®

Check for
updates

TACI Deficiency 9

Astrid Bergbreiter and Ulrich Salzer

9.1 Definition

Heterozygous, compound heterozygous, or homozygous alterations in the
TNFRSF13B gene are associated with various forms of antibody deficiency includ-
ing IgA deficiency and common variable immunodeficiency (CVID). These genetic
alterations have a low penetrance and are generally not regarded as disease causing,
but may be important genetic cofactors affecting especially the T cell-independent
antibody responses and increasing risks for autoimmunity and lymphoproliferation.
Therefore TACI deficiency is currently viewed as a disease-modifying factor in vari-
ous forms of antibody deficiency.

9.2 Etiology

The tumor necrosis factor (TNF) superfamily member transmembrane activator and
CAML interactor (TACI, encoded by TNFRSF13B) belongs to a group of mole-
cules which regulate B cell homeostasis, differentiation, and function. Its ligands
are BAFF (B cell-activating factor, synonyms BLyS, THANK, TALL-1, and ZTNF4,
encoded by TNFSF13B) and APRIL (a proliferation-inducing ligand, synonyms
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TALL-2 and TRDL-1, protein A, encoded by TNFRSF17), both of which are able to
bind to TACI and BCMA (TNFRSF17), whereas BAFFR (BAFF receptor, encoded
by TNFRSF13C) is exclusively bound by BAFF only. TACI is able to bind APRIL
and BAFF with equally high affinity [1] and serves as the only receptor for BAFF/
APRIL heterotrimers [2]. Additionally, both APRIL and its receptor TACI were
shown to be capable of interacting with proteoglycans [3, 4]. TACI is a type III
transmembrane protein, which contains two cysteine-rich extracellular ligand-
binding domains characteristic of members of the TNFR superfamily and shows an
expression pattern restricted to lymphocytes (Fig. 9.1).

BAFFR binds BAFF with highest affinity and is expressed on all peripheral B
cells from the transitional stage onward except plasmablasts and plasma cells [5].
By interacting with BAFFR, BAFF mediates survival of BAFFR expressing periph-
eral B cell subsets. In both BAFF and BAFFR knockout mice, severe B cell lympho-
penia and humoral immunodeficiency are observed [6, 7]. BCMA expression is
confined to terminally differentiated B cells [8, 9] and ensures the survival of long-
lived plasma cells in the bone marrow [10]. TACI shows some unique structural
features distinct from its closest relatives BCMA and BAFFR. TACI expression
varies on distinct B cell subpopulations. In humans, a pronounced expression is
found on marginal zone B cells and on CD27+ memory B cell subsets [5, 8, 9].
TACI expression is also more regulated and strongly induced after in vitro treatment
with various B cell stimulation agents [11, 12]. TACI has two additional 5’ exons
allowing the receptor to be expressed as two splice variants containing either one or
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Fig. 9.1 Overview of the family of BAFF/APRIL ligands and receptors
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two cysteine-rich extracellular domains, of which only one seems to be functionally
relevant [13]. The alternative mRNA splicing of the human TACI gene results in two
different main isoforms, the short and long TACI isoforms. Murine B cells and
human pre-B cells transduced with the long TACI isoform expressed CD19 and
IgG. These cells had less XBP-1 and BLIMP-1 mRNA. Cells transduced with the
short TACI isoform became larger and CD138 positive and had more BLIMP-1 and
XBP-1 mRNA and morphologically resembled plasma cells. These cells also
showed an activation of the classical NFkB pathway and the short TACI protein co-
localized with MyD88 and calcium-modulating cyclophilin ligand [14].

Single BAFF or APRIL homotrimers are able to bind TACI, but for efficient sig-
naling ligand multimers are necessary. Soluble BAFF was shown to form 60mers,
which are very potent activators of TACI. APRIL can build multimers by binding
to heparan sulfate proteoglycans (reviewed in [15]). It was shown that in BAFF
and APRIL heteromers, the number of BAFF and APRIL proteins forming the het-
eromers influences receptor-binding specificities and activities. Trimers consisting
of one BAFF and two APRIL proteins bound to TACI and BCMA but not to BAFF
receptor, thereby showing similarity to APRIL. Heteromers which consist of two
BAFF and one APRIL protein only weakly bind to BAFF-R but preferably bind to
TACI and to BCMA. Since heteromers were shown to be less active than BAFF, it
was hypothesized that they might reduce BAFF activity in vivo [16]. It was also
reported that an endogenous soluble form of the TACI protein was detected in vivo.
The soluble protein is released by a disintegrin and metalloproteinase 10 (ADAM
10). The remaining membrane fragment of the protein is cleaved by a gamma-secre-
tase. Soluble TACI can assemble homotypically. By binding BAFF and APRIL,
soluble TACI can inhibit B cell survival and NFkB activation. Interestingly, soluble
TACI was found in the sera of patients with SLE. The amount of soluble TACI in
the serum correlated with disease activity [1]. Similar to TACI, there also exists a
soluble form of the BAFF receptor. It is cleaved from the cell surface by ADAM
10 in circulating B cells or by ADAM 17 in germinal center B cells. Shedding of the
BAFFR is BAFF dependent and only occurs in cells which co-express TACI [17].

