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Abstract

Patients with Sjogren’s syndrome (SS) have been shown to have abnormal B cell function and 

increased numbers of marginal zone B cells (MZB and MZB precursors. The current studies 

utilized the Interleukin 14 alpha transgenic mouse model (IL14aTG) for SS to investigate the roles 

of marginal zone B cells (MZB) of the innate immune system in the pathophysiology of the 

disease. Eliminating MZB from IL14aTG mice by B cell specific deletion of RBP-J resulted in 

complete elimination of all disease manifestations of SS. Mice had normal salivary gland 

secretions, negative autoantibodies and normal histology of the salivary and lacrimal glands 

compared to IL14aTG mice at the same time points. In contrast, eliminating B1 cells by deleting 

btk did not ameliorate the disease. Therefore, MZB are critical for the development of SS.

 1. Introduction

Sjögren’s syndrome (SS) is a common autoimmune disease in which loss of lachrymal gland 

function results in dry eyes, corneal abrasions and various other forms of eye inflammation 

and salivary gland injury leading to dry mouth, induction of dental caries and other oral 

infections. Systemic autoimmune manifestations include lymphocytic interstitial pneumonia, 

kidney disease especially renal tubular acidosis and eventually large B cell lymphomas in 

5% of patients [1,2]. Sjögren’s syndrome with lachrymal gland and salivary gland injury 

may be seen in conjunction with various other autoimmune diseases, including systemic 

lupus erythematosus (SLE) and rheumatoid arthritis. Current therapy is inadequate because 

lachrymal gland and salivary gland injury is advanced by the time symptoms are present and 

☆This work was supported in part NATIONAL INSTITUTE OF DENTAL CRANIOFACIAL RESEARCH grant 
1R21DE021801-01A1 (to J.A.) and a grant NSFC-81272623 from Surface Project of National Science Foundation of China (to C.G.)
*Corresponding author at: Division of Allergy, Immunology and Rheumatology, Room C281, Buffalo General Hospital, 100 High 
Street, Buffalo, NY 14203, United States. jambrus@buffalo.edu (J.L. Ambrus).
1Long Shen, PhD and Chun Gao contributed equally to this paper.

HHS Public Access
Author manuscript
Clin Immunol. Author manuscript; available in PMC 2017 July 01.

Published in final edited form as:
Clin Immunol. 2016 July ; 168: 30–36. doi:10.1016/j.clim.2016.04.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



little is known regarding the pathophysiology of the disorder, especially the early events that 

may be amenable to therapeutic intervention.

Recent studies have suggested that B cells are central to the pathophysiology of SS [3–5]. 

Increased numbers of marginal zone B cells (MZB) and MZB precursors have been noted in 

patients with SS [6,7]. Elimination of MZB from BAFF transgenic mice, a model of SS, 

eliminated salivary and lacrimal gland pathology in the mice [8]. In the current studies we 

investigated particular roles for marginal zone B cells (MZB) in SS. We utilized the 

Interleukin 14 alpha transgenic (IL14aTG) mouse model of SS to evaluate the roles of MZB 

in SS. Work with this model, which has largely been corroborated in studies with human 

patients, has revealed that: 1) decrease in salivary gland flow precedes the infiltration of the 

salivary glands with lymphocytes [9]; 2) deposition of autoantibodies on the salivary glands 

alone is not sufficient to cause salivary gland injury [10]; 3) autoantibodies to novel 

autoantigens, salivary protein 1 (SP-1), carbonic anhydrase 6 (CA6) and parotid secretory 

protein (PSP) are found far earlier in the course of the disease than antibodies to Ro, the 

autoantibody currently used in the diagnostic criteria for S [11]; 4) lymphotoxin alpha (LTα) 

is critical for salivary gland injury, lung injury, kidney injury and lymphoma in SD [10]; and 

5) type 1 interferon (IFN-α) serves to amplify immune dysregulation after LTα induced 

injury to the submandibular and lachrymal glands — IL14αTG mice lacking the type I 

interferon receptor develop submandibular and lachrymal gland injury but not parotid gland 

injury, lung injury or kidney injury. The development of lymphoma is very delayed in these 

mice [12]. To investigate the role of MZB in SS we developed IL14aTG mice lacking MZB 

by crossing IL14aTG mice with C57BL/6. CD19Cre. RBP-J−/− mice, obtained from Dr. 

