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The C104R mutant impairs the function of transmembrane
activator and calcium modulator and cyclophilin ligand
interactor (TACI) through haploinsufficiency

John J. Lee, MD,? Haifa H. Jabara, BS,? Lilit Garibyan, MD, PhD,? Ingrid Rauter, PhD,? Tatyana Sannikova, BS,?
Stacey R. Dillon, PhD,? Richard Bram, MD, PhD,¢ and Raif S. Geha, MD? Boston, Mass, Seattle, Wash, and Rochester, Minn

Background: TNFRSF13B, which encodes transmembrane
activator and calcium modulator and cyclophilin ligand
interactor (TACI), is mutated in 10% of patients with common
variable immunodeficiency. One of the 2 most common TACI
mutations in common variable immunodeficiency, C104R,
abolishes ligand binding and is found predominantly in the
heterozygous state. The murine TACI mutant C76R is the
equivalent of the human TACI mutant C104R.

Objective: We sought to define the consequence of the C76R
mutation on TACI function in mice that express both wild-type
TACI and the murine C76R mutant.

Methods: Transgenic mice that express murine TACI C76R, the
counterpart of human TACI C104R, on the TACI™'~ B6/129
background (C76R/TACI*'™ mice) were constructed. Serum
immunoglobulins and antibody responses to the type II T-
independent antigen trinitrophenylated (TNP)-Ficoll were
determined by means of ELISA. B-cell proliferation in response
to a proliferation-inducing ligand was determined based on
tritiated thymidine incorporation into DNA. IgG1 secretion by
B cells in response to a proliferation-inducing ligand plus IL-4
was determined by means of ELISA.

Results: C76R/TACI*'~ mice had significantly impaired
antibody responses to the type II T-independent antigen
TNP-Ficoll compared with TACI*'* B6/129 control animals,
and their B cells were impaired in their capacity to proliferate
and secrete IgG1 in response to TACI ligation. Unexpectedly,
TACI*'~ mice had similarly impaired B-cell function as
C76R/TACI*'™ littermates. Impaired TACI function caused by
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I/~ mice on the

haploinsufficiency was confirmed in TAC
CS7BL/6 background.

Conclusion: These results suggest that the human TACI mutant
C104R might impair TACI function in heterozygotes through
haploinsufficiency. (J Allergy Clin Immunol 2010;mmm:mum-
EEN,)
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Common variable immunodeficiency (CVID) is one of the
most prevalent primary immunodeficiency syndromes, affecting
approximately 1 in 25,000 white persons.1 It presents as recurrent
infections, primarily of the respiratory tract, and is associated
with autoimmune manifestations in up to 20% of patients and in-
creased susceptibility of lymphoproliferative disorders.>” Pa-
tients with CVID have significant reductions in IgG, IgA, and/
or IgM levels with impaired antibody responses to immunizations
or natural antigen exposure.

TNFRSF13B, the gene encoding transmembrane activator and
calcium modulator and cyclophilin ligand interactor (TACI), is
mutated in 5% to 10% of patients with CVID.** TACI is a mem-
ber of the TNF receptor family expressed predominantly on B
cells; its primary ligands are B-cell activating factor of the TNF
family (BAFF) and a proliferation-inducing ligand (APRIL),®
which are expressed by multiple cells, including dendritic cells,
macrophages, and neutrophils.” The extracellular region of
TACI contains 2 cysteine-rich domains (CRDs). The first CRD
is necessary for ligand-independent assembly of TACI into multi-
meric complexesg; the second CRD is required for binding to
APRIL and BAFF. Ligand binding causes clustering of the intra-
cellular domains of TACI, recruitment of signaling molecules that
include calcium modulator and cyclophilin ligand and tumor ne-
crosis factor receptor-associated factor proteins, and activation of
the transcription factors nuclear factor of activated T cells and nu-
clear factor kB.%'? TACI is important in immunoglobulin class
switching, immunoglobulin production, and regulation of B-cell
homeostasis.”'*'> TACI-deficient mice have low levels of serum
immunoglobulins and impaired antibody response to the type II
T-independent antigens Pneumovax and trinitrophenylated
(TNP)—Ficoll.M’”’ With age, TACI™'~ mice have fatal disorders
characterized by autoimmune nephritis and lymphoproliferation
leading to lymphoma in 15%.°

