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ABSTRACT

Introduction: Patients with Sjögren’s syndrome (SS) display activation of B cells and 
have increased levels of B cell-related mediators like B cell activating factor (BAFF) and 
a proliferation-inducing ligand (APRIL). We studied the biological effect of neutralizing 
these cytokines by local gene transfer of their common receptor, transmembrane 
activator and CAML interactor (TACI), in an animal model of SS. 

Methods: A recombinant serotype 2 adeno associated virus (rAAV2) encoding 
TACI-Fc was constructed and its efficacy tested in the female non obese diabetic (NOD) 
mouse model after retrograde instillation in submandibular salivary glands (SG). Ten 
weeks later, SG inflammation was evaluated by focus score, immunohistochemical 
characterization, and quantification of individual cell types within the inflammatory 
foci. Serum and SG tissue were analyzed for inflammatory markers including 
immunoglobulins (Ig) and cytokines. 

Results: AAV2-TACI-Fc gene therapy significantly reduced the number of inflammatory 
foci in the SG, due to a decrease in IgD+ cells and CD138+ cells, as well as, to a lesser 
extent, CD19+ cells. Moreover, IgG and IgM levels, but not IgA levels were reduced in 
the SG. Overall expression of mainly pro-inflammatory cytokines tended to be lower 
in AAV2-TACI-Fc treated mice compared to control mice treated with AAV2-LacZ. 

Conclusions: Local expression of soluble TACI-Fc reduced inflammation in the SGs of 
NOD mice by reducing the number of B and plasma cells as well as IgG and IgM levels. 
These data support the rationale for future studies evaluating the effects of blockade of 
APRIL and BAFF in the SGs of patients with SS.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder characterized by 
lymphocytic infiltration of the exocrine glands. The important role of B cells in the 
disease is demonstrated by the recruitment of activated and memory B cells in salivary 
gland (SG) infiltrates 1, the presence of autoantibodies to the nuclear antigens Ro and 
La, germinal center formation, and an increased risk for SS patients to develop B cell 
non-Hodgkin’s lymphoma 2-4. 

Newly described cytokines leading to B cell activation and survival, B cell-activating 
factor (BAFF or BLyS) 5 and a proliferation-inducing ligand (APRIL) 6, show increased 
expression in SS patients, which might explain the activation and survival of pathogenic 
B cells in this condition 7-10. The potential role of BAFF and APRIL in SS is supported by 
animal models. BAFF transgenic (Tg) mice overexpress BAFF, and develop a systemic 
lupus erythematosus (SLE)-like disease with elevated numbers of mature B cells and 
effector T cells, and high levels of rheumatoid factor, anti-DNA autoantibodies as well 
as  immunoglobulin deposition in the kidneys 11. In addition, with age these mice 
show increased inflammation of the SGs and decreased salivary flow, resembling SS in 
humans 12. Young APRIL Tg mice have no signs of B cell hyperplasia, but they show 
enhanced survival of CD4+ T cells without an increase in T cell number, enhanced 
IL-2 production of CD8+ T cells ex vivo and enhanced T cell dependent IgM and T cell 
independent IgM and IgG responses 13. At a later age, these mice develop progressive 
hyperplasia and prolonged survival of B1 B cells in mesenteric lymph nodes and Peyer’s 
patches and disorganization of affected lymphoid tissue 14. 

Blockade of APRIL and BAFF by intraperitoneal (ip) injection of soluble human 
transmembrane activator and CAML interactor (TACI), the common receptor for 
BAFF and APRIL, coupled to an immunoglobulin heavy chain (TACI-Fc), has been 
shown to delay disease onset in SLE-prone NZB/W F1 mice 15. Also, in several SLE-
prone mouse strains, a single injection of adenovirus serotype 5 (Ad5) encoding murine 
TACI-Fc resulted in prolonged survival, depletion of plasma cells, marginal zone (MZ) 
and follicular B cells, and decreased IgM and IgG serum levels 16, 17. These findings have 
led to the development of clinical studies with human TACI-Fc (atacicept) in patients 
with SLE, multiple sclerosis (MS) and rheumatoid arthritis (RA) 18-20.

