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Purpose. Approximately 9% of common variable immunodeficiency (CVID) patients harbor variants in the transmembrane
activator and CAML interactor gene, TACI, which contribute to CVID development. We found identical compound heterozygous
TACI variants (C104R and A181E) in kindred of which one sibling had severe CVID with refractory auto immunity, and a second
sibling remained asymptomatic. This study investigated possible differences in B-cell phenotype and function that could explain
this divergent clinical expression.Methods.C104R andA181E TACI variants were identified through Sanger sequencing. Phenotypic
evaluation of the lymphocyte compartment was performed by flow cytometry analyses. Lymphoblastoid cell lines (LCL) from the
index patient, asymptomatic sibling, and controls were generated. Intracellular TACI expression was determined, and activation-
associated calcium flux capacity was measured. In vitro stimulation assays and RT PCR were performed. Results. Both intracellular
levels and surface expressed TACI protein were higher in the asymptomatic sibling than the CVID patient as were TACI-
triggering-induced mRNA expression AID and production of Ig class-switched antibodies. In analogy, the asymptomatic sibling
displayed enhanced Toll-like receptor 9 expression and signaling, suggesting a compensatory immune mechanism. Conclusions.
Posttranscriptional regulation of TACI protein and cross-talk with TLR9 signaling may contribute to phenotypic diversity between
individuals with TACI variants.

1. Introduction

Common variable immunodeficiency (CVID) is a pri-
mary immunodeficiency characterized by recurrent bacterial
infections, hypogammaglobulinemia, and impaired antigen-
specific antibody synthesis [1]. In approximately 10% of
patients, a genetic defect has been identified. In addition,
functional defects have been described, for example, in
Toll-like receptor (TLR) signaling [2, 3]. The most preva-
lent genetic alterations are located in the TNFRSF13B gene

encoding transmembrane activator, calcium modulator, and
cyclophilin ligand (CAML) interactor (TACI) [4]. TACI
is mainly expressed on B-cells and belongs to the tumor
necrosis factor receptor (TNFR) family [4].

Two ligands for TACI have been described: B-cell acti-
vating factor (BAFF) [5] and a proliferation-inducing ligand
(APRIL) [6, 7]. In addition, TACI may bind proteoglycans
including syndecan-2 that stimulate TACI-mediated signal-
ing [8, 9]. BAFF and APRIL also bind B-cell maturation anti-
gen (BCMA) [10], and BAFF has a third receptor, BAFFR [11].
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This versatility complicates studying the precise contribution
of each molecule to humoral immunity [9].

Following ligand binding, the intracellular TACI domains
interact with TNFR-associated proteins (TRAFs) andCAML.
CAML interaction activates nuclear factor of activated T
cells (NFAT), which has a key role in controlling calcium
release from intracellular stores [4]. Additionally, nuclear
factor kappa B (NF𝜅B) is activated [12], probably via TRAFs,
c-Jun NH2-terminal kinase, and transcription factor AP-1
[4]. TACI has a role in maintenance of B-cell homeostasis,
immunoglobulin (Ig) isotype class-switching, and antibody
production in response to type II T-cell-independent anti-
gens. Furthermore it may act in synergy with CD40 and
TLRs [13–15]. It was recently shown that TACI induces class-
switch recombination via themyeloid differentiation primary
response gene 88 (MyD88) adaptor, thus employing the same
signaling cascade as multiple TLRs [16].

Currently, TACI is considered a CVID susceptibility gene
(relative risk 4.3, 95%, confidence interval 2.4–7.6) of which
heterozygous disease-associated variants are present in ∼9%
of CVID patients, compared to only monoallelic variants
in <2% of the healthy controls [17]. In healthy or mildly
affected family members of CVID patients, some biallelic
polymorphisms were found, suggesting that TACI variants
may have an incomplete penetrance [17]. Furthermore, the
presence of TACI polymorphisms in CVID predisposes to
autoimmune disease and lymphoid hyperplasia [18].