Two coding variants, C104R and A181E, account for more than
90% of TACI mutations found in patients with CVID. The C104R
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Abbreviations used
APRIL: A proliferation-inducing ligand
BAFF: B-cell activating factor of the TNF family
CRD: Cysteine-rich domain
CVID: Common variable immunodeficiency
KLH: Keyhole limpet hemocyanin
MFI: Mean fluorescence intensity
TACI: Transmembrane activator and calcium modulator and
cyclophilin ligand interactor
TLR: Toll-like receptor
TNP: Trinitrophenylated
WT: Wild-type

mutation is located in the second CRD and abolishes ligand
binding and, consequently, signaling.*> The A181E mutation,
which is in the transmembrane domain, does not affect ligand
binding but severely impairs ligand signaling and TACI function
invitro and in vivo.'® The vast majority of patients with the CLO4R
and A181E mutations are heterozygotes, yet B cells from these
patients have impaired responses to TACI ligation in vitro.*
The mechanisms by which these mutations in the heterozygous
state affect TACI function are not known. A previous study
with 293T cell transfectants demonstrated that the C104R mutant
is expressed normally at the cell surface, does not interfere with
the expression of wild-type (WT) TACI, and preassembles with
WT TACI but does not interfere with its ability to bind ligand.®

To evaluate the effect of C104R mutation on the function of
WT TACI in B cells, we generated transgenic mice that express
C76R TACI, the murine equivalent of the human C104R
mutant, on a TACI™'~ background. The results suggest that
TACI function in human C104R heterozygotes is impaired
through haploinsufficiency.

METHODS
Generation of TACI™/~ mice that express TACI

transgenes

PCR-generated TACI WT and mutated gene products were cloned in the
Xhol site of the pPBSVE6BK vector containing an Ep enhancer and immuno-
globulin heavy chain (IgVyy) promoter.'”'® Nor1-Pvul—digested fragments of
the pBSVEG6BK vector containing TACI-cloned products were injected into
pronuclei of fertilized oocytes from C57BL/6/SJL mice. Founders were iden-
tified by means of PCR analysis of genomic DNA and then crossed with
TACI™’~ mice on the C57BL/6/129Sv background.'* All mice were bred
and housed in a specific pathogen-free animal facility. All experimental pro-
cedures performed on the animals were approved by the Animal Care and
Use Committee of Children’s Hospital, Boston, Massachusetts.

Flow cytometry

Single-cell suspensions were stained with fluorochrome-conjugated anti-
bodies in PBS containing 1% BSA and Fc-block (BD PharMingen, San Jose,
Calif), washed, and analyzed on a FACSCanto cytometer (Becton Dickinson,
Mountain View, Calif). Conjugated murine mAbs used in these studies were as
follows: fluorescein isothiocyanate—labeled anti-B220 (RA3-6B2, BD Phar-
Mingen), phycoerythrin-labeled anti-mouse TACI (R&D Systems, Minneap-
olis, Minn), and allophycocyanin-labeled anti-CD4 (GK1.5; eBioscience, San
Diego, Calif).

Immunizations
Mice 8 to 12 weeks of age were used for immunization experiments. TNP-
Ficoll was used for type II T-independent immunizations. Mice received a
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single intraperitoneal injection of TNP-Ficoll (TNP[83]-AECM-Ficoll;
Biosearch Technologies, Novato, Calif) at the indicated doses. On days O
and 14, serum was collected for measurement of TNP-specific immunoglob-
ulin production.

Total serum immunoglobulins and TNP-specific
antibody measurements

Total serum immunoglobulins were assayed by means of ELISA, as
previously described.'® To measure anti-TNP-specific antibody levels, high-
capacity ELISA plates (Maxsorb; Nunc, Ruskilde, Denmark) were coated
with 10 pg/mL TNP-conjugated BSA (TNP40-BSA, Biosearch Technologies),
and sera at 1:300, 1:900, and 1:2,700 dilutions in 1% BSA were analyzed. Al-
kaline phosphatase—conjugated isotype-specific antibodies (Southern Biotech-
nology Associates, Birmingham, Ala) were used as revealing antibodies.