In this proof of concept study we evaluated the biological effects of adeno associated 
virus (AAV)-based transfer of the gene encoding TACI-Fc into the SG in an animal 
model of SS. 
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MATERIALS AND METHODS

Construction, expression and biological activity of the plasmid
The murine extra-cellular domain (ED) of TACI was synthetically designed using 20 
partially overlapping 40-mer oligonucleotides spanning the TACI-ED sequence, and 
synthesized using regular polymerase chain reaction (PCR) 21. This gene was cloned into 
the rAAV plasmid containing a cytomegalovirus (CMV) promoter, the Fc-region of mouse 
IgG1 and the inverted terminal repeat (ITR) sequences for AAV serotype 2 (AAV2). The 
resulting plasmid (pAAV2-CMV-mTACI-mIgG1) was transfected into human embryonic 
kidney (HEK 293) T cells and protein secretion into the supernatant was quantified by an 
ELISA kit for mouse TACI (R&D systems, Minneapolis, MN, USA). The size of the fusion 
protein was confirmed by western blotting under reduced conditions using a 10% SDS gel 
and a labeled (IRDye 800 CW) anti-mouse IgG (Li-Cor, Lincoln, NE, USA). 

Vector production 
rAAV serotype 2 vectors (rAAV2) were generated as previously described 22. The titer 
of DNA physical particles in rAAV stocks was determined by quantitative (q)-PCR 
and the vectors were stored at -80ºC. On the day of vector administration to non obese 
diabetic (NOD) mice, the vector was dialyzed for 3 hr against saline. Construction 
and vector production of the rAAV-LacZ encoding β-galactosidase control vector was 
previously described 23.

Animals, vector administration and detection
Female NOD mice (Jackson Laboratory, Bar Harbor, ME, USA) were kept under 
specific pathogen-free conditions in the animal facilities of the National Institute of 
Dental and Craniofacial Research (NIDCR). Animal protocols were approved NIDCR 
Animal Care and Use Committee and the National Institutes of Health (NIH) Biosafety 
Committee. Vectors were delivered into the submandibular glands by retrograde 
instillation as previously described 22. In short, 10 week old female NOD mice were 
anesthetized with a mild anesthesia (a combination of ketamine and xylazine) and 50 
µl containing 1x1011 vector particles was administered to each submandibular gland 
by retrograde ductal instillation using a thin cannula (Intermedic PE10, Clay Adams, 
Parsippany, NJ, USA). Mice were sacrificed at 20 weeks of age. At time of sacrifice, SGs 
were removed and cut in 4 equal parts. One part was homogenized and total genomic 
DNA was isolated using DNeasy blood & tissue kit (Qiagen, Venlo, The Netherlands). 
Vector was detected using q-PCR on an ABI StepOnePlus Real-Time PCR system 
(Applied Biosystems, Carlsbad, CA, USA).

Saliva collection 
Saliva was collected at 20 weeks of age under anesthesia (described above). Saliva 
secretion was induced by subcutaneous (sc) injection of pilocarpine (0.5 mg/kg 
BW; Sigma-Aldrich, St. Louis, MO, USA) and stimulated whole saliva was collected 
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for 20 minutes (min) from the oral cavity by gravity with a hematocrit tube 
(Drummond Scientific Company, Broomall, PA, USA) placed into a preweighed 0.5 ml 
microcentrifuge tube. Saliva volume was determined by weight and expressed as μl/20 
min/gram body weight. 

Histological assessment and immunohistochemistry
One cross-section of the submandibular gland was embedded in paraffin and sections 
were cut at 5 µm. Three sections were stained with hematoxylin and eosin (H&E). Focus 
score (FS) was determined by averaging the number of aggregates (>50 lymphocytes) 
per 4 mm2 of SG tissue per mouse. Other slides were stained with anti-CD138 (BD, 
Breda, The Netherlands), anti-BAFF (Alexis Biochemicals, San Diego, CA, USA), and 
anti-APRIL (Abcam, Cambridge, MA, USA) after heat-induced antigen-retrieval with 
citrate.

Another cross-section of the SG was collected frozen in OCT compound. Sections 
(5 μm) were stained with anti-CD4 (eBioscience, San Diego, CA, USA), anti-CD8 
(eBioscience), anti-CD19 (BD), and anti-IgD (eBioscience), followed by goat anti-
rat-HRP (Southern Biotechnology, Birmingham, AL, USA) and developed with 
AEC substrate (Dako, Glostrup, Denmark). All sections were randomly analyzed by 
computer-assisted image analysis. The images of the high-power fields using 400x 
magnification, were analyzed using the Qwin analysis system (Leica, Cambridge, UK), 
as described previously 24. Positive staining for the cellular markers was expressed as the 
number of positive cells/mm2 and the staining for the cytokine markers as integrated 
optical density (IOD)/mm2.

