP (InvivoGen) as previously
described [23]. Briefly, PBMCs from buffy coats were seeded and cultured
overnight in a 24-well plate. Non-adherent cells were washed away and
adherent cells were treated with GT13072 or Birinapant with indicated
concentrations for 30min. L18-MDP was then added to each condition at
200 ng/mL, together with BrefeldinA for 2.5 h. TNF-α secretion was assessed
by intracellular cytokine staining and acquired on a BD LSRFortessa.

Cytokine and chemokine measurement
IFN-γ secretion of T cell clones was measured in the supernatant using the
IFN-γ ELISA kit (3420-1H-20, MABTECH) following the manufacturer’s
protocol. Total IgM from mouse-serum was detected using the IgM-ELISA
kit (3880-1AD-6, MABTECH) according to the manufacturer’s protocol.
Serum samples were pre-diluted 1:10 000. IL-27 in cell culture supernatant
was analyzed using the IL-27 (3458-1H-6, MABTECH) kit, following the
manufacturers protocol. CXCl9, CXCL10, IL-6, and IL-10 were analyzed with
a Magnetic Luminex assay kit (Bio-Techne, Minneapolis, MN, USA). The
measurements were performed on a Bio-Rad BioPlex 200 system (Bio-Rad
Laboratories, Basel, Switzerland) and data were analyzed with the Bio-Plex
software 6.0 (version 6.0, Bio-Rad).

LCL cell lines used for RNAseq analysis
All LCLs and data used for the RNAseq analysis are listed in Table S2. LCLs
from patient 1 and 2, as well as LCLs from mothers 1, 2, and 3 were
generated for this study as described above. XIAP patient LCLs number 5,
6, and 7 were kind gifts of Rebecca Marsh (Cincinnati Children’s Hospital,
USA). The previously generated RNA-read count data set of three healthy
male donors [22] was used as healthy controls.

High-throughput sequencing and RNAseq analysis
LCL RNA was isolated as described below with the RNeasy Mini kit
(QIAGEN), with on-column DNase digestion (RNase-Free DNase Set,
QIAGEN). After mRNA-isolation with the NEBNext Poly(A) mRNA Magnetic
Isolation Module, strand-specific RNA-Seq libraries were generated using
the NEXTflex rapid Directional qRNA-Seq Kit (Bioo Scientific). Sequencing
of the libraries was performed on an Illumina NextSeq 500 platform (single
read 75) at an average of ~20 million reads. Three replicates of each donor
were sequenced and read counts were combined, resulting in ~60 million
reads per donor, for further analysis (see Data S1 for sequencing depth).
For differential gene expression analysis, gene annotations from gencode

(version 33) for GRCh38 assembly were used and for the EBV GenBank
annotations for reference sequence NC_007605 (NCBI: NC_007605.1) were
used. The data was imported with the R package tximport [73]. Gene
abundance was quantified using Salmon (v1.5.1) [74]. Normalization of read
counts and differential expression (DE) analysis was performed using the
DESeq2 package [75]. P-values for differentially expressed genes were
calculated by re-estimating the null variance of the Wald test statistic output
from DESeq2 with the R package fdrtool [76]. The Benjamini–Hochburg
method was used to adjust the p-value (FDR). FDR (BH-adjusted p-values) < 0.1
and Log2 fold change of 2 was used as criteria for the final DE gene list.
Heatmaps were generated using variance stabilizing transformation [77] on
normalized counts of genes, and R package pheatmap was used with Pearson
correlation as a distance measure for rows clustering. Volcano plots were
generated using the R package EnhancedVolcano. R statistical computing
language (version 4.1.1) was used to perform above-mentioned steps, except
gene quantification. Gene Set Enrichment Analysis (GSEA) was performed
using the online tool WebGestalt.

Quantitative RT-PCR (qRT-PCR)
RNA was isolated from cultured cells with the RNeasy Mini kit (QIAGEN),
following the manufacturer’s protocol. To prevent contamination from
genomic DNA, on-column DNase digest was performed during RNA isolation

(RNase-Free DNase Set, QIAGEN). Complementary DNA (cDNA) was generated
using oligo(dT)s for cellular genes or specific primer mixes for EBV genes at a
final concentration of 10 μM in a 20 μl reaction volume with the GoScript
Reverse Transcriptase (Promega). Cellular gene expression was analyzed with
SYBR Select Master Mix for CFX (Thermofisher) and run on a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad) using a program of 2min at 50 °C
and 2min at 95 °C, followed by 40 cycles of amplification (95 and 54 °C for
15 s each) with a final extension at 72 °C for 1min. Gene expression of CADM1
was calculated relative to the geometric mean of the housekeeping gene
GAPDH and presented as a relative expression. EBV gene expression was
analyzed with TaqMan Universal PCR Master Mix (Applied Biosystems) using a
protocol of 2min at 50 °C and 10min at 95 °C, followed by 50 cycles of
amplification (95 °C for 15 s and 60 °C for 1min) [22] Relative gene expression
was calculated to the geometric mean of the reference gene SDHA (TaqMan
Applied Biosystems Gene Expression Assay (Hs00417200). Primers used for
qRT-PCR are listed in Table S3.