Naive B-cell purification, in vitro immunoglobulin
synthesis, and proliferation of B cells

B cells were purified from splenic cell suspensions by means of negative
selection with CD43-conjugated magnetic beads from Miltenyi Biotec
(Bergisch Gladbach, Germany). Naive B cells were purified from splenic
cell suspensions by means of negative selection, as described previously.' Pu-
rified B cells (>95% B220™ by means of FACS analysis) were suspended in
RPMI containing 10% FCS, L-glutamine, and 50 pwmol/L 3-mercaptoethanol
(complete medium). B cells (10° cells/mL) were cultured in complete medium
alone, ZZ-APRIL (25 nmol/L) with or without IL-4 (50 ng/mL, R&D Sys-
tems), or anti-mouse CD40 (100 ng/mL, HM40-3, BD PharMingen) plus
IL-4. ZZ-APRIL is a trimeric form of human APRIL that binds murine
TACL® Cultures were pulsed after 72 hours with 1 wCi tritiated thymidine,
harvested 16 to 20 hours later, and scintillation counted to measure prolifera-
tion. Supernatants were collected after 6 days of culture and assayed for IgG1
by means of ELISA.

Data analysis

All flow cytometric data were analyzed with FlowJo software (Version
8.8.6; Treestar, Inc, Ashland, Ore) and fluorescence plotted on biexponential
axes. Statistical analysis was performed with Prism 4.0a software (GraphPad
Software, Inc, La Jolla, Calif).

RESULTS
Generation and phenotypic analysis of lymphocytes
in TACI~/~ mice reconstituted with C76R TACI
transgene

Mutation of the C104 residue in human TACI and the C76
residue in murine TACI abolishes ligand binding.*>® To assess
whether C76R, the murine equivalent of the human C104R mu-
tant, dominantly interferes with TACI function in B cells, we con-
structed transgenic mice that express this mutant on the TACI™~
background. We used a C76R murine TACI construct driven by
the Ep enhancer Vi promoter, as shown in Fig 1, A, to express
the mutant selectively in B cells. The transgene was first placed
on the TACI™'~ background to generate C76R/TACI '~ mice
to verify the expression of the mutant protein on the B-cell sur-
face. Splenic B cells from these mice selectively expressed the
TACI mutant on their surface (see Fig El in this article’s Online
Repository at www.jacionline.org). Because, as expected, TACI-
dependent functions were abolished in C76R/TACI '™ mice, data
on these mice are not presented here.

C76R/TACI '~ mice were crossed with TACI™* mice to gen-
erate C76R/TACI™'~ mice and TACI''~ littermates that were
transgene negative. Fig 1, B, shows that the C76R/TACI~
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FIG 1. Characterization of C76R/TACI™'~ transgenic mice. A, Schematic representation of the murine C76R
TACI (mTACI) transgene. EC, extracellular; IC, intracellular; TM, transmembrane. B and C, Representative
FACS analysis of splenocytes from TACI*/*, TACI /=, C76R/TACI*'~, and TACI*/~ mice for B220 and TACI sur-
face expression. Relevant quadrant percentages and MFls are provided. TACl expression on B220" B cells (Fig
1, B)and CD4 and B220 expression (Fig 1, C) are shown. Fig 1, B, also shows TACl surface expression on WT Tg/
TACI*"~ mice, which were not further studied because the percentage of their B cells that expressed TACI and
the intensity of TACI expression on these B cells were significantly higher than in TACI™'™ mice and C76R/

TACI*™ mice.

mice we studied had comparable percentages of TACI™ splenic B
cells as TACI™" mice (52.6% *+ 7.8% vs 52.5% =+ 6.2%,n = 6,
P > .05). The staining of splenocytes from TACI ’~ mice was
used to gate on TACI™ cells. The intensity of TACI expression
on TACT" B cells, as determined based on mean fluorescence in-
tensity (MFI), was comparable in C76R/TACI*'~ and TACI*'*
mice (1,468 = 186 vs 1,661 = 210, n = 6, P >.05). Analysis
of histograms confirmed comparable TACI expression by
B220" splenocytes from C76R/TACI™~ mice and TACI*™*
mice (Fig 1, B). In contrast to B cells from TACI*'* and C76R/
TACI™~ mice, virtually all B cells from a line of TACI*/~
mice that carried a WT TACI transgene that we previously gener-
ated were found to express TACI (93.3% = 1.3%, n = 4), and the
intensity of TACI expression on their B cells (10,874 = 2,568
MFI, n = 4) was significantly higher than that of TACI*'*
mice and C76R/TACI"' ™ mice (Fig 1, B). We therefore restricted
our comparison of C76R/TACI™'~ mice to TACI™* mice

