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Abstract

Background—NMutations in the gene coding for transmembrane activator and calcium-
modulating cyclophilin ligand interactor (TACI) have been identified in common variable
immunodeficiency (CVID). Mutations coincided with immunodeficiency in families, suggesting
dominant inheritance.

Objective—Because most subjects with CVID have no immunodeficient family members and
heterozygous mutations predominate, the role of TACI mutations in sporadic CVID is unclear.

Methods—TACI was sequenced from the genomic DNA of 176 subjects with CVID and family

members. B cells of subjects with or without mutations were examined for binding to the ligand, a
proliferation inducing ligand (APRIL), and for proliferation and immunoglobulin production after
ligand

Results—Heterozygous TACI mutations were found in 13 subjects (7.3%). Six with mutations
(46%) had episodes of autoimmune thrombocytopenia, in contrast with 12% of 163 subjects
without mutations; splenomegaly and splenectomy were significantly increased (P =.012; P =.
001.) B cells of some had impaired binding of APRIL and on culture with this ligand were
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defective in proliferation and immunoglobulin production; however, this was not different from B
cells of subjects without mutations. Eight first-degree relatives from 5 families had the same
mutations but were not immune-deficient, and their B cells produced normal amounts of 1gG and
IgA after APRIL stimulation.

Conclusion—Mutations in TACI significantly predispose to autoimmunity and lymphoid
hyperplasia in CVID, but additional genetic or environmental factors are required to induce
immune deficiency.

Clinical implications—Additional causes of this common immune deficiency syndrome remain
to be determined.

Keywords

Common variable immune deficiency; TACI; B cell; 19gG; IgA; immune thrombocytopenia
purpura; splenectomy

Common variable immunodeficiency (CVID) is a heterogeneous primary immunodeficiency
disease characterized by low levels of serum IgG, IgA, and/or IgM, antibody deficiency, and
recurring infections.1=* Mutations in the B cell-activating factor (BAFF) receptor gene or
the gene (TNFRSF13B) encoding the transmembrane activator and calcium-modulating
cyclophilin ligand interactor (TACI) have been identified in 7% to 10% of subjects.>—8
TACI is expressed on mature B cells, and activation leads to T-cell-dependent and T-cell-
independent responses and isotype switch.9~11 However, TACI signaling also plays an
inhibitory role, because knockout mice have B-cell hyperplasia, increased immunoglobulin
production, autoimmunity, splenomegaly, and B-cell lymphomas.12714 B cells of subjects
with CVID with homozygous mutations had in vitro proliferation defects and impaired
immunoglobulin production when cultured with the ligands BAFF and a proliferation
inducing ligand (APRIL).5:6 One mutation in the extracellular domain (C104R) leads to a
disruption of a cysteine-rich region important for ligand binding.1%:16 In addition,
transfected mutants bearing C104R dominantly interfered with TACI signaling in vitro:17
perhaps explaining how some mutations described in CVID appeared to be inherited in a
dominant fashion.>:6:18 However, because at least 90% of subjects with CVID do not have
immune-deficient family members,? the role of TACI mutations in subjects with sporadic
inheritance is unclear. Some of the TACI mutations identified occur at a low frequency in
healthy donors,>19 further complicating the association with immune deficiency. In this
study, we examined a large population of subjects with CVID for mutations in TACI to
assess immunologic and clinical phenotypes associated with mutations and to evaluate the
effect of specific heterozygous mutations in patients and carrier family members on B-cell
function.

METHODS

Patients and blood samples

We studied 176 patients with CVID from Mount Sinai Medical Center! enrolled in an
Institutional Review Board—approved study of B-cell defects. These subjects were 90%
white, aged 17 to 85 years. Of these, 166 had no family history of immune deficiency; 10
others were from 7 families in which other members had either CVID or IgA deficiency.
First-degree family members of subjects with CVID with TACI mutations were also tested.