Determination of immunoglobulin levels
IgG, IgA, and IgM levels were determined in serum and SG protein extract. SGs were 
homogenized and the total protein was determined with BCA™ protein assay kit (Pierce, 
Rockford, IL, USA). IgG, IgA and IgM (Bethyl Laboratories, Montgomery, TX, USA) 
were measured by commercially available ELISA kits according to the manufacturer’s 
protocol. 

Quantification of cytokines
Cytokines in serum and homogenates of SG were measured commercially using a 
multiplex sandwich-ELISA assay (Aushon Biosystem, Billerica, MA, USA). Values 
were corrected for total protein content in the SG protein homogenates.

Statistical analysis
Differences in cytokine levels between experimental groups were assessed using the 
non-parametric Wilcoxon’s rank-sum test or parametric Student’s t-test depending on 
the Gaussian distribution. Differences in all the other experiments were assessed using 
Student’s t-tests. Correlations between vector copy number and FS were assessed using 
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Spearman’s Rho test (non-parametric) and between BAFF and APRIL using Pearson 
correlation coefficient (parametric). Both were performed with SPSS for Windows 
(SPSS version 16.0.02, Chicago, IL, USA). All other analyses were performed with 
GraphPad Prism statistical software (GraphPad Software Inc. version 5.01, La Jolla, 
CA, USA).  A P value ≤ 0.05 was considered to be statistically significant.

RESULTS

In vitro AAV2-TACI-Fc transfection leads to expression of TACI-Fc
We confirmed that the fusion protein was expressed in vitro. In a western blot, TACI-Fc 
migrated as a monomer with an expected molecular mass of approximately 40 kDa 
(Figure 1A). The concentration of the secreted protein in the supernatant from TACI-Fc 
expressing cells was measured at 562 ng/ml. 

AAV2-TACI-Fc stably transduces the salivary gland and results in significant soluble receptor 
expression
In our facility, SG inflammation in NOD mice becomes histologically evident at the 
age of 8 weeks, and progressively increases with age (N. Roescher et al. manuscript in 
preparation). In order to evaluate the therapeutic potential of this molecule, to treat 
rather than to prevent the disease, the vector was delivered to the mice by retrograde 
instillation of the submandibular glands after the onset of disease at 10 weeks of age. 
Vector delivery was confirmed by q-PCR detection of vector DNA in SGs isolated 
from cannulated mice at the end of the experiment (data not shown). Local expression 
of the fusion protein was determined by measurement of the TACI level in protein 
homogenates from the SGs of treated mice and LacZ-treated mice. TACI levels were Figure 1.

Figure 2.

Figure 1. In vitro and in vivo expression of TACI-Fc. A) In vitro expression of TACI-Fc is shown using a 
reducing SDS-PAGE gel. The disulfide-linked homodimer protein migrates as a monomer with a molecular 
mass of approximately 40 kDa (Lane 2). Lane 1 is mock-transfected and lane 2 is TACI-Fc-transfected super-
natant. B) In vivo expression of TACI-Fc in homogenized SGs as measured by ELISA. Data shown are mean 
values +/- SD. P-values were determined by a Student’s t-test.
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significantly higher in TACI-Fc-treated mice compared with control mice (mean ± SD; 
369.2 ± 110.7 pg/ml versus 201.7 ± 172.2 pg/ml; p = 0.03) (Figure 1B). TACI-Fc protein 
could not be detected in serum (data not shown). 

Expression of TACI-Fc dampens salivary gland inflammation in NOD mice and reduces the 
number of infiltrating mature B and plasma cells
To determine the effect of local expression of TACI-Fc on general SG inflammation, 
the FS was determined. Treatment with TACI-Fc locally in the gland reduced the FS 
compared with controls (mean ± SD; 2.63 ± 0.57 versus 3.79 ± 0.78; p <0.005) (Figure 
2A). The decreased FS correlated with the detected number of vector copies (r = -0.833 
and p = 0.01, data not shown). 