because they had comparable percentages of B cells that ex-
pressed comparable amounts of TACI. The percentage of splenic
B cells that express TACI was significantly lower in TACI™'~
mice compared with that seen in TACI™* mice (36.6% =
13.9% vs 52.5% * 6.2%, n = 6 each, P = .019). The MFI of
TACI expression on TACI' B cells was also significantly lower
in TACI™™ mice than in TACI™" mice (1,250 £ 49 vs
1,661 = 210,n = 6, P =.002). Analysis of histograms confirmed
decreased TACI expression in TACI™'~ mice compared with that
seen in TACI™'* control mice (Fig 1, B). These results suggest
that TACI haploinsufficiency results in decreased surface expres-
sion of TACI on B cells.

The thymus in C76R/TACI™™ mice was normal in size, archi-
tecture, cellularity, and relative distribution of CD4* and CD8™
cells (data not shown). Bone marrow from C76R/TACI™™ mice
had normal cellularity and a normal percentage and expression pro-
file of B2207CD43™ pro-B cells, B220°IgM ™~ pro- and pre-B
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FIG 2. Serum immunoglobulins and antibody responses to TNP-Ficoll in C76R/TACI™'~ transgenic mice. A,
Serum IgM, IgG, and IgA levels from nonimmunized 8- to 12-week-old TACI™*, TACI™'~, TACI™'~, and C76R/
TACI™"~ mice. The median (center line), 25th to 75th percentiles (box), and lowest and highest values (bars)
are shown for each group. B, IgM and IgG anti-TNP antibody responses to TNP-Ficoll. Bars represent SEMs.
The Mann-Whitney test was used in Fig 2, A, and 2-way ANOVA was used in Fig 2, B, to calculate signifi-
cance (n = 10-12 mice per group). *P < .05, **P < .01, and ***P < .001.

cells, and B2201°IgM+ immature B cells (data not shown). FACS
analysis of splenocytes revealed that the distribution of B220™
and CD4" cells was comparable in C76R/TACI"'~ mice and
TACI™'~ littermates (Fig 1, C). The percentage of B220" cells
was 52.6% * 6.7% for TACI™'* mice, 57.3% *+ 5.3% for
TACI™'™ mice, and 56.6% = 2.3% for C7T6R/TACI"'~ mice
(n = 3). As previously reported,'*!® the percentage of splenic
B220" cells in TACI/™~ mice (71.5% = 11.0%,n = 3) was signif-
icantly increased compared with that seen in TACI™'* mice. The
distribution of transitional T1 and T2 cells, marginal zone B cells,
and follicular B cells in the spleen was comparable between C76R/
TACI"™'~ mice and TACI"~ littermates, with no statistically sig-
nificant differences among the means of 3 independent experi-
ments (data not shown). This suggests that introduction of the
C76R transgene did not interfere with B-cell development.

C76R/TACI*/~ mice have impaired responses to
type Il T-independent antigen

As previously reported,'* TACI™/~ mice had significantly
lower serum IgM and IgA levels than TACI™'* control animals
(Fig 2, A) and deficient IgM and IgG responses to immunization
with the type II T-independent antigen TNP-Ficoll (Fig 2, B). In
addition, as we previously reported,'® TACI ™/~ mice reared in
our facility had significantly lower serum IgG levels as well. Se-
rum levels of IgM, but not IgG or IgA, were significantly de-
creased in C76R/TACI"'~ mice and their TACI™'~ littermates
compared with those seen in TACI™* control animals (Fig 2,
A). CT6R/TACI™'™ mice had a significantly lower IgG, but not
IgM, antibody response to TNP-Ficoll than TACI™'™ control an-
imals (Fig 2, B). TACI™~ mice had significantly lower IgG, but
not IgM, antibody responses to TNP-Ficoll than TACI™'* control
animals as well. The IgG responses to TNP-Ficoll of C76R/
TACI™'~ mice and their TACI™~ littermates were comparable
and intermediate between those of TACI*'* and TACI ™/~ control
animals. The impaired antibody response of C76R/TACI™ ™ mice