Tasuku Honjo, Kyoto University. The C57BL/6.CD19Cre.RBP-J−/− mice lack MZB but are 

otherwise immunologically normal [13]. At the same time we developed IL14aTG mice 

lacking B1 cells by crossing IL14aTG mice with C57BL/6. btk−/− mice obtained from Dr. 

Wasif Khan. The C57BL/6. Btk−/− mice lack B1 cells but have normal B2 cells and MZB 

[14].

 2. Materials and methods

 2.1. Genetically altered mice

The IL14aTG mice have previously been described [15]. IL14aTG mice lacking MZB were 

generated by crossing IL14aTG mice with CD19Cre.RBP-J−/− mice obtained from Tasuka 

Honjo [13]. IL14aTG mice lacking B1 cells were generated by crossing IL14aTG mice with 

C57BL/6.btk−/− mice obtained from Dr. Wasif Khan. The C57BL/6. Btk−/− mice lack B1 

cells but have normal B2 cells and MZB [14]. All mice were housed in Laboratory Animal 

Facility at University at Buffalo in accordance with institutional guidelines.

 2.2. Evaluation of salivary gland secretions

Salivary gland secretions were determined by suctioning of saliva for 15 min after 

Pilocarpine injection, as previously described [16].
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 2.3. ELISA assays for autoantibodies

Evaluation of anti-SP1 and anti-PSP antibodies in the sera of the mice were determined by 

commercially available ELISA assays using recombinant murine SP1 and PSP antigens 

(IMMCO Diagnostics, NY), according to the manufacturer’s instructions.

 2.4. ELISA assay for interferon alpha and lymphotoxin alpha

Commercially available ELISA’s were utilized to determine the serum levels of Interferon 

alpha (Life Technologies, Grand Island, NY) and lymphotoxin alpha (R&D Systems, 

Minneapolis, MN) according to the manufacturer’s instructions.

 2.5. Flow cytometry

Flow cytometry was performed on mouse spleen cells treated with Zombie Aqua Fixable 

viability kit (BioLegend) blocked with TruStain fcX anti-mouse CD16/32 and stained with 

panels composed of anti-mouse antibodies from BioLegend (Alexa Fluor 700 anti-mouse 

IgD, APC anti-mouse B220, APC/Cy7 anti-mouse IgM, Brilliant violet421 anti-mouse 

CD-3, Brilliant violet 650 anti-mouse CD19, Brilliant Violet 785 anti-mouse CD25, FITC 

anti-mouse CD44, PE anti-mouse CD62L, PE/Cy5 anti-mouse CD4, PE/Cy7 anti-mouse 

NK-1.1, PE/Dazzle 594 anti-mouse CD8, PerCP/Cy5.5 anti-mouse CD21/35,) and Becton-

Dickinson (BV605 rat anti-mouse CD5, BV711 rat anti-mouse CD23, Analysis was 

performed using a BD Biosciences LSRII Fortessa machine and FlowJo software.

 2.6. Isolation of marginal zone B cells (MZB)

Spleens were first harvested from either IL-14a TG mice or C57/BL6 mice at age of 6 

months old. marginal zone B cells were then purified using mouse marginal zone and 

Follicular B cell isolation kit from Miltenyi Biotec (San Diego, CA) following manufacturer 

instruction. The purities of MZB cells were confirmed by flow cytometry at range of 85–

90%.