Focal infiltrates were characterized by quantitative immunohistochemical analysis. 
CD4+ and CD8+ T cell population numbers were similar for TACI-Fc and LacZ groups 
(p = 0.94 and p = 0.54 for CD4+ and CD8+ respectively) (Figure 2B). CD19+ B cell 
numbers tended to be lower in the TACI-Fc-treated mice, nearly reaching significance 
(p = 0.06) (Figure 2C). Moreover, non-switched mature B cells (IgD+, p = 0.02) and 
plasma cells (CD138+, p = 0.03) (Figure 2C and D) were significantly decreased in 
TACI-Fc-treated SGs. In contrast to these findings, BAFF expression in the SGs of 

Figure 1.

Figure 2.

Figure 2. Decreased focus score, peripheral mature B cells and plasma cells. SGs (N = 9 for LacZ and 
N = 8 for TACI-Fc) were removed for histologic analysis to assess the overall inflammation (A), and for 
quantification of CD4+ T cells, CD8+ T cells (B), CD19+ cells, IgD+ cells (C) and CD138+ plasma cells 
(D). Data shown are the mean +/- SD (A) or the mean +/- SD positive cell counts per mm2 tissue (B-D). 
The P-values were determined by Student’s t-tests.
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TACI-Fc-treated mice was significantly increased compared with LacZ-treated mice 
(p <0.005), and APRIL expression showed no significant difference in TACI-Fc-treated 
mice (p = 0.18) (Figure 3A and B). BAFF and APRIL were both expressed in ductal 
epithelial cells and infiltrating foci (Figure 3A and B). 

TACI-Fc decreases IgG and IgM levels, but does not change IgA in the salivary gland
BAFF and APRIL stimulate B cells to produce immunoglobulins and, in autoimmune 
diseases, to produce autoantibodies 5, 6. Therefore, we investigated whether TACI-Fc 
affects immunoglobulin levels. Treatment with TACI-Fc resulted in significantly lower 
SG concentrations of IgG (1.45 ± 0.54 μg/ml) and IgM (0.32 ± 0.19 μg/ml) compared 
with SG levels of IgG (3.05 ± 1.80 μg/ml) and IgM (0.54 ± 0.21 μg/ml) from LacZ treated 
mice (p = 0.03 and p = 0.05 respectively), while IgA concentrations did not change 
(7.62 ± 5.00 versus 6.57 ± 2.43 μg/ml respectively; p = 0.60) (Figure 4A). In serum, 
no significant difference in immunoglobulin levels was found between the TACI-Fc-
treated and the control groups (Figure 4B). Treatment of SGs with TACI-Fc resulted in 
an increased IgA:IgG ratio within the SGs compared with controls (Figure 4C). 

Lower IL-2 levels in TACI-Fc-treated salivary glands
BAFF and APRIL have effects on both B and T cells, and might influence the 
cytokine balance 25. To investigate if local expression of TACI-Fc in the SG could 
change cytokine levels either systemically in the serum or locally in the SGs, serum 
samples and SG protein extracts were obtained from mice at time of sacrifice and 
cytokine levels were measured by multiplex analysis. Interestingly, TACI-Fc-treated 

Figure 3.

Figure 4.

Figure 3. Increased BAFF detection in TACI-Fc-treated mice. SGs (N = 10 for LacZ and N = 9 for TACI-Fc) 
were stained and quantified for BAFF (A) and APRIL (B) expression. For each isotype and staining a repre-
sentative picture (400X) is shown. Arrows indicate a positive staining of ductal epithelial cells. Data shown 
are the mean +/- SD integrated optical density (IOD) per mm2 tissue. The P-values were determined by 
Student’s t-tests.
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SGs showed decreased levels of IL-2 (p = 0.05), a cytokine which modulates activated 
T cells and immunoglobulin synthesis. Moreover, levels of other cytokines (IL-1β, 
IL-4, IL-6, IL-10 and IL-17) were suppressed after TACI-Fc delivery, although this 
did not reach statistical significance. No differences were detected for IFN-γ and IL-
12p40 (Figure 5). Serum levels of cytokines were unaffected (data not shown). 