TwoTACI variants are significantly associatedwithCVID
disease: C104R [17, 19] and A181E [19]. A characteristic
of TNFRs is the presence of two cysteine-rich domain
(CRDs) in the extracellular domain, which are conserved
between species [20]. TACI monomers engage in a ligand-
independent homotypic trimer formation that requires the
CRD1 domain [21]. The second CRD allows ligation with
BAFF or APRIL [22]. The amino acid substituting C104R
variant is located in CRD2 and thus abrogates binding of
APRIL and BAFF [23, 24] as was demonstrated in CVID
patients heterozygous for C104R. Initially, the deficiency was
attributed to a dominant-negative interference of the C104R
polymorphism in trimeric complexes with TACI wildtype
[21]. Subsequent reports; however, suggest haploinsufficiency
of the TACI allele [25–27].

TheA181E variant is located at the transmembrane region
and permits normal ligand binding [23]. Mouse models
with an A181E equivalent (A144E) show defective preligand
and ligand-induced clustering of the intracellular domain
and subsequent hampered nuclear factor kappa B (NF𝜅B)
activation; possibly, this is caused by a conformational change
resulting from the negative charge introduced by the A181E
variant [28]. A further consequence was low serum IgA
levels and impaired antibody responses to type II T-cell-
independent antigens.

To more closely resemble human conditions exhibiting
heterozygous alleles, A181E and C104R were investigated
in combination with a wildtype TACI allele. Neither vari-
ant interfered with oligomerization with wildtype TACI
molecules nor NF𝜅B activation was unaffected in 293T cells
with wildtype and mutant TACI [26]. Dominant-negative

interference of the variants with wildtype TACI is there-
fore improbable, but haploinsufficiency was not completely
excluded. It was therefore recommended to study B-cell
function in patients, their healthy relatives, and unrelated
subjects who carry the same mutation [26]. Our study here
addressed this suggestion.

We identified a patient compoundheterozygous forA181E
and C104R. Her disease course was complicated by cytope-
nias, interstitial lung disease, autoimmune nephritis, and
eventually mortality [29]. In contrast, her sibling carried an
identical TACI genotype but was completely healthy, which
was not reported previously. Here we describe a clinical and
immunological evaluation of the patient compared to the
healthy sibling and unrelated healthy and CVID controls.
We provide mechanistic support of how individuals with
identical TACI alleles may exhibit differential TACI protein
expression and downstream signaling function.

2. Materials and Methods

2.1. Patients. As part of routine evaluation of CVID patients
in our institute, C104R and A181E TACI variants were
screened by polymerase chain reaction (PCR) as described
previously [29] and both were found in the index patient. As
we considered stem cell transplantation in the index patient,
parents and siblings were screened (Figure 2(a)). Informed
consent was obtained to further evaluate the patient and
family members for clinical indications. Further data were
obtained from medical records.

2.2. DNA Sequencing. TACI mutations were investigated as
described previously [29]. Briefly, primers were designed
for the p.C104R and p.A181E variants and their wildtypes
with Primer Express software (Applied Biosystems). To test
for additional mutations or splicing variants [22], primers
were designed for the complete TACI sequence, contain-
ing 5 exons. The following primers were used: reverse
5-TGTAAAACGACGGCCAGTCAGCCCAAGCACTAA-
TCAAATC-3 and forward 5-CAGGAAACAGCTATG-
ACCCTCTCTCCCCTCCTCTCCATC-3. For splicing vari-
ants cDNA was sequenced using a 3730 DNAAnalyzer. Prior
to sequencing the TACI domain of the cDNA was amplified
by a PCR starting at 95∘C for 10min followed by 35 cycles of
58∘C for 15 s and 60∘C for 1min.

2.3. Flow Cytometry. Phenotypic and functional evaluation
of the lymphocyte compartment was performed as described
previously [29]. Next, lymphoblastoid cell lines (LCL) were
generated using Epstein-Barr virus and stained with anti-
bodies against CD19, CD20, CD21 (all Becton Dickinson),
TLR9, CD40 (both eBioscience), rabbit polyclonal anti-TACI
(Abcam) with secondary anti-rabbit Ig-DiLight649 (Jackson
Immunoresearch, West Grove, PA), and the appropriate
isotypes. Intracellular TACI expression was determined after
treatment with permeabilization reagents.

For calcium assays fresh peripheral blood mononuclear
cells (PBMC) were incubated with Fluo-3, Fura Red (both
Molecular Probes) (30min), and CD19 (10min) at 37∘C. Cells
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were washed twice and resuspended in Hank’s balanced salt
solution (HBSS) supplemented with 10% fetal calf serum
(FCS). Cytosolic calcium levels were measured on Facs
Canto II; after 1 minute 20𝜇g/mL goat anti-human IgM
F(ab)

2
fragments (Jackson Immunoresearch) were added.