 2.7. Quantitative PCR for the evaluation of LTa

Quantitative PCR (qPCR) reaction was set up using SYBR select Master Mix purchased 

from Life Technologies (Carlsbad, CA) following the manufacturer’s instructions. qPCR 

was run on an Stepone plus realtime PCR system (Life Technologies, Carlsbad, CA) with 

the following program: 50 °C for 2 min hold, 95 °C for 10 min hold, 40 cycles of 95 °C, 15 s 

and 60 °C, 60 s. Melting curve analysis was performed as previously described [4]. The 

primers for LTa were forward primer 5′-CACGAGGT CCAGCTCTTTTC-3′ and reverse 

primer 5′-AGTGCAAAGGCTCCAAAGAA-3′; and for 18S rRNA control were forward 

primer 5′-CGCGGTTCTATTTTGTTGGT-3′ and reverse primer 5′-

AGTCGGCATCGTTTATGGTC-3′.

 3. Results

For the purposes of these studies colonies of ten C57BL/6, IL14a TG mice, 

IL14aTG.CD19Cre.RBP-J−/− and IL14aTG.btk−/− were followed for a period of 18 

months. We utilized flow cytometry to evaluate the presence of various lymphocyte 
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subpopulations in IL14aTG. CD19Cre.RBP-J−/− mice and IL14aTG mice. Fig. 1a 

(IL14aTG mouse) and 1B (IL14aTG.CD19Cre.RBP-J−/− mouse) demonstrate representative 

flow panels that were performed on 6 mice in each group. Fig. 1c summarizes the results. As 

previously published, the IL14aTG.CD19Cre. RBP-J−/− mice lack MZB (The difference 

compared to IL14aTG, 27.1% v 0.9%, is statistically significant, p < 0.001) [13]. At the 

same time, compared to the IL-14aTG mice, the IL14aTG.CD19Cre.RBP-J−/− mice showed 

a slight decrease in the total number of B cells (41.3% v 23.5%; p = 0.006) and NK cells 

(29.2% v 14.3%; p = 0.0078), but similar numbers of CD4 cells, CD8 cells, Treg cells and 

double negative T cells. Studies published by Tanigaki et al. demonstrated that C57BL/

6.CD19Cre.RBP-J−/− mice had normal T cells and NK cells function, as well as normal B 

cell function, except for the lack of MZB [13,17].

Previous studies demonstrated that IL14aTG mice develop reduced salivary gland secretions 

by 6 months of age, before lymphocytic infiltration of the parotid glands is noted [9].We 

therefore investigated salivary gland secretions in IL14aTG mice and 

IL14aTG.CD19Cre.RBP-J−/− and compared them with IL14aTG.btk−/− mice at 6 and 12 

months of age. Each group contained 6 mice. Fig. 2 demonstrates that IL14aTG mice have 

reduced salivary gland secretions compared to C57BL/6 mice by 6 months of age (8.7 μl/kg 

v 11 μl/kg; p=0.0032), as previously published [9,16]. The IL14aTG.btk−/− mice also had 

significantly reduced salivary gland secretions compared to C57BL/6 mice (7.2 μl/kg v 11 

μl/kg; p < 0.001). The difference in salivary gland secretions between IL14aTG mice and 

IL14aTG.btk−/− mice was not statistically significant at this time point (p =0.091). 

Interestingly, the salivary gland secretions of the IL14aTG.CD19Cre.RBP-J−/− were no 

different than the C57BL/6 mice at 6 months of age (10.7 μl/kg v 11 μl/kg; p = 0.417). At 

the 12months time point, the difference between the salivary gland secretions of C57BL/6 

mice and IL14αTG mice (9.3 μl/kg v 5.8 μl/kg; p = 0.0002) or IL14αTG.btk−/− mice (4.9 

μl/kg; p > 0.0001) became even more significant. There was still no statistically significant 

difference between the salivary gland secretions of C57BL/6 mice and IL14aTG. 

CD19Cre.RBP-J−/− (9.3 μl/kg v 9.4 μl/kg; p = 0.767).