DNA and cDNA sequencing

Peripheral blood cells or B cells from EBV B-cell lines were lysed, genomic DNA was
isolated, and cDNA was prepared by reverse transcription. The 5 exons of TNFRSF13B
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were PCR-amplified by using primers hybridized to intronic sequences. PCR products were
isolated and DNA amplicons sequenced and aligned to the wild-type sequence by using
standard methods.>:® These results were compared with results for anonymous DNA
samples obtained with informed consent from 100 unrelated healthy individuals of mixed
ethnic backgrounds.

B cells and APRIL binding

EBV B-cell lines were established from PBMCs and kept in culture in complete medium
(RPMI 1640 medium with 20% FCS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2
mmol/L L-glutamine.) To assess binding of APRIL, B cells were incubated with 200 ng/mL
megaAPRIL (FLAG-APRIL Axxora, San Diego, Calif) for 30 minutes on ice in the
presence of 1 pL heparin (1000 U/mL); 1 ug/mL biotin-anti FLAG monoclonal M2 antibody
(Sigma, St Louis, Mo) was added for 30 minutes, and the cells were washed and examined
by using streptavidin-phycoerythrin (BD Pharmingen, San Diego, Calif) gating on CD19*
cells (FACSCalibur; Becton Dickinson, Mountain View, Calif).

APRIL-induced B-cell proliferation

PBMCs were suspended in prewarmed PBS/0.5% BSA at 1 x 108/mL, and 1 uL 5 mmol/L
stock carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Carlsbad, Calif) was added
for a concentration of 5 umol/L to assess cell proliferation.20 Cells were incubated for 5
minutes, washed 3 times with 0.5% BSA/PBS, and incubated with megaAPRIL (200 ng/mL;
Axxora) with or without 1L-10 (10 ng/mL; R&D, Minneapolis, Minn). Positive controls
were CD40L (300 ng/mL; Axxora) + IL-10, or in some cases, 0.6 ug/mL CpG
oligodeoxynucleotide 2006 (InvivoGen, San Diego, Calif). Cultures were continued for 5 to
7 days. After this, cells were collected, washed, and analyzed for cell divisions by using
flow cytometry with 488-nm excitation and emission filters appropriate for fluorescein.

APRIL-induced immunoglobulin production

Peripheral mononuclear cells were incubated with megaAPRIL (200 ng/mL) with or without
IL-10 (10 ng/mL) or CD40-ligand (300 ng/mL) plus IL-10 for 10 days in complete medium.
Cell supernatants were tested for IgG and IgA content by using ELISA reagents (Bethyl
Laboratories, Montgomery, Tex).

Statistical analysis

RESULTS

Significance of TACI mutations and the presence of autoimmunity, splenectomy, or
splenomegaly between patient groups with or without these mutations was explored by
using x2 testing.

Patients and mutational analyses

Thirteen unrelated white, non-Hispanic subjects with CVID, aged 17 to 66 years (8.3%), had
heterozygous TACI mutations. Ten had single and 3 had compound heterozygous mutations,
including 2 with different stop codons (Table I). The mutations included some previously
described (C104R, A181E, S144X, S194X) as well as new ones: R72H, L171R, and C172Y
(included in Pan-Hammarstrom et al1®). These subjects had no known family members with
immune defects, and none of the 10 patients from 7 families with immune deficient family
members had mutations.
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Autoimmunity and clinical complications

Six (46%) of the subjects with mutations had significant splenomegaly and 1 or more
episodes of immune thrombocytopenia (ITP); 4 had undergone splenectomy (31%; Table I).
Other autoimmune/inflammatory conditions included autoimmune hemolytic anemia
(AIHA), granulomatous disease, juvenile rheumatoid arthritis, uveitis, and psoriasis. For 163
subjects with CVID without mutations, 20 had a history of ITP, 17 had splenomegaly, 8 had
splenectomy, and 6 had AIHA. Comparing subjects with CVID with and without mutations,
these differences were significant: ITP, P = .012; splenomegaly, P = .012; and splenectomy,
P =.001.