and TACI™'™ littermates to TNP-Ficoll was not due to a global
B-cell dysfunction because these mice had normal IgM and IgG
responses to the T-dependent antigen keyhole limpet hemocyanin
(KLH) (see Fig E2 in this article’s Online Repository at www.
jacionline.org). These results suggest that the heterozygous
C76R mutation impairs TACI-dependent B-cell function in vivo
because of haploinsufficiency.

Proliferation and in vitro immunoglobulin
production in response to APRIL are impaired in
C76R/TACI*™'~ mice

APRIL induces TACI-dependent proliferation and production
of IgG1 in murine splenic B cells.'*'® We examined the capacity of
negatively selected naive B cells from C76R/TACI™'™ mice to pro-
liferate and secrete IgG1 in response to stimulation with APRIL.
As previously reported,'® B cells from TACI™* mice, but not
TACI ™/~ mice, proliferate in response to APRIL (Fig 3, A). B cells
from C76R/TACI"'~ mice proliferate significantly less to APRIL
than B cells from TACI™'* mice. The proliferation of TACI*'~ B
cells to APRIL was significantly lower than that of TACI™'* B
cells but was comparable with that of B cells from C76R/TACI"/~
littermates. B cells from all 4 strains of mice studied proliferate
comparably in response to anti-CD40 plus IL-4 (Fig 3, A).

APRIL stimulation caused naive B cells from TACI*'*
but not TACI '~ mice, to secrete IgG1 (Fig 3, B). B cells from
C76R/TACI*'™ mice secreted significantly less IgG1 in response
to APRIL than did B cells from TACI™'* mice. TACI™'~ B cells
secreted significantly lower amounts of IgG1 in response to APRIL
than did TACI ™™ B cells but comparable amounts of IgG1 as did B
cells from C76R/TACI™™ littermates. [gG1 secretion in response
to anti-CD40 plus IL-4 was comparable in all 4 strains.

These results suggest that the heterozygous C76R mutation
impairs TACI-dependent B-cell function in vitro and that this im-
pairment might be due to haploinsufficiency.
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FIG 3. Proliferation and immunoglobulin synthesis in vitro by naive B cells
from C76R/TACI*'~ transgenic mice. Proliferation (A) and IgG1 synthesis (B)
in response to APRIL are shown. B cells were stimulated with anti-CD40
plus IL-4 as a control for proliferation and IgG1 production (n = 5-9 mice
per group). The Mann-Whitney test was used to calculate significance.
MED, Medium alone. *P < .05, **P < .01, and ***P < .001.

TACI*/~ mice on a C57BL/6 background exhibit
haploinsufficiency of TACI function in vivo
and in vitro

The above experiments used mice with the mixed C57BL/6/
129 background. TACI '~ mice that had been backcrossed into
the C57BL/6 background for 11 generations were crossed with
C57BL/6 WT mice to generate TACI™'~ mice on the homoge-
neous C57BL/6 background to confirm that TACI haploinsuffi-
ciency impairs the B-cell response. Fig 4, A, shows that TACI ™/~
mice on the C57BL/6 background have significantly lower per-
centages of TACI-expressing B cells compared with TACI*'™*
control animals (44.8% = 3.9% vs 61.7% *+ 8.6%,n = 5 each,
P = .005). Furthermore, the MFI of TACI expression on
TACI*'™ B cells was significantly lower in TACI*'~ mice com-
pared with that seen in TACI*'* mice (1,464 = 22 vs 1,818 *
115, n = 5 each, P = .0002). These results confirm that haploin-
sufficiency results in decreased surface expression of TACI on B
cells.

