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Abstract

Sjögren’s syndrome (SS) is a chronic rheumatic autoimmune disorder affecting multiple organ 

systems. The clinical findings in SS patients show considerable heterogeneity and overlap with 

other autoimmune diseases. In addition, the autoimmune response in SS initiates several years 

before the appearance of clinical symptoms. Thus, understanding the pathogenic mechanisms 

involved in the disease process have been a challenge. Several animal model systems of SS-like 

disease have been developed to overcome these issues. The New Zealand Black (NZB) × New 

Zealand White (NZW) F1 (NZB/W F1) mouse represents the first spontaneous mouse model of 

SS. In this review, we provide a historical perspective and detailed description of this mouse model 

focusing on exocrine gland histopathology, autoantibody populations, and glandular dysfunction. 

Considering that NZB/W F1 mice also develop a systemic lupus erythematosus (SLE)-like 

disease, this mouse model mimics the clinical presentation of polyautoimmunity seen in a sizable 

subset of SS patients. It is plausible that such patients will require distinct therapeutic 

interventions necessary to treat both SLE and SS. Therefore, the NZB/W F1 mouse is a powerful 

tool to decipher pathogenic mechanisms involved in SS related polyautoimmunity and develop 

appropriate therapeutic strategies.
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1. Introduction

Sjögren’s syndrome (SS) is one of the three most common systemic rheumatic autoimmune 

disorders affecting a large number of people worldwide [1,2]. The disease is typically 

diagnosed in older adults during the fourth or fifth decade of life and shows a strong female 

to male bias with a ratio of 10:1 [3]. Circulating antibodies targeting intracellular proteins, 
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and immune cells infiltrating different tissues gives SS its autoimmune character [4]. The 

prominent clinical feature of SS is dry mouth and dry eye, caused by the exocrine salivary 

and lacrimal gland dysfunction [5]. Fatigue, arthralgia, arthritis, and peripheral neuropathy 

are some of the common extraglandular manifestations of SS. Other organ systems like the 

lungs, kidneys, skin, and gastrointestinal tract are affected to varying degrees. Most patients 

also present with hematological abnormalities, including hypergammaglobulinemia, 

monoclonal gammopathy, hypocomplementemia, and cytopenias [6]. There is considerable 

heterogeneity in the clinical presentation of SS, and this has been a significant obstacle for 

accurate diagnosis and therapy [7].

SS has a strong genetic component and many of the genetic loci associated with SS map to 

different innate and adaptive immune pathways [8]. The appearance of circulating 

autoantibodies several years to decades before the clinical presentation further supports an 

autoimmune etiology for SS [9,10]. There is a consensus that interactions between a 

genetically dysregulated immune system and varied environmental stimuli manifest as 

autoimmune responses in SS. The triggers responsible for initiating autoimmunity in SS 

remain unclear, but viral infections are considered as the primary candidates [11,12]. 

Whether a systemic infection, or an exocrine gland infection, or both, are responsible for 

driving early events in SS is difficult to decipher in patients. Another challenge is to identify 

how the disease progresses from benign autoimmunity to a fulminant clinical presentation. 

Thus, to address these issues, several animal model systems have been developed in the past 

five decades [13–15]. However, considering the heterogeneity in immunological 

abnormalities and clinical manifestations of SS, it is not surprising that no single animal 

model can claim to recapitulate the full spectrum of SS. Each model has its strengths and 

limitations in investigating human disease. Several reviews in the literature provide a 

glimpse into multiple mouse models that develop some aspect of SS [13–15]. In this review, 

we describe the New Zealand Black (NZB) × New Zealand White (NZW) F1 (NZB/W F1) 

mouse, the first spontaneous mouse model system of SS, and its relevance for investigating 

pathogenic mechanisms of SS.

2. Classification criteria for SS in patients and their application to mice

The signs and symptoms of SS are not unique to the disease and show notable overlaps with 

other rheumatic autoimmune disorders, thereby making the diagnosis of SS a complex task 

[1]. Over the past three decades, various classification schemes were developed to address 

this issue [16–18]. These schemes have helped to formulate guidelines for recruiting patients 

into research protocols and clinical trials. The latest American College of Rheumatology – 

European League Against Rheumatism (ACR- EULAR) 2016 classification criteria for SS 

[18] are based on an objective assessment of glandular inflammation, autoantibodies to 

SSA/Ro antigens, and glandular dysfunction (Table 1). For an individual to be classified as a 

primary SS patient, the cumulative score for five items shown in Table 1 has to be ≥ 4.0. 