We next investigated whether the changes in salivary gland secretions were followed by 

lymphocytic infiltration of the salivary and lachrymal glands. Previous studies have 

demonstrated that lymphocytic infiltration of the submandibular and lachrymal glands 

occurs before lymphocytic infiltration of the parotid glands [18]. As demonstrated in Fig. 3, 

IL14aTG.CD19Cre.RBP-J−/− never developed lymphocytic infiltration of either the 

submandibular or parotid glands. The IL14aTG. btk−/− mice, like the IL14aTG mice, had 

lymphocytic infiltration of both the submandibular and parotid glands by 12 months of age. 

No lymphocytic infiltration is seen in the salivary glands in control C57BL/6 mice. This is 

representative of 12 mice studied in each group;

Decreased salivary gland function is also associated with production of autoantibodies to 

salivary gland antigens. Previous studies demonstrated that antibodies to salivary gland 

protein 1 (SP1) and parotid secretory protein (PSP) occur before antibodies to Ro and La 

[11]. We therefore investigated the presence of these autoantibodies in the sera of C57BL/6, 

IL14a TG mice and IL14aTG.CD19Cre.RBP-J−/− mice at 6 and 12 months of age. Six mice 

were studied in each group. Fig. 4 demonstrates that these autoantibodies were present in 
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IL14aTG mice but not in either C57BL/6 mice or IL14aTG.CD19Cre.RBP-J−/− mice at 

either time point. The difference in serum SP1 autoantibodies between IL14aTG mice and 

IL14aTG.CD19Cre.RBP-J−/− mice was statistically significant at both 6 months (0.20 v 

0.02; p = 0.0019) and 12 months of age (0.26 v 0.01; p=0.00002) as was the difference in 

serum PSP antibodies at 6 months (0.21 v 0.004; p = 0.017) and 12 months (0.28 v 0.05; 

p=0.0056) of age. The serum antibodies to SP1 were not statistically different between 

C57BL/6 mice and IL14aTG.CD19Cre.RBP-J−/− mice at either 6 months (p = 0.055) or 12 

months (p = 0.111) of age similar to the serum levels of PSP antibodies at 6 months (p = 

0.667) and 12 months (p = 0.377) of age.

Early injury to the submandibular and lachrymal glands in SS has been associated with 

increased levels of LTa in the serum and salivary gland secretions [10]. We therefore 

investigated the levels if LTa in the sera of C57BL/6, IL14a TG mice, 

IL14aTG.CD19Cre.RBP-J−/− and IL14aTG.btk−/− mice. Fig. 5 demonstrates that serum 

levels LTa were elevated in sera of IL14aTG mice (2554 ng/ml) and IL14aTG.btk−/− mice 

(3495 ng/ml) compared to C57BL/6 mice (1869 ng/ml) at both 7 months (IL14aTG, p = 

0.0363; IL14aTG.btk−/− p = 0.0032) and 12 months of age (IL14aTG = 3859 ng/ml, p = 

0.0104; IL14aTG. btk−/− 5652 ng/ml; p = 0.0024) while the serum levels of LTa in 

IL14aTG.CD19Cre.RBP-J−/− were no different than the C57BL/6 controls at either 7 

months (1926 ng/ml v 1869 ng/ml; p = 0.824) or 12 months of age (2086 ng/ml v 2181 

ng/ml; p = 0.7022). Six mice were studied in each group.

Because MZB have been shown to produce various cytokines including LTa [19], we 

investigated whether MZB isolated from IL14aTG mice constitutively produced LTa at the 6 

month time point when salivary gland injury is occurring in these mice. Fig. 6 demonstrates 

that MZB from IL14aTG expressed the mRNA for LTa at significantly higher levels (2.88 v 

1.01; p < 0.0001) than C57BL/6 mice at the same age. In data not shown, production of 

IL-6, IL-10 and TNF-a was not detected in either the MZB of IL14aTG mice or C57BL/6 

mice. Six mice were studies in each group.