Inside the cell, a binding site for MyD88 is located within the cytoplasmic
domain of TACI. Signaling via TACI-MyD88-IRAK1-IRAK4-TRAF6-TAK1 leads
to activation of the canonical NFkB pathway [18]. Finally, TACI was originally
identified as a CAML interacting receptor [19, 20] and thus is able to signal both via
the NFkB and NFAT/AP-1 signaling pathways (Fig. 9.2).

TACI interacts in a ligand-dependent way with activated TLR7 and TLR9Y [21].
In vitro studies established APRIL and BAFF as T cell-independent inducers of
immunoglobulin class-switch recombination in B cells via TACI [22-24]. In
response to APRIL and BAFF, murine naive B cells secrete switched isotypes IgG1
and IgA and switch to IgE with addition of IL-4. This was mediated through both
BAFFR and TACI [24]. In this respect the APRIL-TACI interaction is critical for the
induction of IgA as APRIL—/— mice show a selective deficiency of this isotype and
BAFFR does not bind APRIL [25]. Similarly in humans, BAFF and APRIL mediate
class switching toward IgG and IgA in the presence of IL-10 or TGF-f and IgE in
the presence of IL-4 [23].
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Fig. 9.2 TACI structure, downstream interaction partners, and signaling

The in vivo role of TACI in immune responses has been addressed by several
mouse models. Three tnfrs3b-deficient mouse strains have been initially generated,
which show considerable diversity in their immunological phenotypes [26-28]. Von
Biilow et al. demonstrated impaired generation and maintenance of T cell-indepen-
dent type II responses directed against polysaccharide antigens of encapsulated bac-
teria like Streptococcus pneumoniae in their TACI-deficient mice. Total B cell
numbers were elevated, but otherwise B cells developed normally. The architecture
of secondary lymphoid organs was normal with intact germinal centers reflecting the
unimpaired T cell-dependent antibody responses in the mice [27]. A second TACI
knockout mouse reported by Yan et al. [28] confirmed the findings of expansion of
peripheral B cells and the impaired T cell-independent type II response; in addition,
these second strains of TACI knockout mice had an altered splenic architecture with
prominent germinal centers and an increased cellularity of B cell follicles. In vitro B
cells were hyperresponsive to mitogenic stimuli resulting in enhanced proliferation
and immunoglobulin (Ig) production supporting a role of TACI as a negative regula-
tor [28]. This observation was further confirmed by a third report [26] on a TACI-
deficient mouse strain developing a fatal SLE-like disorder. In addition, lymphoma
occurred in up to 15% of these TACI—/— mice. Thus in conclusion, the early knock-
out studies in mice suggested predominantly an inhibitory role for TACI in immune
responses. However, the complete knockout of TACI in mice probably does not
reflect the human situation, where usually heterozygous point mutations are found.
To address this issue, several mouse models carrying the murine equivalents C76R
and A144E of the two most frequent amino acid alterations in humans, C104R and
AI181E, have been generated [29-32]. Interestingly, these four different mouse
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strains show again considerable phenotypic differences, which might be attributed to
the type of genetic manipulation (transgenic mice on a TACI knockout background
versus point mutation knock-in mice) or the different genetic backgrounds. The first
two reported mouse strains, expressing either the C76R or the A144E variant in a
TACI—/— background, showed reduced serum IgA or IgA and IgM levels as well as
impaired type II T cell-independent antibody responses but lacked signs of lympho-
proliferation and autoimmunity [30, 31]. The third reported mouse strain, a C76R
knock-in mutant expressed under the endogenous TACI promoter, showed hypogam-
maglobulinemia affecting IgM and IgG1, impaired T cell-independent vaccination
responses, and elevated B cell numbers and splenomegaly [32]. The recently reported
second A144E mouse model had low IgG, IgA, and IgM and impaired antipneumo-
coccal antibody responses [29], but did not show signs of lymphoproliferation.