Gene editing with CRISPR/Cas9
Gene knockouts of CADM1 and XIAP were generated using the 4D-
Nucleofector system (Lonza) with the P3 primary cell kit (Lonza). Guide
RNAs were generated by mixing Alt-R® CRISPR-Cas9 tracrRNA and
predesigned Alt-R® CRISPR-Cas9 crRNA (IDT) at equimolar concentra-
tions to a final duplex concentration of 100 μM and incubating them at
95 °C for 5 min. crRNAs used in this study are listed in Table S4. RNP
complexes were subsequently generated by mixing gRNAs with Alt-R®
S.p. Cas9 Nuclease V3 in a 5:1 molar ratio. 0.5 × 106 cells were harvested
and washed in 1× PBS and resuspended in the P3 solution. The
previously generated RNP was added, resulting in a 20 μl reaction
volume. Cells were immediately electroporated using the DN-100
program and allowed to rest for 10 min after addition of 80 μl R10.
Edited cells were then seeded into a 96-well plate and incubated at
37 °C, 5% CO2 for 5 days. Knockout efficiency was determined by
analysis of protein expression by flow cytometry as described above.

Cell death and proliferation analysis
Treated cells were collected and washed once in PBS. Cells were then stained
with Annexin V and PI in 1× Annexin V staining buffer (eBioscience) for 15min
at room temperature in the dark. Samples were acquired within 1 hour after
staining. For proliferation assays, LCLs were stained with cell trace violet (CTV)
according to the manufacturer’s recommendations and seeded at a density of
either 0.3 or 0.5 million cells per well and incubated for up to 4 days at 37 °C,
5% CO2. On the day of analysis, cells were counted by trypan blue exclusion
and stained with NIR or Aqua live/dead stain (BioLegend). For additional
analysis of Ki67 expression in cultured LCLs, cells were fixed and
permeabilized for 20min at 4 °C and stained with a Ki67 antibody for 1 h at
room temperature, using the FoxP3/Transcription Factor Staining Buffer Set
(eBioscience). Processed samples were acquired on a BD FACSCantoII or BD
LSRFortessa. The data was analyzed using FlowJo software (FlowJo LLC).

Western blot
Organs from mice (lungs, spleens) were lysed on ice for 30 min in DISC
lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 1%
(v/v) NP-40, 2 mM EDTA, 5 mM EGTA, 30 mM NaF, 40 mM
b-glycerophosphate pH 7.2, 10 mM sodium pyrophosphate, 2 mM
activated sodium orthovanadate, protease inhibitors) as previously
described [78]. Cell lines were lysed in RIPA buffer (Sigma-Aldrich)
supplemented with protease inhibitors (cOmplete™, EDTA-free Protease
Inhibitor Cocktail, Roche). The lysate was pelleted by centrifuging for
20 min at 4 °C. The supernatant was mixed with 4X Lämmli buffer and
boiled for 5 min at 95 °C. The protein concentration was determined by
Pierce™ BCA Protein Assay Kit (Thermofischer) following the manufac-
turer’s protocol. 10–30 μg of protein were loaded on 8% SDS-gels and
run using TGS buffer. Proteins were transferred to PVDF blotting
membranes (Amersham Hybond P 0.45, GE Healthcare) and blocked for
1 h at room temperature in 1% PBS-Tween-20 (PBS-T) with 5% milk
powder. Primary antibodies were diluted in PBS-T with 5% milk powder
and incubated overnight at 4 °C. Membranes were washed three times
for 10 min in PBS-T, followed by incubation with the respective HRP-
coupled secondary antibody diluted in PBS and incubated for 1 h at
room temperature. After additional three rounds of washing in PBS-T
protein bands were detected by chemiluminescence (WesternBright
Sirius ECL, Witec AG) on a Fusion FX7 (Witec AG, Heitersheim, Germany).
All antibodies used for Western blotting are listed in Table S5.
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Statistical analysis
GraphPad Prism Software was used for statistical analysis. The Mann–Whitney
U test was used to analyze unpaired data with a non-Gaussian distribution.
Error bars indicate median with interquartile range, unless otherwise stated.
Normality of data was tested with D’Agostino–Pearson omnibus K2 normality
test or Shapiro–Wilk test. Frequencies in more than one category were
analyzed by contingency tables and Fisher’s exact test. A p value of < 0.05 was
considered statistically significant.

DATA AVAILABILITY
RNA-seq data can be viewed in Data S1, S2, and S3 and have been deposited in the
European Nucleotide Archive (ENA) at EMBL-EBI under accession number
PRJEB56290.
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