Immunologic functions

The immunologic phenotypes of these patients, even those with mutations in the same
codon, were diverse. B-cell numbers, baseline levels of serum immunoglobulins, and
antibody function ranged from absence of B cells, IgG, IgA, and IgM, and no antibody in
some, to increased numbers of B cells, more normal serum immunoglobulin levels, and
retention of some antibody production in others (see this article’s Table E1 in the Online
Repository at www.jacionline.org). IgA levels were normal in 1 and detectable in 6 others; a
few produced some level of antibody to pneumococcal serotypes. For 3 subjects (patient 6,
A181E; patients 7 and 10, both with C104R mutations), a decline in serum IgG and IgM had
occurred over a period of 4 to 18 years before immunoglobulin replacement was instituted
(see this article’s Table E2 in the Online Repository at www.jacionline.org). The decline in
serum immunoglobulin levels, increasing numbers of infections, and lack of functional
antibody led to the institution of immunoglobulin therapy.

Heterozygous mutations may lead to impaired APRIL binding

Homozygous C104R mutations prevent the binding of APRIL.56 Here we tested B cells of 4
unrelated subjects with heterozygous C104R mutations (Fig 1). Although cells of 2 of these
subjects demonstrated normal ligand binding, B cells of the other 2 had reduced or almost
absent affinity for APRIL. Reduced ligand binding was also found for B cells of 2 other
subjects with transmembrane mutations (A181E and A181E/L174R), showing that
heterozygous TACI mutations can also impair receptor ligand interactions.

APRIL and B-cell proliferation

B cells of subjects with CVID with homozygous TACI mutations were shown to proliferate
poorly in the presence of APRIL.® For subjects with CVID with heterozygous mutations,
proliferation of cells cultured with APRIL gave variably abnormal results; however, they
were not clearly distinguishably different from cells of subjects with CVID without TACI
mutations, many of whom had poor responses to this ligand (as well as other cell activators).
Fig 2 shows results for 1 normal control, a subject with CVID with some proliferative
responses, and 4 subjects with mutant TACI proteins. B cells of the subject with a A181E
mutation showed some response to APRIL+ IL-10; cells of another with a different
transmembrane mutation, C172Y, showed little or no proliferation, although his cells also
did not respond to CD40L + IL-10. Both subjects with compound heterozygous mutations
demonstrated similarly poor proliferative responses to APRIL with or without IL-10, and
also CD40L. We also compared the cell proliferative capacities of 3 subjects with the same
mutation, C104R (Fig 3). Although B cells of subject 1 demonstrated some B-cell
proliferation when cultured with APRIL or APRIL + IL-10 and to control stimulators
CDA40L + IL-10 and CpG DNA, cells of subject 2 had some response to APRIL + IL-10 and
CpG-DNA but not to APRIL alone or CD40L + 1L-10. Cells of subject 3 were unresponsive
to all stimulators. Thus the intrinsic cellular dysfunction in CVID makes it difficult to
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determine the degree to which specific heterozygous TACI mutations impair cell
proliferation.

APRIL-induced IgG and IgA production

To investigate APRIL-induced immunoglobulin production, peripheral B cells of subjects
with CVID with TACI mutations were compared with cells of subjects with no mutations
and healthy controls. B cells of normal controls produced 1gG (Fig 4, A) and IgA (Fig 4, B)
when incubated with APRIL and APRIL + IL-10 or CD40L + IL-10. Although B cells of
subjects with CVID cultured with CD40L + IL-10 did produce some IgG (but less IgA)
compared with normal controls, B cells of subjects 1 to 4 with CVID (no mutations) were at
least as dysfunctional as B cells of subjects with CVID with single heterozygous mutations
R72H, C172Y, A181E, or C104R, or compound heterozygous mutations (C104R/S194X,
and L171R/A181E) in this system.

Family studies

DNA samples of first-degree relatives of subjects in Table | were examined to determine the
inheritance of the TACI mutations and to determine whether an immune deficiency was
found in carrier relatives (see this article’s Table E3 and Fig E1 in the Online Repository at
www.jacionline.org). Eight parents, siblings, or children, aged 9 to 77 years, from 5 families
had the same heterozygous mutations as the index patients; all had normal serum
immunoglobulins, and none had significant ongoing medical illness. To examine in vitro
immunoglobulin production of relatives, peripheral B cells of subjects with CVID and
relatives with the same mutation were examined (Fig 5, A and B). Although the subjects
with CVID had very little IgG or IgA production, relatives with the same heterozygous
C104R mutation had normal immunoglobulin production. These studies suggest that the
sheer presence of this mutation does not impair this B-cell response.