As previously reported,16 TACI ™/~ mice on a C57BL/6 back-
ground had significantly decreased serum IgG levels (Fig 4, B).
They also had decreased serum IgM and IgA levels (Fig 4, B)
and poor IgM and IgG antibody responses to TNP-Ficoll (Fig 4,
C). TACI"" mice on a C57BL/6 background had normal serum
levels of IgM and IgG but significantly decreased levels of serum
IgA (Fig 4, B). More importantly, TACI™'~ mice on a C57BL/6
background had significantly lower IgM and IgG responses to
TNP-Ficoll than TACI*'* control animals (Fig 4, C).

B cells from TACI™* mice on the C57BL/6 background pro-
liferated in response to APRIL and proliferated and secreted
IgG1 in response to APRIL plus IL-4, albeit to quite a lesser
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extent than B cells from TAC mice on the B6/129 background
(Fig 5). B cells from TACI™'~ mice on the C57BL/6 background
proliferated significantly less to APRIL and APRIL plus IL-4 and
secreted significantly less IgG1 in response to APRIL plus IL-4
compared with B cells from TACI™* mice on the same back-
ground (Fig 5). As expected, B cells from TACI /™ mice on the
C57BL/6 background did not proliferate to APRIL, and addition
of APRIL did not enhance their proliferation to IL-4 alone. They
also did not secrete IgG1 in response to APRIL plus IL-4. B cells
from all 3 strains of mice proliferated comparably in response to
IL-4 and anti-CD40 plus IL-4 (data not shown). These results in-
dicate that haploinsufficiency affects TACI-dependent B-cell
function in vivo and in vitro.

DISCUSSION

Our data demonstrate that the murine C76R TACI mutation,
which abolishes ligand binding and corresponds to the human
C104R TACI mutation associated with CVID, causes a significant
impairment of TACI function in vivo and in vitro because of
haploinsufficiency.

We examined the effect of the C76R mutation on the function
of B cells that expressed 1 WT TACI allele by expressing the
C76R mutant transgene in B cells of TACI*'~ mice. Surface ex-
pression of the mutant was directly verified by placing the trans-
gene on a TACI '~ background (see Fig E1), which is consistent
with the observation that TACI is expressed on the surface of
293T cell transfectants and that TACI is expressed on B cells
from subjects homozygous for C104R, the human counterpart
of C76R.*° More importantly, B cells from the C76R/TACI "'~
transgenic mice that we studied expressed comparable levels of
TACI on their surface as B cells from TACI™'* mice (Fig 1, B
and C). The fact that the presence of the transgene normalized
TACI expression in B cells from TACI™~ mice suggests that
both mutant and WT TACI were expressed at comparable levels
in C76R/TACI"™'~ B cells. This mimics closely the situation in
which one of the 2 TACI alleles carries the C76R mutation and
provides a good model to study the effect of heterozygous
C76R TACI mutation on B-cell function, a scenario relevant to
subjects heterozygous for the C104R TACI mutation.

C76R/TACI"~ transgenic mice had normal B-cell develop-
ment and, like TACI*'~ mice, did not exhibit B-cell lymphopro-
liferation or splenomegaly. This is in contrast to TACI '~ mice,
which demonstrate increased numbers of circulating and splenic
B cells and splenomegaly caused by increased B-cell prolifera-
tion.”!> One possible explanation of B-cell expansion in
TACI '~ mice is that TACI normally competes for BAFF binding
with BAFF-R and that increased availability of BAFF to engage
BAFF-R drives B-cell expansion in TACI '~ mice. This is sup-
ported by our previous finding that B-cell expansion and spleno-
megaly are no more observed in TACI /™ mice, which express in
their B cells a mutant A144E TACI transgene that binds ligand
normally but does not signal.16 However, there are also data to
suggest that TACI normally delivers an apoptotic signal and
that loss of this signal contributes to B-cell expansion in
TACI™"~ mice.’