After another 5 minutes 20𝜇g/mL ionomycin (Calbiochem,
San Diego, CA) was added. Area under curves was calculated
using Facs Diva and Prism software. Next, LCL were stained
and resuspended in calcium-free phosphate-buffered saline
(PBS). Calcium chloridewas added after intracellular calcium
storage depletion with ionomycin or thapsigargin (Santa
Cruz Biotechnology, Santa Cruz, CA).

2.4. In Vitro Stimulation Assays and PCR. LCL were cultured
in RPMI 1640 containing 10% FCS at the subsequent
conditions: mouse anti-TACI (0.5 𝜇g/mL, R&D systems,
Minneapolis, MN, USA) and goat anti-mouse IgG
microbeads (Miltenyi Biotec, Carlsbad, CA) with or without
IL-4 (100U/mL, Immunotools); CpG phosphorothioate-
modified oligodeoxynucleotide 2006 (0.5 𝜇g/mL, Alexis
Biochemicals), IL-10 (10 ng/mL, Becton Dickinson), or
anti-CD40 (0.1𝜇g/mL, R&D systems). After 48 hours, cells
were lysed, and total mRNA was isolated using Tripure
isolation reagent (Roche Diagnostics, Mannheim, Germany)
according to the manufacturer’s instructions. Reverse
transcriptionwas performed using an iScript cDNA synthesis
kit (Biorad,Hercules, CA). Primersweremixedwith IQSYBR
green supermix (BioRad). The detection run started at 95∘C
for 10min, followed by 45 cycles of 95∘C for 15 s and 60∘C
for 1min. Assays were performed in duplicate or triplicate
as 15 𝜇L reactions in 96-well plates using C1000 Thermal
Cycler (BioRad). Results were normalized to the endogenous
GAPDH mRNA (2−ΔCT). The following primers were
used: GAPDH forward: 5-GTCGGAGTCAACGGATT-3;
GAPDH reverse: 5-AAGCTTCCCGTTCTCAG-3; AICDA
forward: 5-TGCTCTTCCTCCGCTACATCTC-3; AICDA
reverse: 5-AACCTCATACAGGGGCAAAACC-3; NF𝜅B
forward: 5-GAAGCACGAATGACAGAGGC-3; NF𝜅B rev-
erse 5-GCTTGGCGGATTAGCTCTTT-3; NFAT forward
5-GCAGAGCACGGACAGCTATC-3; NFAT reverse 5-
GGGCTTTCTCCACGAAAATGA-3 (All Sigma-Aldrich).

3. Results

3.1. Clinical Evaluation of the CVID Index Patient. The
index patient (Figure 2(a), arrow) was referred at age 11
for recurrent upper and lower respiratory tract infections
and splenomegaly. Laboratory investigations showed absent
isohemagglutinins and decreased serum titers of total IgG,
IgA, IgM, IgG

1
, and IgG

2
(Table 1). She was lymphopenic,

with low numbers of B cells, CD4+, and CD8+ T cells and
almost absent class switched memory B cells (Figure 1(a)).
Functionally, in vitro T-cell proliferation assays showed a
positive response to mitogens and an incomplete response to
particularly viral antigens. A diagnosis of CVID was made,
and immunoglobulin replacement therapy was initiated.

After some time she developed CVID-related disease
manifestations, including autoimmune hemolytic anemia