Also, the individual has to respond positively to at least one of five questions dealing with 

subjective oral and ocular dryness measures. Alternatively, based on the EULAR SS Disease 

Activity Index (ESSDAI) questionnaire, the individual is required to have one positive 

response in any of the 12 domains representing different organ systems. Thus, a complex 
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evaluation of both symptoms and signs involving multiple organs determine the diagnosis of 

SS.

While this scheme has proven valuable as a guideline for human clinical studies, the 

verbatim extension of these parameters to determine whether a mouse model represents SS 

is untenable. A reconfiguration of the three primary objective criteria (glandular 

inflammation, autoantibodies, and glandular dysfunction) is required to best model the 

human disease in mice. Rather than minor labial gland biopsy, histopathological 

investigation in mice can be done in the 3 major salivary glands (parotid, submandibular, and 

sublingual).

Almost 25–30% of SS patients do not harbor anti-SSA/Ro antibodies, but have anti-nuclear 

antibodies, rheumatoid factor, and other specificities indicating a loss of tolerance to self and 

the establishment of auto-reactivity (Table 2) [6]. Thus, mouse strains that are negative for 

anti-SSA/Ro, but develop other autoantibodies and glandular inflammation represent a 

specific subset of SS patients.

Evaluating unstimulated saliva flow in mice is technically challenging, and necessitates 

measuring agonist-induced saliva production. Currently, there are no established standards 

for normal levels of tear and saliva production in mice. Our study measuring saliva volumes 

in age-matched female mice showed a wide variation between different strains [19]. 

Therefore, the best approach to evaluating glandular dysfunction is using longitudinal 

studies to monitor a reduction in saliva or tear volumes over time. In this review we 

demonstrate that the NZB/W F1 mouse fulfils 3 out of the 4 objective classification criteria 

established for SS.

3. NZB/W F1 mouse as a model for SS

Almost 61 years ago, Bielschowsky et al. described the development of autoantibodies and 

hemolytic anemia in the NZB mouse strain [20]. To determine the genetic transmission of 

autoimmune hemolytic anemia, Helyer and Howie crossed the NZB mouse with different 

mouse strains to generate F1 hybrids [21]. In 1963, they described the NZB/W F1 hybrid 

mouse as a strain that developed lupus-like nephritis with a high penetrance [22]. In an 

extensive phenotypic analysis (500 females and 157 males), Howie et al. [23] meticulously 

described the development of anti-nuclear antibodies, renal immune-complex deposition, 

proteinuria, azotemia, and survival of NZB/W F1 mice. Anti-nuclear antibodies began to 

appear in these mice by 2–4 months of age, followed approximately two months later (4–6 

months of age) by immune-complex deposition in the kidneys and the establishment of 

glomerulonephritis. By 8–10 months of age, more than 50% of mice developed severe 

proteinuria, which preceded death. The mean survival reported in this original investigation 

for females was 279.8 days, and for males was 438.8 days.

The first description of NZB/W F1 mice as a model for SS was published by Harry Kessler 

[24]. In a comparison of parental NZB (n=18), NZW (n=29), and the F1 hybrids (n=29), it 

was noted that by 4 months of age, the NZB and the NZB/W F1 mice showed mononuclear 

cell infiltrates within their salivary and lacrimal glands. These lesions became progressively 
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severe with age. The NZW mice did not show any pathological changes. Salivary gland 

dysfunction in NZB/W F1 mice was evident by the reduction in salivary amylase 

concentration by almost 50% compared to NZW mice. Since this historical description of 

salivary and lacrimal gland disease, several studies in the literature have reported the 

development of different features characteristic of SS in NZB/W F1 mice. Herein, we 

provide an overview of NZB/W F1 mouse as a model for SS with reference to exocrine 

gland histopathology, autoantibody responses, and glandular dysfunction. For an overview 

of genetics and immune cell defects in NZB/W F1 mice, the readers are referred to excellent 

articles in the literature [25–27].

4. Histopathology

Inflammation of the exocrine glands is a preeminent feature of SS. In some patients, this is 

accompanied by pain and swelling in the glands. The establishment of tertiary lymphoid 

structures associated with the formation of malignant lymphomas is a cause of increased 

mortality in SS [28]. Thus, minor labial salivary gland biopsies offer a valuable diagnostic 

and prognostic tool in SS patients. In NZB/W F1 mice, extensive evaluation of salivary 

gland pathology has been performed over the past five decades. In this review, we first 

provide a historical perspective on histopathological analysis of salivary glands in SS 

patients and its application to studying salivary gland pathology in the NZB/W F1 mice.