Later injury to the parotid glands, lungs and kidney in SS has been associated with the 

production of IFN-a [12]. We therefore investigated the serum levels of IFN-a in sera of 

C57BL/6, IL14a TG mice, IL14aTG. CD19Cre.RBP-J−/− and IL14aTG.btk−/− mice during 

the evolution of SS. Fig. 7 demonstrates that IFN-a was undetectable in the sera of C57BL/6 

mice (0 pg/ml) and IL14aTG.CD19Cre.RBP-J−/− mice (0 pg/ml) at 12 months of age, while 

they were elevated in both IL14aTG mice (422 pg/ml) and IL14aTG.btk−/− mice (411 

pg/ml) (compared to C57BL/6 mice, p < 0.001 for both IL14aTG and IL14aTG.btk−/− 

mice). The difference in the serum levels of IFN-a in IL14aTG and IL14aTG.btk−/− mice 

was not statistically significant (p = 0.8848). Six mice were studied in each group.

 4. Discussion

While autoimmune diseases were once thought to be caused exclusively by abnormal 

recognition of self-antigens by the adaptive immune system, recent studies have emphasized 

the importance of the innate immune system especially early in the course of the disease 

[20–22]. Patients with SS are generally recognized at late stages of the disease, so animal 
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models, such as the IL14aTG mouse, have been critical in elucidating early stages in disease 

pathogenesis [23]. Previous studies with this animal model have emphasized the importance 

of LTa during the initial stages of the disease and IFN-a in a later stage of the disease, as 

animals go from manifestations localized to the lacrimal and salivary glands to systemic 

manifestations including lung disease and lymphoma [10,12]. The current studies emphasize 

the importance of MZB in disease pathogenesis demonstrating the absence of disease in 

IL14aTG mice lacking MZB. MZB are considered part of the innate immune system 

because of their limited repertoire and their functioning largely independently of T cell help 

[19,24]. However, MZB may also function as part of the adaptive immune system carrying 

antigens to the germinal centers for more efficient generation of memory B cells in the B2 

compartment [25]. At the same time, MZB may be responsible for the majority of IgM 

memory B cells [26,27]. Differences exist between MZB in rodents and humans, one of 

which is increased circulation of human MZB compared to rodent MZB [26,27]. These 

differences may make MZB more important rather than less important for the 

pathophysiology of SS in humans [5]. In the current studies we demonstrate that IL14aTG 

mice lacking MZB (Fig. 1) had normal salivary gland secretions (Fig. 2), normal salivary 

and lacrimal gland histology (Fig. 3), absence of autoantibody production (Fig. 4) and 

reduced levels of both LTa and IFN-a (Figs. 5 and 7). MZB from IL14aTG mice were shown 

to produce LTa (Fig. 6). No lung, disease or lymphoma was seen in these mice.

Various self-reactive antibodies are produced by MZB. When a transgene was expressed 

making anti-DNA antibody in mice, the anti-DNA producing B cells were found in the 

marginal zones and had the characteristics of MZB [28]. They have been found in the 

salivary glands of patients with SS [29]. Because MZB require weak signaling through their 

B cell receptors, they are more adept at responding to pathogens than to self-antigens 

[19].MZB express MHC II and B7.1 constitutively, allowing them to present antigen 

efficiently to T cells [30].MZB can secrete IL-10 and act as regulatory B cells, thus 

inhibiting rather than stimulating various T cell responses [31]. Alternatively, MZB can 

serve to focus the T cell response to particular pathogens to restricted locations. MZB may 

contribute to autoimmunity in the salivary glands by reacting to pathogens in the salivary 

glands and keeping the response local. In the IL14aTG mouse, SS does not develop in the 

absence of MZB. The development of SS is a complex process likely requiring multiple 

immunological changes and the contributions of MZB in this process are essential. Studies 

in patients with SS have also identified MZB as prominent in the disease [32,33]. These and 

other factors have made B cells therapeutic targets in SS [34,35].

Overall, these studies have provided novel insights into the role of innate B cells in the 

pathophysiology of SS in IL14aTG mice. In a similar animal model for SS, the BAFF 

transgenic mouse, MZB have been found to be central to the development of SS [8,36]. 