(AIHA), idiopathic thrombocytopenic purpura (ITP), sub-
mandibular lymphadenopathy, and autoimmune nephritis;
a renal biopsy showed tubulo interstitial nephritis with
granulomatous changes; the estimated glomerular filtrated
rate was 41.2mL/min/1.73m2 (as calculated by Schwartz
formula). Furthermore, she developed exercise-induced dys-
pnea; a high-resolution computed tomography (HRCT) scan
showed airway and interstitial lung disease with bronchiec-
tasis and peribronchovascular abnormalities, consisting of
focal lesions with ground glass aspect, peribronchial con-
solidations, bronchial wall thickening, and air trapping
(Figure 2(b)). A broncho alveolar lavage showed no indi-
cation for viral, bacterial, or fungal infections. Pulmonary
findings were suggestive for granulomatous disease, and low-
dose steroids and tacrolimus were initiated, resulting in nor-
malization of pulmonary function and glomerular filtration
rate. Furthermore, viral immunity appeared to be affected,
as cytomegalovirus was repeatedly detectable with viral loads
of 100–2000 copies/mL in plasma. Treatment with tacrolimus
was complicated by tubulopathy, and therefore mycopheno-
late mofetil was started with good initial response, however,
causing pancreatitis. Rituximab was administered, with pos-
itive effect on lymphadenopathy, AIHA, and ITP. Despite
all treatment efforts taken, disease manifestations progressed
further and became refractory. The index patient underwent
allogeneic stem cell transplantation with matched unrelated
cord blood after myeloablative conditioning, but eventually
died of the complications of graft versus hose disease com-
bined with multiple infections.

3.2. Clinical and Immunological Evaluation of Family Mem-
bers. Further studies were performed to determine the role
of these TACI variants. Clinically the parents and sibling
2 were healthy; sibling 1 developed clinical symptoms of
CVID during the course of investigations. Serum Ig levels
were normal in both parents and sibling 2, apart from a
modestly decreased serum IgA. In contrast, sibling 1 was
hypogammaglobulinemic for IgG, IgA, and subclasses IgG

1
,

IgG
2
, and IgG

4
, albeit modestly in comparison to the index

patient (Table 1).
To study specific antibody synthesis, parents and sibling 1

and 2 were vaccinated with 23-valent Pneumovax (Adventis
Pasteur MSD), and total IgG antibody titers were measured
after 1 month. Parents and sibling 2 had adequate T cell-
independent responses in vivo to pneumococcal polysaccha-
rides, while the response of sibling 1 was suboptimal (Table 1).

Consequently, immunological evaluation was extended
in siblings 1, revealing an increase in relative and absolute
numbers of CD8+ T cells. Total B cells were increased
(21.7% of lymphocytes, 512 cells/𝜇L), and the composition
of B-cell compartment remained normal. Proliferative T-cell
responses in vitro were normal to mitogens but partially
impaired to recall antigens, similar to the index patient.
Total B-cell count and composition of B-cell compartment of
sibling 2 were normal (Figure 1(b)).

Sibling 1 slowly developed clinical symptoms, consisting
of diarrhea, fatigue, and persistent rhinosinusitis refractory to
antibiotic prophylaxis.The spleenwas enlarged on abdominal
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Figure 1: B-cell subpopulations of index patient and healthy sibling. (a) B cell subpopulations of index patient, showing 94.1% näıve +
transitional B cells (IgM+IgD+CD27−), 1.1% Marginal Zone B cells (IgM+IgD+CD27+), 0.1% class-switched B cells (IgD−IgM−CD27+)
and 13.3% transitional B cells (IgD+CD38+). (b) B cell subpopulations of healthy sibling, showing 75.6% näıve + transitional B cells
(IgM+IgD+CD27−), 9.4%Marginal Zone B cells (IgM+IgD+CD27+), 9% class-switched B cells (IgD−IgM−CD27+), and 6.5% transitional B
cells (IgD+CD38+).

echography. Based on these clinical and laboratory findings,
immunoglobulin replacement therapy was initiated, which
led to significant clinical improvement. Further studies were
focused on the index patient and asymptomatic sibling 2.

3.3. TNFRSF13B Compound Heterozygous Variants in the
Index Patient and Asymptomatic Sibling. TACI is a CVID
susceptibility factor, and to substantiate the diagnosis CVID,
we performed gene sequencing of the TACI gene. Analysis
of the patient’s TNFRSF13B gene showed two variants C104R
and A181E. Subsequently, her family was investigated, reveal-
ing that each parent carried one variant (Figure 2(a)). The
brother (sibling 3) had two normal TACI alleles and was not
further investigated. The two sisters (siblings 1 and 2) were
also compound heterozygous for A181E/C104R (Figure 2(a)).
Sequencing of the complete TNFRSF13B gene revealed no
additional mutations [22]. The index patient and sibling 2
exhibited identical alternative splicing patterns of exon 2 that
encode the CRD1, important in trimer formation of TACI
[22]. This finding, however, did not help explain the different

clinical and B-cell activation phenotype between our index
patient and sibling 2.