DISCUSSION

One of the more puzzling aspects of CVID has been the highly variable immunologic and
clinical phenotype in what is considered a genetic defect.2:3:21 Recent studies have
implicated the mutations in the tumor necrosis family members BAFF-receptor and TACI.
56,21 1n mice, BAFF and its receptor are responsible for B-cell survival and maturation2?;
APRIL appears required for T-cell independent antibody responses and isotype switch.® The
observation that mutations in TACI are associated with CVID suggests that TACI signaling
is also important for normal B-cell function in human beings.>6:21 However, the in vitro
abnormalities of ligand binding, cell proliferation, and immunoglobulin production in
response to APRIL or BAFF were most clearly demonstrated for subjects with CVID with
homozygous TACI mutations, although the inheritance of the immune defect was associated
with the presence of a single mutant allele.>:® Because approximately 90% of subjects with
CVID do not have family members with immune defects,23 the role of heterozygous TACI
mutations in producing or contributing to B-cell dysfunction is unclear.

Salzer et al® found that 10 (7.4%) of 135 subjects with sporadic CVID had heterozygous
mutations in TACI, and 1 had a homozygous mutation. We tested 176 subjects with CVID;
13 (7.3%) had mutations, none of these had a family history of immune deficiency, and none
of our 10 familial cases had TACI mutations. TACI knockout mice have deficient responses
to vaccination with T independent antigens!2; however, subjects with CVID with
heterozygous mutations had a widely varied ability to respond to pneumococcal vaccine,
ranging from absent to some antibody production. Although signaling via TACI may
facilitate immunoglobulin class switch,%:23 B cells of some subjects with heterozygous
TACI mutations had varying levels of serum IgA, and B cells of one of these subjects
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produced more IgA in vitro than subjects with CVID with no mutations, when cultured with
APRIL.

The TACI receptor is composed of trimers or higher-order oligomers; the effect of a
heterozygous mutation would depend on the complex assembly, ligand binding, downstream
signaling, and the requirements for a sufficient number of functioning receptors.12:22 The
extracellular mutation (C104R) prevents binding of BAFF and APRIL,%6:16 and in the
presence of wild-type TACI acts as a dominant-negative in nuclear factor-«B activation,1’
suggesting how dominant inheritance in families might arise. We show that the same
heterozygous mutation in cells of 4 unrelated subjects with CVID, as well as trans-
membrane mutations, produces variably reduced ligand binding. B cells of subjects with
CVID with homozygous TACI mutations were shown to have reduced or absent
immunoglobulin production when cultured with APRIL.®> However, B cells of patients
proliferate poorly and have reduced immunoglobulin production in vitro when exposed to
many stimulators24~27; we could not attribute impaired in vitro functions solely to
heterozygous mutations in TACI, especially because relatives with the same mutations had
normal serum immunoglobulin levels and in vitro immunoglobulin secretion. The effect of
APRIL on B cells is known to be complex, because heparin sulfate proteoglycans such as
CD44 and syndecan 1, expressed on B cells, may provide effective APRIL binding partners,
inducing cell proliferation, class switch recombination, and immunoglobulin production.28~
30 However, current understanding of how APRIL signals via TACI and this third receptor
does not explain how heterozygous mutations in TACI can be associated with immune
deficiency and autoimmunity in patients but not in heterozygous normal relatives. It may be
pertinent that 3 of the subjects with TACI mutations were originally 1gA-deficient or mildly
hypogammaglobulinemic and had falling serum IgG and IgM levels over a period of years.
Although in these cases the mutation in TACI was clearly congenital, the full immune defect
appeared to develop only with time.