9.3 Immunological and Clinical Manifestations
of Human TACI Deficiency

Further evidence that TACI positively regulates terminal B cell differentiation came
from the discovery that mutations in the TNFRSF13b/TACI gene were associated
with CVID in humans [23, 33]. Single nucleotide changes, either missense or non-
sense or frameshift, are most common. According to their location and type of muta-
tion, three major groups can be identified (Fig. 9.3). The first group (type I) are
missense mutations affecting the ligand-binding domains of TACI. These mutations
usually lead to an impairment of ligand binding to the mutated receptor [33, 34]. The
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Fig. 9.3 TACI mutation types
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most common TACI variant found, C104R, is the prototypical member of this group.
The disruption of a disulfide bridge by this mutation causes a complete loss of binding
activity in homozygous mutated patients and a 50% loss in heterozygotes [33, 34].
Although an early in vitro study suggested possible dominant-negative effects driven
by the mutant C104R allele [35], this could not be confirmed in vivo and by other
studies. The type II mutations are frameshift or nonsense mutations, which most likely
lead to loss of protein expression, thereby causing haploinsufficiency in the heterozy-
gous state. Interestingly, many patients with Smith-Magenis syndrome (SMS) show a
microdeletion at chromosome 17 p11.2. Since the TACI gene is located within this
chromosomal region, the effect of only one remaining TACI allele can be studied in
these patients. SMS patients with only one TACI allele showed indeed a reduced
expression of TACI and impaired B cell activation. These findings support the view
that the loss of one TACI allele results in haploinsufficiency [36, 37]. The third group
of TACI mutations are missense mutations located outside the ligand-binding domain.
The prototypic member of this group is A181E. These mutations cluster around the
transmembrane region, and only few mutations are found in the intracellular TACI
domain. The exact mutation mechanism for each of these mutations is currently
unknown, but for the murine A144E equivalent, it could be recently demonstrated that
the mutated protein is unstable resulting in deficient expression, thus causing haploin-
sufficiency [29].

Contrasting with the expanded and hyperactive B cell phenotype in TACI-deficient
mice, peripheral B cells in human TACI deficiency tend to be normal or slightly
reduced, with reduced CD27+ memory B cells numbers in most of the patients.
Although TACI shows predominant expression on CD27+ memory B cells, the reduc-
tions of these cells are not specific for TACI deficiency but are common in CVID [38].
Many TACI-deficient patients show an enlargement of the secondary lymphoid
organs, including the spleen, lymph nodes, and tonsils [33, 34]. Some patients with
TACI mutations developed non-Hodgkin lymphoma [23, 34]. In this respect human
TACI deficiency mirrors the phenotypes of TACI-deficient mouse models as described
above. Furthermore, several lines of evidence from studies on human lymphomas
point toward an important role of BAFF and its receptors in lymphomagenesis. TACI,
BCMA, and BAFF-R are expressed on multiple myeloma cell lines. BAFF is also
expressed by multiple myeloma cells and is also found in the bone marrow of patients
with multiple myeloma [9]. CLL B cells also express BAFF, BCMA, and
TACI. Triggering of the BAFF receptor activates the noncanonical NFkB pathway,
and triggering of BCMA and TACI activates the canonical NFkB pathway. Blocking
of the canonical NFkB pathway, but not the alternative NFkB pathway, inhibited the
proliferation of CLL cells stimulated by BAFF and APRIL [39]. TACI mutations were
also found in a limited number of patients with Good’s syndrome, which is character-
ized by a combined immunodeficiency and thymoma. Saenz-Cuesta found one patient
in a cohort of six patients with Good’s syndrome with a E117G mutation in TACI, and
Margraf et al. reported one patient with a potentially disease-causing heterozygous
nonsense mutation (p.Lys154Ter), leading to a premature stop codon before the trans-
membrane domain and therefore probably to a truncated protein [40, 41]. In a Greek
study, patients with sarcoidosis were analyzed for TACI variants. Two patients out of
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71 patients screened showed TACI variants, R202H and E36L. In patients displaying
tonsillar hypertrophy without an infectious cause, the TACI variants I87N and
¢.204insA were detected [42].