Stimulated salivary flow is unchanged after treatment 
To investigate if TACI-Fc mediated reduction in SG inflammation affected SG 
function, pilocarpine-stimulated salivary flow was measured at 20 weeks. There was 
no difference between the control group and TACI-Fc-treated mice (2.18 ± 0.67 μl/
gram bodyweight versus 1.74 ± 0.71 μl/gram bodyweight respectively; p = 0.20, data 
not shown).

DISCUSSION

B cells and their growth factors, BAFF and, to a lesser extent, APRIL, are increasingly 
recognized as important factors in the pathogenesis of SS; patients have elevated serum 
levels of BAFF and APRIL 7, 9. These factors may be involved in the pathogenic B cell 
differentiation, survival and the increased risk of lymphoma development associated 

Figure 3.

Figure 4.

Figure 4. Decreased salivary gland IgG and IgM after 
TACI-Fc delivery. SG homogenates (N = 7 for LacZ and N = 
8 for TACI-Fc) (A) and serum (N = 6 for LacZ and N = 9 for 
TACI-Fc) (B) from 20-week-old mice were analyzed for IgG, 
IgA and IgM. Data shown are mean +/- SD, the P-values were 
determined by Student’s t-tests. Additional analysis showed 
an increased IgA:IgG ratio in the SGs (C).
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with the disease 3. Currently, there is no universally effective therapy available, however 
some patients have benefited from the B cell depleting agent rituximab, validating the 
B cell compartment as a therapeutic target 26. Another B cell-directed therapeutic 
approach is the neutralization of BAFF and APRIL by expression of soluble TACI, their 
common receptor. In this study, we show that expression of soluble TACI in the SG of 
NOD mice that spontaneously develop a SS-like syndrome reduces autoimmune SG 
inflammation via effects on the B cell compartment.

Expression of soluble TACI-Fc locally in the salivary glands of NOD mice resulted 
in a decreased number of infiltrates. T cell numbers were not affected, but overall B 
cell numbers were lower, and treated mice had significantly reduced numbers of IgD+ 
non-switched mature B cells and plasma cells. The decrease in B cells in the SG can be 
explained by less survival of B cells infiltrated in the gland or, since BAFF is also known 
to play a role in chemotaxis 27, reduced B cell recruitment to the SG due to the decreased 
availability of free BAFF. The observed decrease of plasma cells within the SGs, can not 
be directly explained, since it is not known whether plasma cell differentiation takes 
place in the SG. The decrease could therefore be the direct result of less recruitment 
of peripheral plasma cells into the SG. Alternatively, since BAFF levels correlate with 
ectopic germinal centers (GCs) 7, a pathological feature commonly found in the SG 
of SS patients 28 and NOD mice 29, the decrease could be the result of altered ectopic 
GC formation or interactions within these GCs in the SG resulting in decreased B cell 
to plasma cell switching. Future research will have to elucidate the exact mechanism. 
Taken together, these data suggest that soluble TACI affects B cell proliferation and 
differentiation without affecting T cell numbers. 

Interestingly, the reduction in plasma cells was accompanied by decreased levels of IgG 
and IgM, but not IgA, in the SGs. These findings are supported by prior studies utilizing 
systemic administration of soluble murine and human TACI to murine models of SLE, 
which showed decreased B cells and plasma cells in the spleen as well as decreased 
serum levels of IgM and IgG 16, 17, 30. In these studies, IgA levels were not reported. IgA is 
known to have an important role in mucosal immunity and the majority of plasma cells 
in the mucosal immune system of the SG express IgA 31. A lower percentage of IgA and 
a higher percentage of IgG-producing plasma cells resulting in a decreased IgA/IgG 
ratio has been found in the SGs of patients with SS 31. In our study, expression of soluble 
TACI in the SGs led to a significant improvement of the IgA/IgG ratio when compared 
with the control group, suggesting a restoration of mucosal immunity.