4.1. A historical perspective of glandular inflammation in SS

The initial description of SS included keratoconjunctivitis sicca, xerostomia, and 

polyarthritis, as a triad of manifestations occurring in a sicca complex [29]. In 1963, 

Waterhouse evaluated focal inflammation (adenitis) in submandibular and parotid salivary 

glands and lacrimal glands from 239 subjects undergoing autopsy and reported that salivary 

and lacrimal gland involvement might occur independently of arthritis [30]. In the gland 

parenchyma, aggregates of >50 cells, predominantly lymphocytes and histiocytes, were 

considered a focus of inflammation. Plasma cells were seen at the periphery of some large 

foci. Glands with at least two such foci were considered to be positive for inflammation. 

Focal adenitis was more prevalent in women (70%) than men (30%), especially in women 

over 45 years. The foci were most frequent in the submandibular glands compared to the 

parotid or lacrimal glands. In 1966, Calman and Reifman reported focal adenitis in the 

minor salivary glands from the buccal mucosa in a patient of xerostomia and 

keratoconjunctivitis, thereby offering an avenue for early diagnosis of SS [31]. 

Subsequently, an expanded study of 40 patients and 60 controls established the value of 

labial salivary gland biopsies in the diagnosis of SS [32]. The labial salivary glands from 

patients showed focal and diffuse infiltration of lymphocytes, histiocytes, and plasma cells in 

between healthy acinar tissue.

Over five decades after the description of focal adenitis, the primary criteria for diagnosis 

and quantification of disease severity in SS continues to be the identification of areas in 

labial salivary glands occupied by lymphocytic aggregates with >50 cells per focus [33]. The 

phenotyping of infiltrating immune cells for T and B cell surface markers organized to form 

germinal centers also allows determination of the risk for lymphoma development [34]. 
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However, it should be noted that distinct histopathological features such as hyperplasia of 

the ductal epithelium and formation of epithelial-myoepithelial cell islands, has been noted 

in parotid gland biopsies obtained from Mikulicz’s disease patients [35], and about 40% of 

SS cases [36]. These reports suggest that although minor labial gland pathology allows for 

diagnosis of SS, the study of major glands will provide an in-depth understanding into 

disease pathogenesis. In this context, the NZB/W F1 mice are an invaluable tool for 

investigating the mechanisms of inflammatory cell-mediated pathology in major salivary 

glands.

4.2 Focal adenitis in salivary and lacrimal glands of NZB/W F1 mice

The salivary and lacrimal glands from NZB/W F1 male and female mice have been studied 

at different ages and provide insights into the initiation and evolution of the cellular lesions. 

Similar to the human disease, glandular inflammation appears earlier and more frequently in 

females compared to males. The lymphocytic infiltration is seen first in the submandibular 

glands and lacrimal glands by 4 months of age and later appears in the parotid glands [37–

39]. Sublingual glands, which consist predominantly of mucous acini in mice, are rarely 

involved. Despite the differences in kinetics of inflammation in submandibular and parotid 

glands, the characteristics of cellular infiltrates in both glands are similar. Lymphocytes 

appear around blood vessels and medium-sized intra-lobular striated ducts of the 

submandibular glands [24,40].

The lumen of lymphatic vessels shows the accumulation of lymphocytes and a gradual 

expansion of the infiltrates into the inter-lobar interstitial regions (Figure 1A). The 

inflammatory foci consist predominantly of CD4 T cells and macrophages close to the 

acinar and ductal epithelium. Larger foci show significant numbers of B cells, organizing 

into germinal center-like structures (Figure 1B). Plasma cells are present extending along the 

periphery of larger foci. There is a progressive degeneration of the vascular wall and 

basement membrane lining the ducts. The immune cells invade into the acini through the 

discontinuity in the basement membrane by 6–8 months of age. There is a loss of polarity in 

the ductal and acinar epithelial cells, followed by a destruction of these cells resulting in 

acinar atrophy. TUNEL staining shows apoptosis of the glandular epithelium and of 

infiltrating lymphocytes.

IgG deposits are seen in basement membranes around ducts, acini, and capillaries in areas of 

inflammation, but significantly, also at sites distant from the inflammatory foci [39]. 