Interestingly, however, in this animal model, which develops a more proliferative 

glomerulonephritis than the IL14aTG mouse, B1 cells were shown to be critical for the 

development of the glomerulonephritis. Elimination of MZB from BAFF transgenic mice 

does not influence the glomerulonephritis. This raises two interesting points, first that the 

involvement of the innate immune system and particular innate B cells may be different in 

various autoimmune diseases and second that in an animal with an autoimmune disease 

involving multiple different manifestations, the nature of injury in various organs may be 
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different. It would be interesting in the IL14aTG mouse to eliminate MZB at an intermediate 

or late stage of disease and see whether late stage manifestations are inhibited after early 

stage injury is allowed to occur. The data from the IL14aTG mouse continue to support the 

hypothesis that SS evolves through stages of local disease driven by LTa, followed by 

systemic disease driven by IFN-a followed by malignancy. However, it is also possible that 

particular patients with SS could present with both local and systemic manifestations while 

others could have local manifestations and never develop systemic manifestations. 

Understanding these issues will have major importance in determining optimal therapies for 

patients with different types/stages of disease.
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Fig. 1. 
Flow cytometry was performed on the spleens of 4 mice each of IL14aTG mice and 

IL14aTG.CD19Cre.RBP-J−/− mice at 6 months of age as outlined in materials and methods. 

Representative flow studies are shown for an IL14aTG mouse in Fig. 1a, for an 

IL14aTG.CD19Cre.RBP-J−/− mouse in Fig. 1b. The results are summarized in Fig. 1c. The 

IL14aTG.CD19Cre.RBP-J−/− mice lack MZB (The difference compared to IL14aTG is 

statistically significant, p < 0.001). At the same time, compared to the IL-14aTG mice, the 

IL14aTG.CD19Cre.RBP-J−/− mice showed a slight decrease in the total number of B cells 

(p = 0.006) and NK cells (p = 0.0078), but similar numbers of CD4 cells, CD8 cells, Treg 

cells and double negative T cells. The bars on the top of the figure emphasize statistically 

significant differences.
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Fig. 2. 
This figure demonstrates the salivary gland secretions determined after Pilocarpine 

stimulations of groups of mice indicated as above. Ten mice were studied in each group at 6 

and 12months of age. The group designated IL14αTG.btk-mice is IL14αTG.btk−/− and the 

group designated IL14αTG.RBP-J- is IL14αTG.CD19Cre.RBP-J−/−. The difference 

between the salivary gland secretions of C57BL/6 mice at 6 months of age and those of 

IL14αTG mice at 6 months of age was statistically significant (p = 0.0032) as was the 

difference between C57BL/6 mice at 6 months of age and IL14αTG.btk−/− mice at 6 

months of age (p < 0.0001). There was no difference between the salivary gland secretions 

of C57BL/6 mice at 6 months of age and those of IL14αTG.CD19Cre.RBP-J−/− mice at 6 

months of age (p = 0.4166) or of C57BL/6 mice and IL14αTG.CD19Cre.RBP-J−/− mice at 

12 months of age (p = 0. 767). At 12 months of age the difference between the salivary 

gland secretions of C57BL/6 mice and IL14αTG mice (p = 0.0002) or IL14αTG.btk−/− 

mice (p < 0.0001) became even more significant. The bars on the top of the figure emphasize 

statistically significant differences.
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Fig. 3. 
The figure demonstrates representative pictures of submandibular and parotid glands of 

C57BL/6 mice, IL14aTG mice, IL14αTG.CD19Cre.RBP-J−/− mice and IL14αTG.btk−/− 

mice at 12months of age. Normal histology of the salivary glands was noted in 24/24 