The APRIL-TACI axis is thought to be critical in the class switching to IgA, but not 
IgG and IgM 32, 33. Soluble TACI binds to both APRIL and BAFF with varying affinities 
depending on dimerization/heteromerization of the ligands 34, 35. Since soluble TACI 
affected IgM and IgG but not IgA, it can be speculated that soluble TACI affects BAFF 
more than APRIL, possibly due to a difference in binding affinity for the soluble receptor. 
This is supported by the significant increase in BAFF, but not APRIL, expression levels 
in treated SGs, suggesting that more BAFF is stably bound by soluble TACI compared 
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with APRIL. A similar phenomenon has been described previously in a clinical trial 
with atacicept in rheumatoid arthritis patients 18. Herein, the atacicept-BLyS complex 
has been shown to accumulate in the high dose atacicept group. Another interesting 
finding is the expression of BAFF and APRIL in both inflammatory foci and ductal 
epithelial cells. Previously we found the same staining pattern in human minor salivary 
glands (J.L. Vosters et al. submitted manuscript). In a future study, the effect of APRIL 
and BAFF blockade should be studied separately, since previous studies 36, 37 also hint at 
an opposing role for APRIL in autoimmune diseases compared to BAFF.  

We detected an overall mild reduction in pro-inflammatory cytokines with IL-2 
reaching statistical significance (p = 0.05). IL-2, a classical Th1 cytokine, is produced 
by activated T cells and leads to both activation of T cells and B cell differentiation. 
Besides B cell activation and stimulation, BAFF and APRIL were also found to induce 
IL-2 secretion by T cells 13, 38. We did not analyze T cell activation specifically, but 
the decrease in IL-2 in the SGs of treated mice in our study implies inhibition of T 
cell activation without a change in T cell numbers. Further studies are necessary to 
elucidate the exact mechanism of this inhibition.

Although SG inflammation was reduced, stimulated salivary flow was not increased 
after treatment. One reason could be that inflammation was not sufficiently suppressed. 
Although treated mice had reduced inflammation, there were still inflammatory foci 
present in the SG after 10 weeks of treatment. The timing of our treatment may be 
another reason for lack of physiological improvement after treatment. A decline in 
salivary flow is usually not detected until 16-20 weeks of age; however, at the time of 
treatment, NOD mice already had evidence of inflammation and the processes leading 
to SG dysfunction may already have been initiated. Previously, our group has shown 
physiological and immunological effects of IFN-γ on human salivary gland (HSG) cells 
39. Moreover, we have shown that overexpression of IL-12 in mice leads to salivary gland 
dysfunction 40 suggesting important roles for IFN-γ and IL-12 in the pathogenesis and 
function of the SGs. Therefore, the lack of improvement in the SG function may be due 
to unchanged levels of IFN-γ and IL-12 in the SGs. 

In conclusion, local delivery of soluble TACI-Fc to the SGs of NOD mice leads to beneficial 
effects on autoimmune SG inflammation at both the cellular and immunoglobulin levels, 
supporting the notion that B cells represent a therapeutic target in SS. 

ACKNOWLEDGEMENTS 

The authors thank the NIH Fellows Editorial Board for critical review of this manuscript 
and Scott A. Loiler for designing the primers for TACI-ED construction. This work is 
supported by a Dutch Arthritis Association grant [NR 07-1-406] to JLV and an NIH, 
NIDCR intramural research grant to JAC.



109

TACI/FC GENE THERAPY

REFERENCES
1. Hansen A, Odendahl M, Reiter K, et al. Dimin-

ished peripheral blood memory B cells and ac-
cumulation of memory B cells in the salivary 
glands of patients with Sjogren’s syndrome. Ar-
thritis Rheum 2002;46(8):2160-71.

2. Jonsson R, Gordon TP, Konttinen YT. Recent 
advances in understanding molecular mecha-
nisms in the pathogenesis and antibody profile 
of Sjogren’s syndrome. Curr Rheumatol Rep 
2003;5(4):311-6.

3. Voulgarelis M, Dafni UG, Isenberg DA, Mout-
sopoulos HM. Malignant lymphoma in primary 
Sjogren’s syndrome: a multicenter, retrospec-
tive, clinical study by the European Concerted 
Action on Sjogren’s Syndrome. Arthritis Rheum 
1999;42(8):1765-72.

4. Van Mello NM, Pillemer SR, Tak PP, Sankar 
V. B cell MALT lymphoma diagnosed by la-
bial minor salivary gland biopsy in patients 
screened for Sjogren’s syndrome. Ann Rheum 
Dis 2005;64(3):471-3.

5. Moore PA, Belvedere O, Orr A, et al. BLyS: 
member of the tumor necrosis factor fam-
ily and B lymphocyte stimulator. Science 
1999;285(5425):260-3.

6. Hahne M, Kataoka T, Schroter M, et al. APRIL, 
a new ligand of the tumor necrosis factor fam-
ily, stimulates tumor cell growth. J Exp Med 
1998;188(6):1185-90.