3.4. TACI Protein Expression and Function in the Index
Patient and Asymptomatic Sibling. Lymphoblastoid cell lines
(LCL) were generated of the index patient and sibling 2 and
compared to cell lines of healthy controls, CVID patients, and
2 CVID patients with a monoallelic A181E variant. LCL of all
subjects exhibited TACI expression on the cell membrane.
Interestingly, the TACI mean fluorescence intensity of the
index patient was lower in comparison with the other
subjects, especially with sibling 2, fromwhomLCL repeatedly
displayed the highest cell surface expression (Figure 2(c)).
Subsequently, intracellular TACI was measured to study the
possibility of impaired transition of TACI to the cell surface
and ensuing intracellular TACI accumulation. Intracellular
TACI, however, correlated with the levels of cell surface TACI
(Pearson correlation 0.70, 𝑃 = 0.037) and was also repeatedly
lower in the index patient (Figure 2(c)). Basal TACI mRNA
levels varied within a similar range for all LCL, including the
index patient and sibling (Figure 2(d)).
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Figure 2: TACI expression and function are decreased in the CVID patient compared to her asymptomatic sibling. (a) Pedigree of the studied
family. Circles display females; squares display males. The index patient is indicated with an arrow. (b) Chest high-resolution CT scan of the
index patient, revealing peribronchial consolidations with ground glass appearance and peribronchial thickening. ((c)-(d)) TACI surface (c
ii) or intracellular (c iii) protein and mRNA expression. Light grey line indicated isotype indicated dark grey, TACI (c i). Results of 5 healthy
donors: 3 CVID patients with normal TACI, 2 CVID patients withmonoallelic A181E, the index patient and sibling 2. For (d) average results of
3 independent experiments are shown. (e) AID (left) and NFAT (right) mRNA induction after 48 h culture of LCL with the indicated stimuli.
Bars represent means ± standard error of the mean.

Next, we investigated TACI function by measuring its
ability to induce activation-induced cytidine deaminase
(AICDA) gene transcription. The AICDA gene product
activation-induced deaminase (AID) is an enzyme of piv-
otal importance for secondary antibody diversification [30].
Healthy control and CVID patient LCL with normal bial-
lelic TACI showed AID mRNA induction upon stimulation

with agonistic anti-TACI (Figure 2(e)). CVID patients with
monoallelic A181E variants showed minimal AICDA gene
transcription. The index patient had no AICDA gene tran-
scription upon TACI stimulation, while AID mRNA levels
of sibling 2 LCL were comparable to B cells with normal
TACI.The same pattern was noticed for NFATmRNA induc-
tion; gene transcription upon TACI triggering was lower in
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Table 1: Immunological characteristics of patient and family.

Patient Sibling 1 Sibling 2 Mother Father
Gender C C C C D

Age (yrs) 11 16 14 43 43
TACI variant C104R + A181E C104R + A181E C104R + A181E A181E C104R
Infections Yes Initially no, later yes No No No
IgG 2.3 ↓ 4.87 ↓ 8.37 14.2 11.4
IgA 0.12 ↓ 0.36 ↓ 0.45 ↓ 1.7 1.1
IgM 0.20 ↓ 0.59 ↓ 0.92 1.4 0.78
IgG1 1.5 ↓ 3.3 ↓ 5.7 9.8 ↑ 7.6
IgG2 0.11 ↓ 0.5 ↓ 1.27 3.36 2.08
IgG3 1.66 ↑ 0.52 0.54 1.00 0.87
IgG4 <0.07 0.04 ↓ 0.18 0.05 0.24
Specific Ab titer after vaccination pneumococcal serotype (IU/mL) (𝜇g/mL) (𝜇g/mL) (𝜇g/mL) (𝜇g/mL)
1 1.4 7.2 15 >40
3 1 ↓ 1.2 6.1 7.0 2.6
4 2 ↓ 0.46 ↓ 6.2 0.89 ↓ 1
5 4.0 0.34 ↓ 2.4 6.9
6B 0.050 ↓ 1.5 11 0.65 ↓
7F 1.7 19 1.2 15
9V 2 ↓ 0.97 ↓ 6.6 6.9 4.5
14 3.1 >40 11 39
18C 0.49 ↓ 0.70 ↓ 3.7 5.2
19F 0.48 ↓ >40 39 12
23F 1.8 1.4 23 11
Anti-Hib IgG 31 >100 >100 8.7 1.6
Numbers with ↑ indicate values ≥2 standard deviations (SD) above the references values; ↓ are numbers ≤2 SD age-related references values. C: female;D: male;
Ab: antibody; Ig: immunoglobulin; TACI: transmembrane activator, calciummodulator, and cyclophilin ligand interactor; Hib:Haemophilus influenzae type B.