Autoantibodies to acinar and ductal antigens are found in circulation [41,42]. It should be 

noted that immunoglobulin deposits were also reported in salivary glands of SS patients 

[43]. These antibody deposits are of particular interest since recent studies show a significant 

role for autoantibodies in driving glandular dysfunction, independent of local inflammation 

[44,45]. Overall the light microscopy studies demonstrate that critical characteristics of focal 

adenitis in NZB/W F1 mice are remarkably similar to those seen in SS patients.

4.3 Ultrastructural studies provide mechanistic insights into disease pathogenesis

The failure of tolerance mechanisms and inflammatory cells forming the lymphocytic foci in 

exocrine glands have been under the spotlight for investigations in SS, and have yielded a 
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vast body of literature on disease pathogenesis. Nonetheless, how this inflammation causes 

dryness remains unresolved [46,47]. A critical observation is that the severity of 

lymphocytic infiltration does not necessarily correlate with the extent of glandular 

dysfunction in SS patients or mice [48,49].

In patients, the major salivary glands show hyperplasia of the ductal epithelium and 

formation of epithelial-myoepithelial cell islands. These cells are either remnants of the 

ductal epithelium, myoepithelial cells, or both [50]. Since such features are not found in 

NZB/W F1 mice, some investigators have opined that the NZB/W F1 lesion was more a 

“vasculitis” that progresses to fibrosis and not the “epithelitis” seen in patients [51,52]. 

However, electron micrographs at five months of age show that myoepithelial cells, adjacent 

to the infiltrating lymphocytes, have increased disorganization of myofilaments, pyknotic 

nuclei, and degenerating organelles [39]. These changes are associated with detachment of 

the cells from the basement membrane, destruction of the myoepithelial cells, and the 

subsequent degeneration of the ductal epithelium. Similar changes are also seen in the 

secretory acini, subsequently leading to acinar atrophy. A recent report on SS patients 

showed reduced staining for alpha-smooth muscle actin in myoepithelial cells around acini 

and intercalated ducts, implying a loss of contractile function contributing to reduced saliva 

output [53]. These results from mouse and patient glands suggest that further investigations 

into the role of myoepithelial cells in SS pathogenesis are needed. Such studies will provide 

clues on pathways and mechanisms of glandular dysfunction.

Fibrosis and fatty replacement of the glandular tissue are prominent features found in labial 

biopsies from SS patients [54]. These glandular changes are most significantly associated 

with the patients’ age, and the influence on disease severity or functional loss is debated 

[55]. Although NZB/W F1 mice fail to show extensive fibrosis or fatty replacement in the 

glandular tissue, electron micrographs of salivary glands with lymphocytic foci display an 

increase in peri-arteriolar collagen fibers [52], and early deposition of peri-ductal laminin 

[39]. The integrin molecule, VLA-6, on NK cells and T cells recognizes laminin, suggesting 

that the laminin deposits may facilitate the recruitment of immune cells into the glands [38]. 

In addition, the increased ICAM expression on the endothelium and elevated cytokines in 

the systemic circulation [56] are all potential mechanisms for salivary gland inflammation in 

NZB/W F1 mice. In summary, the histopathological studies in NZB/W F1 mice have given 

insights into the evolution of the inflammatory focus and have helped to develop a dynamic 

picture of the disease process in the salivary glands. Although logistically difficult, 

longitudinal histopathological studies in SS patients are needed to understand how salivary 

gland inflammation contributes to glandular dysfunction.

5. Autoantibodies

The presence of circulating antibodies to multiple self-proteins is a hallmark of SS and 

confers the disorder with its autoimmune characteristic. Studies in different patient cohorts 

worldwide have established that autoantibodies target multiple self- proteins in SS. The 

Sjögren Big Data Consortium recently published data on immunological tests obtained from 

10,500 SS patients from 22 countries [6]. Table 2 summarizes the prevalence of the 

dominant autoantibody specificities in SS patients and their presence in NZB/W F1 mice. 
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Many of the autoantibody specificities are associated with specific clinical features and these 

findings have been elegantly reviewed by Kyriakidis et al. [57] and recently by Scofield et 

al. [58]. In this review, we have critically evaluated the presence of SS-associated 

autoantibody specificities in the NZB/W F1 mouse.