7. Jonsson MV, Szodoray P, Jellestad S, Jonsson 
R, Skarstein K. Association between circulat-
ing levels of the novel TNF family members 
APRIL and BAFF and lymphoid organization 
in primary Sjogren’s syndrome. J Clin Immunol 
2005;25(3):189-201.

8. Pers JO, Daridon C, Devauchelle V, et al. BAFF 
overexpression is associated with autoantibody 
production in autoimmune diseases. Ann N Y 
Acad Sci 2005;1050:34-9.

9. Szodoray P, Jonsson R. The BAFF/APRIL sys-
tem in systemic autoimmune diseases with a 
special emphasis on Sjogren’s syndrome. Scand 
J Immunol 2005;62(5):421-8.

10. Roescher N, Tak PP, Illei GG. Cytokines in 
Sjogren’s syndrome: potential therapeutic tar-
gets. Ann Rheum Dis 2010;69(6):945-8.

11. Mackay F, Woodcock SA, Lawton P, et al. Mice 
transgenic for BAFF develop lymphocytic dis-
orders along with autoimmune manifestations. 
J Exp Med 1999;190(11):1697-710.

12. Groom J, Kalled SL, Cutler AH, et al. Associa-
tion of BAFF/BLyS overexpression and altered 
B cell differentiation with Sjogren’s syndrome. J 
Clin Invest 2002;109(1):59-68.

13. Stein JV, Lopez-Fraga M, Elustondo FA, et al. 
APRIL modulates B and T cell immunity. J Clin 
Invest 2002;109(12):1587-98.

14. Planelles L, Carvalho-Pinto CE, Hardenberg G, 
et al. APRIL promotes B-1 cell-associated neo-
plasm. Cancer Cell 2004;6(4):399-408.

15. Gross JA, Johnston J, Mudri S, et al. TACI and 
BCMA are receptors for a TNF homologue im-
plicated in B-cell autoimmune disease. Nature 
2000;404(6781):995-9.

16. Ramanujam M, Wang X, Huang W, et al. Mech-
anism of action of transmembrane activator 
and calcium modulator ligand interactor-Ig in 
murine systemic lupus erythematosus. J Immu-
nol 2004;173(5):3524-34.

17. Ramanujam M, Wang X, Huang W, et al. Simi-
larities and differences between selective and 
nonselective BAFF blockade in murine SLE. J 
Clin Invest 2006;116(3):724-34.

18. Tak PP, Thurlings RM, Rossier C, et al. Atacicept 
in patients with rheumatoid arthritis: results of 
a multicenter, phase Ib, double-blind, placebo-
controlled, dose-escalating, single- and repeat-
ed-dose study. Arthritis Rheum 2008;58(1):61-
72.

19. Pena-Rossi C, Nasonov E, Stanislav M, et al. An 
exploratory dose-escalating study investigating 
the safety, tolerability, pharmacokinetics and 
pharmacodynamics of intravenous atacicept 
in patients with systemic lupus erythematosus. 
Lupus 2009;18(6):547-55.

20. Gatto B. Atacicept, a homodimeric fusion pro-
tein for the potential treatment of diseases trig-
gered by plasma cells. Curr Opin Investig Drugs 
2008;9(11):1216-27.

21. Richardson SM, Wheelan SJ, Yarrington RM, 
Boeke JD. GeneDesign: rapid, automated de-
sign of multikilobase synthetic genes. Genome 
Res 2006;16(4):550-6.

22. Vosters JL, Yin H, Roescher N, Kok MR, Tak PP, 
Chiorini JA. Local expression of tumor necro-
sis factor-receptor 1:immunoglobulin G can 
induce salivary gland dysfunction in a murine 
model of Sjogren’s syndrome. Arthritis Res Ther 
2009;11(6):R189.

23. Kaludov N, Brown KE, Walters RW, Zabner J, 
Chiorini JA. Adeno-associated virus serotype 
4 (AAV4) and AAV5 both require sialic acid 
binding for hemagglutination and efficient 
transduction but differ in sialic acid linkage 
specificity. J Virol 2001;75(15):6884-93.