the index patient compared to sibling 2. There were no
differences in NF𝜅B induction upon TACI stimulation. Stim-
ulation of the CD40 pathway showed adequate induction of
AID and NFAT mRNA in the index patient. IL-10 treatment
was included as negative control that does not induce AICDA
gene expression. Taken together, TACI protein expression
and function were increased in sibling 2 when compared to
the index patient.

3.5. Appearance of TLR9 Protein Expression and Function in
the Asymptomatic Sibling. We considered two possibilities
that may explain why the index patient and sibling 2, having
identical TACI gene mutations, exhibit divergent health
consequences: either the index patient had an additional
immune defect, which in combinationwith the TACI variants
would lead to CVID disease, or sibling 2 has compensatory
immune function in the TACI signaling route that prevents
CVID disease from occurring. First, as defects in the B-
cell receptor (BCR) and its coreceptor complex have been
described [31, 32], we screened the BCR signalosome. CD19,
CD21, and CD20 cell surface expression of the index patient
were comparable to expression on control LCL (data not
shown). Functionally, early B-cell activation seemed intact,
as measured by calcium mobilization after BCR stimulation
of fresh PBMC (Figure 3(a)). The index patient showed

a normal initial but rapidly declining calcium influx, as
previously observed in CVID patients with autoimmune
symptoms (own unpublished observations), and area under
curves were comparable to controls. As the index patient’s
endoplasmic reticulum (ER) calcium storage capacitywas not
decreased compared to sibling 2, an additional defect in BCR
signaling was considered improbable.

Second, the classical route of BCR isotype class switching
is via CD40 with CD40L on T cells, and it was recently
shown that TACI and CD40 signaling can act in synergy
[13, 15]. However, CD40 cell surface expression (Figure 3(b))
and CD40-mediated gene transcription (Figures 2(e) and
3(b)) were comparable between all LCL suggesting that CD40
signaling in the index patient B cells was intact, at least in this
assay.

Third, we explored TLR9 signaling, as TLR9 defects have
been described in CVID [2, 3], and TLR9 and TACI signaling
employ common downstream signaling pathways [15, 16].
Noticeably, TLR9 expression was nearly twofold higher in
sibling 2 compared to other LCL, and this increased expres-
sion was accompanied by an increased TLR9 expression and
function (Figure 3(c)), supporting the possibility that com-
pensatory TLR9 expression contributes as a mechanism for
altered TACI A181E/C104R protein, in restoring B-cell overall
capacity to transmit signals towards NFAT and AID. Thus,
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Figure 3: Similar BCR signaling but possibly enhanced TLR9 signaling in the healthy sibling. (a) Calcium mobilization upon triggering of
the BCR using IgM F(ab)

2
fragments in freshly isolated PBMCs. (b) CD40 surface expression asmeasured by flow cytometry. (c) TLR9 B-cell

expression (c ii) and function (c iii). Light grey line indicated isotype indicated dark grey, TLR9 (c i). Bars represent means ± standard error
of the mean.

our data supports the notion that compensatory signaling in
the TACI route, in the case of sibling 2 via enhanced TLR9
signaling, may prevent the development of CVID disease.

4. Discussion

We here describe differential immunological phenotypes
displayed by siblings with identical genetic TACI variants.
This family provides the unique opportunity to study the role

and significance of the humanC104R andA181E variants both
in vivo and in vitro.