C57BL/6mice and 24/24 IL14αTG.CD19Cre.RBP-J−/− mice studied while abnormal 

histology was noted in 24/24 IL14aTG mice and 14/14 IL14αTG.btk−/− mice studied. The 

bars on the top of the figure emphasize statistically significant differences.
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Fig. 4. 
Sera were collected from IL-14αTG mice, IL14aTG.CD19Cre.RBP-J−/− and C57BL/6 mice 

at 6 and 12 months of age. Custom expressed and purified salivary gland protein 1 (SP-1) 

and parotid secretory protein (PSP) were used to run ELISA assays with these sera. Data 

shown are representative of 6 mice studied in each group. The difference in serum SP1 

autoantibodies between IL14aTG mice and IL14aTG.CD19Cre.RBP-J−/− mice was 

statistically significant at both 6 months (p = 0.0019) and 12 months of age (p = 0.00002) as 

was the difference in serum PSP antibodies at 6 months (p = 0.017) and 12 months (p = 

0.0056) of age. The levels of serum antibodies to SP1 were not statistically different 

between C57BL/6 mice and IL14aTG.CD19Cre.RBP-J−/− mice at either 6 months (p = 

0.055) or 12 months (p = 0.111) of age similar to the serum levels of PSP antibodies at 6 

months (p = 0.667) and 12 months (p = 0.377) of age. The bars on the top of the figure 

emphasize statistically significant differences.
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Fig. 5. 
LTa levels were determined by ELISA in the sera of C57BL/6 mice, IL14aTG mice, 

IL14aTG.CD19Cre.RBP-J−/− mice (labeled as IL14aTG.RBP-J−/−) and IL14aTG.BTK−/− 

mice at 7 and 12 months of age. Data shown are the serum levels of LTa in ng/ml for each of 

the mice studied. The data used in this figure for the C57BL/6 mice and the IL14aTG mice 

were part of a previous publication, but are included here for the sake of completeness. The 

studies in the IL14aTG.CD19Cre.RBP-J−/− mice and IL14aTG.BTK−/− mice were done at 

the same time. Serum levels of LTa were significantly increased in IL14aTG (7 M p = 0. 

0363; 12 M p = 0.0104) and IL14aTG.BTK−/− mice (7 M p = 0.0032; 12 M p = 0.0024) 

compared to C57BL/6 mice at both time points studied, while the serum levels of LTa were 

statistically similar in IL14aTG.CD19Cre.RBP-J−/− mice (7 M p = 0.824; 12 M p = 0.7022) 

compared to C57BL/6 mice at both time points studied. There was no statistically significant 

difference between the serum levels of LTa in IL14aTG mice compared to IL14aTG.BTK−/− 

mice at either time point studied (7 M p = 0.0553; 12 M p = 0.1127). The bars on the top of 

the figure emphasize statistically significant differences.
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Fig. 6. 
Splenic marginal zone B cells were isolated from 6 month-old C57BL/6 and IL14aTG mice 

as outlined in Materials and Methods. qPCR was utilized to quantitate them RNA for LTa in 

these B cells as outline in Materials and methods. Data are shown are the relative levels of 

LTa mRNA in each of the mice studied. The difference in the level of LTa mRNA in 

C57BL/6 mice compared to IL14aTG mice was statistically significant (p < 0.0001). The 

bars on the top of the figure emphasize statistically significant differences.

Shen et al. Page 16

Clin Immunol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Interferon alpha levels were determined by ELISA in the sera of C57BL/6 mice, IL14aTG 

mice, IL14aTG.CD19Cre.RBP-J−/− mice (labeled as IL14aTG.RBP-J−/−) and 

IL14aTG.BTK−/− mice at 12 months of age. Data shown are the serum levels of interferon 

alpha in pg/ml for each of the mice studied. The differences between the interferon alpha 

levels of the sera from IL14aTG mice (p < 0.001) and IL14aTG.BTK−/− (p < 0.001) 

compared to the C57BL/6 mice was statistically significant. The difference in the interferon 

alpha levels in the sera of IL14aTG mice compared to IL14aTG.BTK−/− mice was not 

statistically significant (p = 0.8848). The bars on the top of the figure emphasize statistically 

significant differences.
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