24. Haringman JJ, Vinkenoog M, Gerlag DM, 
Smeets TJ, Zwinderman AH, Tak PP. Reliability 
of computerized image analysis for the evalua-
tion of serial synovial biopsies in randomized 
controlled trials in rheumatoid arthritis. Ar-
thritis Res Ther 2005;7(4):R862-7.

25. Wang H, Marsters SA, Baker T, et al. TACI-lig-
and interactions are required for T cell activa-
tion and collagen-induced arthritis in mice. Nat 
Immunol 2001;2(7):632-7.



TACI/FC GENE THERAPY

26. Meijer JM, Meiners PM, Vissink A, et al. Ef-
fectiveness of rituximab treatment in prima-
ry Sjogren’s syndrome: a randomized, dou-
ble-blind, placebo-controlled trial. Arthritis 
Rheum 2010;62(4):960-8.

27. Badr G, Borhis G, Lefevre EA, et al. BAFF en-
hances chemotaxis of primary human B cells: a 
particular synergy between BAFF and CXCL13 
on memory B cells. Blood 2008;111(5):2744-54.

28. Salomonsson S, Jonsson MV, Skarstein K, et al. 
Cellular basis of ectopic germinal center forma-
tion and autoantibody production in the target 
organ of patients with Sjogren’s syndrome. Ar-
thritis Rheum 2003;48(11):3187-201.

29. Jonsson MV, Delaleu N, Brokstad KA, Berg-
green E, Skarstein K. Impaired salivary gland 
function in NOD mice: association with chang-
es in cytokine profile but not with histopatho-
logic changes in the salivary gland. Arthritis 
Rheum 2006;54(7):2300-5.

30. Liu W, Szalai A, Zhao L, et al. Control of sponta-
neous B lymphocyte autoimmunity with aden-
ovirus-encoded soluble TACI. Arthritis Rheum 
2004;50(6):1884-96.

31. Salomonsson S, Rozell BL, Heimburger M, 
Wahren-Herlenius M. Minor salivary gland 
immunohistology in the diagnosis of pri-
mary Sjogren’s syndrome. J Oral Pathol Med 
2009;38(3):282-8.

32. Castigli E, Scott S, Dedeoglu F, et al. Impaired 
IgA class switching in APRIL-deficient mice. 
Proc Natl Acad Sci U S A 2004;101(11):3903-8.

33. Gross JA, Dillon SR, Mudri S, et al. TACI-Ig 
neutralizes molecules critical for B cell develop-
ment and autoimmune disease. impaired B cell 

maturation in mice lacking BLyS. Immunity 
2001;15(2):289-302.

34. Marsters SA, Yan M, Pitti RM, Haas PE, Dix-
it VM, Ashkenazi A. Interaction of the TNF 
homologues BLyS and APRIL with the TNF re-
ceptor homologues BCMA and TACI. Curr Biol 
2000;10(13):785-8.

35. Wu Y, Bressette D, Carrell JA, et al. Tumor 
necrosis factor (TNF) receptor superfamily 
member TACI is a high affinity receptor for 
TNF family members APRIL and BLyS. J Biol 
Chem 2000;275(45):35478-85.

36. Stohl W, Metyas S, Tan SM, et al. Inverse asso-
ciation between circulating APRIL levels and 
serological and clinical disease activity in pa-
tients with systemic lupus erythematosus. Ann 
Rheum Dis 2004;63(9):1096-103.

37. Morel J, Roubille C, Planelles L, et al. Serum lev-
els of tumour necrosis factor family members 
a proliferation-inducing ligand (APRIL) and B 
lymphocyte stimulator (BLyS) are inversely cor-
related in systemic lupus erythematosus. Ann 
Rheum Dis 2009;68(6):997-1002.

38. Huard B, Schneider P, Mauri D, Tschopp J, 
French LE. T cell costimulation by the TNF lig-
and BAFF. J Immunol 2001;167(11):6225-31.

39. Wu AJ, Chen ZJ, Tsokos M, O’Connell BC, Am-
budkar IS, Baum BJ. Interferon-gamma induced 
cell death in a cultured human salivary gland cell 
line. J Cell Physiol 1996;167(2):297-304.

40. Vosters JL, Landek-Salgado MA, Yin H, et al. 
Interleukin-12 induces salivary gland dys-
function in transgenic mice, providing a new 
model of Sjogren’s syndrome. Arthritis Rheum 
2009;60(12):3633-41.