5.1. Anti-nuclear antibody (ANA)

ANA is the most prevalent autoantibody detected in SS patients (Table 2) and is the earliest 

specificity appearing well before the onset of clinical symptoms [9, 10]. In an exhaustive 

review on the geoepidemiology of SS, ANA positivity was reported in 75 to 90% of the 

patients [2]. The highest prevalence of ANA was in Asia, (89.13%, 1485/1666), followed by 

Europe (81.62%, 10283/12598), North America (76.92%, 950/1235), and Latin America 

(75.58%, 1003/1327). Although a high titer of ANA is an indication of ongoing 

autoimmunity, it is not the most robust predictor specific to SS. Hence, it has been removed 

from the 2016 ACR/EULAR classification criteria [18].

However, the importance of ANA in SS is exemplified by the observations that ANA- 

positive patients are young, and they have higher disease activity scores (ESSDAI) with 

greater involvement in the lymphadenopathy, cutaneous, hematological and biological 

ESSDAI domains [6].

In NZB/W F1 mice, ANA were first detected by indirect immunofluorescence or by latex 

nucleoprotein flocculation techniques, in approximately 20% of mice by the age of 2–4 

months [23]. By 12 months of age, the incidence became 100%. In other reports using 

indirect immunofluorescence assays on human leukocyte substrates, NZB/W F1 mice 

showed a low titer of ANA (1:2 serum dilution) as early as 5wks of age that steadily 

increased as the mice got old. By 5–6 months, the ANA was more pronounced, with the titer 

doubling further in mice surviving to 9 months of age [59].

A recent report on the clinical relevance of indirect immunofluorescence staining by 

immune sera on human cells of epithelial origin (HEp-2) provides guidelines for interpreting 

the ANA patterns [60]. Sera from SS patients show nuclear (fine speckled, punctate 

nucleolar, and centromere-associated protein-F like), cytoplasmic (reticular/anti-

mitochondrial), and mitotic (nuclear mitotic apparatus) staining patterns on HEp-2 cells. The 

presence of heterogeneous antibody populations targeting different antigens is responsible 

for these numerous ANA staining patterns in SS patients. In NZB/W F1 mice, the nuclear 

staining shows either a homogenous or a speckled pattern, while other ANA stained along 

the nuclear rim. Whether ANA from SS patients and NZB/W F1 mice target similar or 

different cellular antigens is not known.

Proteomic identification of these antigens might shed more light on the evolution of 

autoimmune reactivity and the role of ANA in SS pathogenesis.

5.2. Anti-SSA and Anti-SSB

Ro60 and Ro52 proteins encoded by the TROVE2 and TRIM21 genes, represent the 

Sjögren’s syndrome antigen A (SSA). The SSB gene encodes the Sjögren’s syndrome 

antigen B (SSB) or the La autoantigen. Ro60 and La proteins are a part of the Ro-RNP 
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complex via their binding to the small cytoplasmic hY-RNAs [61]. The Ro52 protein 

belongs to a large family of the tripartite motif (TRIM) containing proteins and is an E3 

ubiquitin ligase [62]. In contrast to Ro60 and La, only a tiny proportion of Ro52 is found 

associated with the RNP complex [63]. Autoantibodies targeting the Ro and La proteins are 

detected in 70% and 45% of SS patients, respectively; [6] and anti-Ro are included in the 

classification criteria for SS [18].

The presence of anti-Ro and anti-La antibodies in NZB/W F1 mice has been demonstrated 

mainly in assays employing purified recombinant proteins. In one of the earliest reports, sera 

obtained from female and male NZB/W F1 mice at 30 and 33 weeks of age, respectively, 

failed to show any Ro and La reactivity in an Ouchterlony double diffusion assay [64]. This 

assay detects antibodies reactive with the native conformation of the protein, and the 

sensitivity can be substantially lower than other immunoassays. Thus, many later studies 

have employed purified recombinant Ro and La proteins for antibody detection. In our 

studies, 5-month-old female and male mice showed weak reactivity to denatured 

recombinant Ro60, Ro52, and La/SSB [65]. These antibodies appeared to be poly-reactive, 

as incubation of sera with lupus-associated autoantigen, SmD, significantly abrogated 

reactivity to the Ro and La proteins.

Interestingly, following treatment of NZB/W F1 mice with Freund’s incomplete adjuvant 

(IFA), the levels of these anti-Ro60 antibodies were amplified [49]. Reactivity to 

recombinant Ro protein has also been reported by other groups [39,42]. In sera analyzed by 

using a commercial assay kit, mice were deemed anti-Ro/SSA positive from 18–22 weeks of 

age. However, very low OD405 readings (0.01 to 0.12) and lack of information on the 

number of positive mice indicates that these data need to be interpreted with caution. 