C76R/TACI™'™ transgenic mice had significantly impaired
IgM and IgG antibody responses to the type Il T-independent an-
tigen TNP-Ficoll compared with TACI™'* control animals (Fig 2,
B). Furthermore, antibody responses to TNP-Ficoll were interme-
diate between those of TACI™" and TACI™'~ mice and



6 LEEET AL

J ALLERGY CLIN IMMUNOL

mmm 2010
A TACIH* TACI*- TACI -
IgA .
0.7 - *%
= 061 * 064 "
0.4 . ———
E 0.5 1 " . 0.5 ]
v 1l " —h, 0.3 i
g 0.4 L s _=.:._ _:..“_ 0.4 v
& 0.3 1 0.2 A v 0.3 AA e
s 0.2 4 Y v v 0.2 1 v
O V' 0 1 i v i
0.1 - % : 0.1
0.0 T T T 0.0 T T T 0.0 T T T
TACI++ TACI*- TACI” TACI** TACI*- TACI™ TACI** TACI*- TACI"
1.0 0.8,
C IgM IgG -+ TACI**
T 0-8 1 *% 0 6 el TACI:{-
E | & ~+ TACI
g 0.6 { *kk .
K3 0.4
Ci 0.4 -
° 0.2 ; s | D =
0.0 . . v 0.0 T : .
1:300 1:900 1:2700 1:300 1:900 1:2700
Dilution Dilution

FIG 4. Decreased serum IgA levels and impaired antibody responses to TNP-Ficoll in TACI™~ mice on the
C57BL/6 background. A, TACI and B220 expression on splenocytes from TACI**, TACI*/~, and TACI™/~ mice
on the C57BL/6 background. B, Serum IgM, IgG, and IgA levels from nonimmunized 8- to 12-week-old mice.
C, IgM and IgG anti-TNP antibody responses to TNP-Ficoll. The results in Fig 4, Band C, are presented and

analyzed as in Fig 2 (n = 10-12 mice per group).

comparable with those of TACI'™ littermates. These results in-
dicate that the mutant transgene did not exert a dominant-
negative effect on the function of the WT allele in vivo and that
the lower antibody response of C76R/TACI*'~ mice to type II
T-independent antigen was due to haploinsufficiency. The in vitro
response of B cells from C76R/TACI™'~ mice to TACI ligation
also revealed strong evidence for haploinsufficiency. Proliferation
and secretion of IgG1 in response to TACI ligation by APRIL
were impaired to a comparable degree in B cells from C76R/
TACI"'~ mice and their TACI™'™ littermates relative to the re-
sponse of B cells from TACI™'™ control animals (Fig 3). Because
we compared C76R/TACI™~ mice and TACI™~ littermates on
the mixed C57BL/6/129/Sv background of the mixed back-
ground, we used 10 to 12 mice per group in the vivo experiments
and 5 to 9 mice per group in the in vitro experiments. Thus we are
reasonably confident that the B-cell responses of C76R/TACI ™/~
and TACI™'~ mice are comparable. We had previously noted that
TACI '~ mice reared in our facility had significantly lower serum
IgG, IgA, and IgM levels than TACI™'* littermate control ani-
rnalsl(’; however, we did not detect a significant decrease in the

serum levels of these immunoglobulins in C76R/TACI™'™ mice
orin their TACI*/™ littermates, except for lower serum IgM levels
in TACI™'~ mice (Fig 2, A).

Decreased surface expression of TACI and impairment of
TACI-dependent B-cell responses caused by haploinsufficiency
was confirmed in TACI*'~ mice bred for 11 generations on the
C57BL/6 background. The percentage of TACI-expressing
B cells, the level of TACI expression on TACI-expressing B cells,
antibody responses to immunization with TNP-Ficoll (Fig 4, A
and C), and in vitro B-cell proliferation and secretion of IgGl
(Fig 5) in response to stimulation with APRIL were all signifi-
cantly lower in TACI™~ mice on the C57BL/6 background
than in TACI™'" control animals on the same background. The
lower percentage of TACI-expressing B cells and the lower ex-
pression of TACI on these cells might have contributed to the hap-
loinsufficiency of the B-cell response in TACI*/~ mice. Although
serum levels of IgM, IgA, and IgG were significantly lower in
TACI™'™ mice than in TACI™* control animals on the C57BL/
6 background (Fig 4, B), only serum IgA levels were significantly
lower in TACI™~ mice on the C57BL/6 background than in
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FIG 5. Proliferation and immunoglobulin synthesis in vitro by purified B
cells from TACI™'~ mice on the C57BL/6 background. Proliferation (A) and
IgG1 synthesis (B) in response to APRIL are shown (n = 5-9 mice per group).
Results were analyzed as in Fig 3. MED, medium alone. ¥*P < .05, **P < .01,
and ***P < .001.