Autoimmune manifestations occur frequently in patients with TACI deficiency.
Most common are autoimmune cytopenias, which occur at similar high frequencies
as in other primary immunodeficiencies [43]. Some insights regarding the pathomech-
anism behind the increased rates of autoimmunity come from studies of the BAFF
ligand and receptor system in human autoimmune disease and mouse models.
Transgenic mice overexpressing BAFF show signs of an SLE-like disease when they
age [44, 45]. The fact that elevated BAFF and APRIL levels were found in SLE
patients also suggested a role for TACI in autoimmune manifestations in patients
with rheumatic diseases [46—47]. One report, however, showed an inverse correlation
between the activity of SLE in patients and APRIL serum levels [49]. In the serum of
patients with rheumatic diseases—SLE, rheumatic arthritis, polymyositis, and anky-
losing spondylitis—elevated levels of APRIL/BAFF heterotrimers were found in
comparison with healthy controls, suggesting an influence of ligand oligomers in
disease pathology [2, 50]. Since the BAFF/APRIL-TACI axis seemed to be involved
in the pathogenesis of SLE, the coding region of TACI was analyzed in 119 patients
with SLE, but no disease-associated mutations were detected [51]. It was assumed
that survival signals via BAFF-R in the presence of high BAFF levels would lead to
survival of autoreactive B cells. High BAFF levels, however, were not found to
impair negative B cell selection. They lead to expansion of autoreactive B cells with
low affinity from the normal B cell repertoire. Obviously, autoantibody production
from innate B cells is the basic mechanism for the development of autoimmunity and
uncontrolled B cell survival. On the one hand, TLR7 can upregulate TACI expression
[52]; on the other hand, upregulation of TLR7 via BAFF is TACI dependent [53].
TACI activation can lead to autoantibody production. In mice, loss of TACI expres-
sion inhibited class-switched autoantibody production [54]. In a SLE mouse model
(Nba2.Yaa), TACI deficiency resulted in a reduced disease activity and a reduced
development of glomerulonephritis. Mortality of TACI—/— mice was lower com-
pared to the control group, whereas it was higher than within the control in BCMA—/—
mice. In mice with TACI and BCMA deficiency, mortality was comparable to
TACI—/— mice. APRIL and TACI—/— mice showed a reduced reaction to T cell-
independent type II antigens [55]. If only one TACI allele is carrying a mutation,
there is an increased risk of developing autoimmune phenomena. Patients carrying
one mutated TACI C104R allele showed, compared to individuals carrying two
mutated TACI C104R alleles, high serum levels of antinuclear antibodies.
Remarkably, central B cell tolerance is disturbed both in individuals with one mutated
and with two mutated TACI C104R alleles. In CVID patients, however, peripheral B
cell tolerance is impaired, too. Therefore, the defects in central B cell tolerance can-
not be compensated [21].

TACI-deficient patients show impaired antibody responses against polysaccharides
after vaccination with pneumovax [23], which is similar in TACI-deficient mice [27].
The extent of hypogammaglobulinemia in humans with TACI deficiency is more vari-
able as compared to TACI-deficient mice, which usually show only mild
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hypogammaglobulinemia. In humans all the immunoglobulin isotypes may be affected
ranging from hypogammaglobulinemia in the majority of affected to agammaglobulin-
emia [33, 34] and to IgG subclass deficiencies [42] as well as to IgA deficiency [23, 33]
in some. Mutations in the TACI gene were also detected in 1-2% of healthy individuals
[56], who usually show normal immunoglobulin levels. This led to the assumption that
there might be also an advantage for individuals carrying a TACI mutation. TACI-
deficient mice produced IgD antibodies for certain antigens. Infections with Citrobacter
rodentium, being a murine model for human E. coli infections, was cleared with higher
efficacy in TACI KO mice than in TACI WT mice [57]. It was suggested that TACI
deficiency gives an advantage in younger individuals when it is of great importance to
deal with enteritis. In our Western lifestyle and with people reaching higher age under
good hygienic conditions, the disadvantages of carrying a TACI mutation including the
development of CVID, malignancies, or autoimmunity prevails [57]. TACI variants
were also found in Swedish patients with wheeze and asthma. It is unknown, however,
in which way TACI variants might increase the risk for asthma [58]. TACI also seems
to play a role in the pathogenesis of COPD. The synthesis of IgA1 was elevated in
COPD lung tissue. TACI, BAFF, APRIL, and IL-6 were stronger expressed in lung tis-
sue and epithelia of COPD patients than in healthy individuals. IgA is upregulated via
the IL-6/IL-6 receptor or the BAFF/APRIL/TACI pathway [59].

9.4 Diagnosis and Management

Since TACI mutations are not disease causing, their verification is currently not
considered clinically relevant and is reserved to research studies. Expression analy-
sis of TACI protein (e.g., by flow cytometry) is, however, usually not sufficient to
diagnose a TACI defect, since many mutations leave protein expression unimpaired
and TACI expressing CD27+ memory B cells may only be detected in low numbers
in antibody-deficient patients irrespective of their TACI mutation status. Thus con-
firmation of a TACI mutation should be done by genetic analysis.

The management of CVID patients carrying a TACI mutation does not differ
from conventional CVID. However, one should take into account the higher rates of
autoimmune and lymphoproliferative complications seen in these individuals.
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