The index patient had severe CVID, which gradually
evolved to late onset combined immunodeficiency, a phe-
nomenon previously described in CVID patients [33]. Sibling
1 did eventually develop mild CVID, but without autoim-
mune manifestations. To date, sibling 2 remains free of
symptoms and has excellent specific antibody responses,
nevertheless this sibling may still develop CVID at a later
age. Previous studies have shown that C104R abrogates ligand
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binding due to haploinsufficiency, whereas in the A181E
variant, ligand binding remains intact [21, 26]. At least a
proportion of A181E/C104R TACI trimers will thus be able
to bind ligand. As NF𝜅B activation was strongly decreased
in both variants, we hypothesized TACI function to be
affected. AID and NFAT mRNA induction were reduced in
the index patient and seemed also reduced in the CVID
patients with a heterozygous A181E variant [14]. Conversely,
sibling 2 showed AID and NFAT induction comparable to
healthy controls and CVID patients with unaffected TACI
alleles. NFAT activation induces transcription of cytokine
genes encoding, for example, IL-4, which is involved in class
switch recombination. IL-4 and CD40 ligation induces AID
mRNA and protein expression and depends on STAT6 and
NF𝜅B [34]. AID is pivotal for class switch recombination and
somatic hypermutation of theBCR [35, 36]; bothmechanisms
are routinely impaired in CVID.

The differential TACI function in the index patient and
sibling was accompanied by a change in TACI protein levels,
showing increased TACI expression in the sibling both at
the cell surface and intracellular level. TACI protein levels in
the healthy sibling were increased in comparison to healthy
controls as well. As TNFRSF13B gene transcription was
comparable between all subjects except for the healthy sib-
ling, these observations suggest that protein turnover in the
healthy sibling may be decreased, possibly due to alterations
in posttranslational modification of TACI protein, affecting
protein stability and folding, transport, or degradation.

Alternatively, altered TACI function in the healthy sibling
was compensated by increasing the TACI protein quantity
through cross-talk with related immune pathways. CVID
is generally assumed to be a polygenetic disorder, and it
is plausible that alterations in the index patient were not
limited to the TNFRSF13B gene. This prompted us to analyze
other essential immune pathways in B lymphocytes, and
we investigated CD40, BCR and TLR9 signaling. We did
not find any additional defect in BCR, or CD40 signaling.
Nevertheless, for both pathways, defective interaction with
other cells or factors, such as abrogated CD40L ligation on
T cells or CD21- complement C3d fragment interactions,
cannot be excluded.

In contrast, TLR9 expression and function were con-
siderably dissimilar between index patient and sibling 2.
Since the TLR9 expression levels and function were compa-
rable between the index patient and the other subjects but
increased in sibling 2, we hypothesize that compensatory
TLR9 expression occurs in the sibling. TLR9 recognizes
unmethylated CpG-motif-containing bacterial or viral DNA
[37, 38] and has a critical role in the prevention of several
bacterial and viral infections. Ligation of TLR9 induces
recruitment of MyD88 [30, 39], initiating several signaling
events which eventually result in activation of NF𝜅B and AP-
1 [40]. By the same token, increased TACI protein stability
may participate in a compensatory mechanism in the healthy
sibling, possibly related to TLR9 signaling. TLR9 engagement
induced TACI upregulation and enhanced TACI-mediated Ig
class switching of effector B cells resulting in increased IgG
secretion in cells exposed to anti-TACI and IL-10 and induced
secretion of IgA.

This study has some limitations. The TLR9 signaling
pathway through MyD88 could be studied more extensively,
not only on a functional level but also through whole exome
sequencing. The effects of TACI malfunctioning on expres-
sion and function of several other targets could have been
addressed, including other TNF receptors and their ligands
or signaling proteins downstream of TACI such as TRAFs,
CAML, and AP-1. Additional defects may not be limited
to B-cell lymphocytes; TACI expression can be induced in
CD4+ and CD8 T+ cells [4, 41]; study of TACI-related T-cell
function would be particularly interesting since the patient
demonstrated chronic viral infections in vivo and impaired
antigenic T-cells responses to several viruses in vitro.

5. Conclusion

We here describe the diverse clinical and immunological
characteristics in siblings with an identical TACI geno-
type. These clinical differences are supported by differences
in TACI protein expression and function. We propose
that compensatory regulatory mechanisms involving post-
translational modification of TACI protein and TLR9 exist
and may overcome the altered function of TACI trimers
in asymptomatic TACI A181E/C104R individuals. Additional
studies of TACI protein homeostasis, the TACI signaling
pathway and interactionwithTLR9, and expression and func-
tion of TLR9 downstream signaling molecules are therefore
advisable.
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