TACI*"* control animals on the same background. The low se-
rum IgA and IgM antibody response to TNP-Ficoll in TACI*/~
mice on the C57BL/6 background, but not on a mixed C57BL/
6/129/Sv background, and the low serum IgM level in TACI™/~
mice on a mixed C57BL/6/129/Sv background, but not on the
C57BL/6 background, are likely explained by genetic differences
between the 2 backgrounds. It should be noted that the antibody
responses of TACI™~ mice on the C57BL/6/129/Sv background
were reported originally as normal. The fact that we found that
these mice have an impaired antibody response to TNP-Ficoll
and ZZ-APRIL in vitro might be due to different environmental
effects related to the different animal facilities and to the fact
that the genetic makeup of mice on a mixed background is
variable.

We had previously postulated that the C104R mutant might act
as a dominant-negative mutant based on results of BAFF-driven
fold induction of nuclear factor kB luciferase reporter gene
activity in 293T cells cotransfected with WT TACI, C104R TACI,
or both.® This in vitro assay has limitations because it uses a tran-
sient transfection strategy for expression of TACI in a nonlym-
phoid cell line, which might not directly reflect the absolute or
relative amounts of assembled WT and mutant TACI in vivo in
B cells that express WT and mutant TACI. The in vivo data pre-
sented in this article strongly suggest that the C104R TACI muta-
tion in the heterozygous state results in significant impairment of
TACI function caused by haploinsufficiency. However, we have
examined only a limited number of TACI-dependent functions.
It is conceivable that for some effects of the C76R transgene,
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the underlying cause is haploinsufficiency, whereas for others, it
might be a dominant-negative effect. Because the heterozygous
C104R mutation is found in 0.5% of healthy subjects,?' > it is
clear that this mutation by itself does not result in CVID. This
is consistent with our finding that serum IgG levels are normal
in C76R/TACI*'™ mice. B cells from the majority of patients
with CVID, including those with TACI mutations, have impaired
response to Toll-like receptor (TLR) 9 ligation by CpG.24’25 Be-
cause TACI ligation synergizes with TLR4, TLR9, and CD40 li-
gation in driving B-cell differentiation and plasma cell generation
(our unpublished data),>>?” it is possible that TACI haploinsuffi-
ciency might aggravate the effect of impaired signaling through
TLR, CD40, and/or other pathways on B-cell differentiation in
patients with CVID.

‘We thank the members of the Geha laboratory, Drs H. Oettgen, J. Manis, and
L. Notarangelo, for useful discussions.

Clinical implications: Heterozygous mutation in C104R, which

destroys ligand binding, might result in an impaired B-cell re-
sponse to T-independent antigens because of haploinsufficiency.
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FIG E1. TACI surface expression of C76R transgenic mice. A representative
biexponential FACS plot of TACI expression on C76R/TACI/~ mice is
shown. Single-cell suspensions were stained with fluorochrome-
conjugated antibodies in PBS containing 1% BSA and Fc-block (BD PharMin-
gen), washed, and analyzed on a FACSCanto cytometer (Becton Dickinson).
Conjugated anti-mouse mAbs used were fluorescein isothiocyanate-
labeled anti-B220 (RA3-6B2, BD PharMingen) and phycoerythrin-labeled
anti-mouse TACI (R&D Systems).
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FIG E2. Antibody responses to KLH in C76R/TACI*/~ transgenic mice. Mice (n = 4 per group) were immu-
nized on day 0 with 200 g of KLH administered intraperitoneally and 200 p.g of KLH administered subcu-
taneously, boosted on day 14 with 25 png of KLH, and bled on day 21. Plates were coated with KLH
(10 pg/mL) in sodium carbonate buffer (pH 9.0) to measure anti-KLH-specific antibody. The wells were
blocked with 2% BSA for 2 hours and incubated with diluted sera overnight at 4'C. Alkaline phosphatase—
conjugated isotype-specific antibodies (BD PharMingen) were used as revealing antibodies. None of the dif-
ferences between groups were significant, as analyzed with the Mann-Whitney test.
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