In addition to the function TACI plays in amplifying humoral immunity, the functioning of
this receptor includes a regulatory role. TACI knockout mice have expanded numbers of B
cells, lymphoid hyperplasia, splenomegaly, and autoimmunity, and a significant percent
develop lymphoma.1# Six of 19 subjects with TACI mutations previously reported had
splenomegaly. Similar to one of these subjects who had homozygous S144X,5 our patient
with compound heterozygous mutations (C104R and S194X) had medical complications
reminiscent of the TACI knockout mouse, with lymphadenopathy, splenomegaly, 3 episodes
of AIHA, and severe and recurrent I TP requiring rituxan and finally splenectomy.14:31 The
highly significant prominence of autoimmunity and lymphoid hypertrophy in subjects with
CVID with mutations in TACI suggests that abnormal receptor signaling might interfere
with appropriate suppression of B-cell proliferation and/or self-reactivity. In keeping with
the confirmed suppressive effect of TACI signaling on B cells, activation of the TACI
intracellular domain induces apoptosis.14 Agonistic TACI-specific antibodies also inhibit
BAFF-driven and CD40-enhanced 1gG production by human B cells, indicating that the
sequence of these signals in B-cell differentiation is crucial.1? Several of these stages are
known to be abnormal in CVID, because there is a preponderance of naive B cells,31:32
impaired B-cell responses to basic signals,33 and insufficient expression of CD40L..26

A related immunologic and clinical phenotype exists for another TNF receptor family
(CD95, FAS), mutations of which lead to autoimmune lymphoproliferative disease.
Although the majority of subjects have heterozygous mutations, this defect is inherited as an
autosomal-dominant trait with incomplete penetrance; family members with the same
mutation do not necessarily exhibit autoimmunity, lymphadenopathy, or splenomegaly.3*
However, similar to TACI mutations in CVID, the development of the phenotype may
depend on a second signal, still unknown genetic or environmental influences.
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We conclude that heterozygous mutations in TACI found in CVID may lead to impaired
ligand binding and contribute to defects in cell activation, but the connection between
heterozygous mutations and hypogammaglobulinemia is not clear, because normal relatives
may have the same mutations without evidence of immune deficiency. We suggest that
abnormal or deficient TACI receptor signaling may promote the autoimmune/
lymphoproliferative phenotype observed in so many of these subjects.
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FIG 1.

Heterozygous mutations may lead to reduced ligand binding. B cells (EBV cell lines) of
subjects with TACI mutations indicated were tested to determine the binding of APRIL in
comparison with the controls indicated. The mean fluorescence intensity (MFI, x-axis) for B
cells (cell counts, y-axis) is shown. Isotype controls are marked in closed areas, surface
APRIL fluorescence in open areas. NL, Normal.
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FIG 2.

APRIL-induced proliferation of B cells. Cells were stained with CFSE (log scale, x-axis,
wavelength, 492 nm) and cultured with indicated stimulators for 6 days; y-axis = cell counts.
A and B, Non-B and nondividing cells = dense population at the lower right of each panel.
The CD19* B-cell population is indicated (top pink rectangle). C and D, CFSE-stained B-

cell populations.
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Proliferation of B cells of subjects with C104R TACI mutations. As for Fig 2, proliferation
of CFSE (x-axis)—labeled B cells of 3 unrelated subjects with CVID with C104R mutations

+ IL-10. C, CD40 ligand + IL-10. D, CpG.
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IgG and IgA production. Peripheral blood cells of subjects were cultured as shown to assess

1gG (A) or IgA (B) production (hg/mL); values minus baseline levels. Four subjects with
CVID (no mutations) and 8 subjects with the heterozygous mutations shown are compared

or are indicated, ng/mL (y-axis). Results for 8 normal controls are given as means (z SEs).

NL, Normal; Pt, patient.

FIG 4.
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Immunoglobulin production for normal relatives. As for Fig 4, peripheral blood cells of
subjects (#3 C104R patient [Pt], and #10 C104R Pt 2) and their first-degree relatives with
the same mutation (C104R Rel-1, C104R Rel-2) were tested for 1gG (A) and IgA (B)
production. The amounts of IgG or IgA over baseline are given in ng/mL (y-axis). The
median (z SE) is shown for 8 normal controls.
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