Similarly, reactivity to denatured Ro60 and recombinant La/SSB was demonstrated in 34-

week old mice, and these antibodies declined following treatment of mice with antagonists 

targeting TLR7, TLR8, and TLR9 [66].

Considered together, a critical analysis of published reports suggests that NZB/W F1 mice 

do not develop immunoprecipitating, high affinity, and high titer anti-Ro and anti-La 

antibody responses that are comparable to those seen in SS patients. Thus, the NZB/W F1 

mice represent a subset of SS patients that are anti-Ro/La negative.

5.3. Rheumatoid Factor (RF)

RF of IgM, IgG, and IgA class are detected in SS patients, with a prevalence ranging from 

36 to 74% [57]. Although the diagnostic value of RF to distinguish SS from other 

autoimmune disorders is debatable, they have a considerable prognostic value [67, 68]. The 

presence of RF is associated with higher disease severity and extraglandular manifestations. 

In NZB/W F1 mice, although IgM RF (reactive with mouse IgG) was detected, their levels 

were not significantly elevated compared to healthy age-matched non-autoimmune C57BL/6 

and CBA/St mice [69]. In a study by Singh et al. [70], IgG RF was detected in about 30% of 

mice by 6 months of age. Genetic deletion of β2 microglobulin in NZB/W F1 mice resulted 

in a dramatic increase in RF positivity to 80%, compared to littermate WT mice at 35% 

positivity. In another report, RF of the IgG1 isotype was not readily detected in sera of 

young NZB/W F1 mice but could be induced following the injection of mice with protein-G 
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binding material from human RA synovial fluid. Overall, these data collectively demonstrate 

that NZB/W F1 mice retain RF reactive B cells that can be activated into producing RF.

5.4. Cryoglobulins

Immunoglobulins that precipitate at temperatures below the normal body temperature of 

37°C are considered as cryoglobulins [71]. The composition of cryoglobulins is 

heterogeneous, comprising of IgM and IgG antibodies, with some even showing RF activity. 

In the Sjögren Big data project, of the 4732 SS patients tested, 342 or 7.3% were positive for 

cryoglobulins [6]. The most striking observation from this study was that patients with 

cryoglobulinemia showed the highest mean ESSDAI score among all immunological subsets 

(anti-Ro, anti-La, anti-Ro+La, ANA, RF, C4, and C3). The mean ESSADI of patients with 

cryoglobulins was four-fold higher than patients negative for any immunological marker and 

almost three-fold higher for patients with positive ANA or anti-Ro. The presence of 

cryoglobulins in SS is also associated with an increased risk of lymphomagenesis [72].

Andrews et al. [69] showed that at six months of age, the average cryoglobulin level in 

NZB/W F1 female mice was 340 μg/ml, compared to (100–200 μg/ml) in non- autoimmune 

mice. The cryoglobulins were predominantly IgM and IgG1 antibodies, followed by IgG2a. 

In addition, C3 complement was found in 20% of cryoglobulins.

Despite these observations, the correlation between cryoglobulin levels and disease severity 

in NZB/W F1 mice is not known.

5.5. Other Autoantibodies

The presence of anti-dsDNA antibodies is a hallmark of systemic lupus erythematosus 

(SLE), and these antibodies are readily detected in NZB/W F1 mice. Anti-dsDNA antibodies 

start appearing by 4–5 months of age, and their titer increases almost three-fold by nine 

months [69]. The frequency of anti-dsDNA reported in SS patients is highly variable and 

appears to be assay dependent. Anti-DNA reactivity was seen in 63% (20/32) of SS patient 

sera when measured by ELISA using calf thymus DNA [73]. However, none of these sera 

were positive in an immunofluorescence assay employing Crithidia luciliae as a substrate. 

Other studies show that 4–6% of SS patients have antibodies to native DNA [74]. 

Interestingly, this report demonstrated that antibodies to ribonucleoproteins (RNP) were 

associated with a higher incidence of extraglandular manifestations [74].

Similarly, there was a strong association between anti-RNP positivity and 

hypergammaglobulinemia, myositis, and pulmonary involvement in SS patients with 

connective tissue disease [75]. Several other autoantibody specificities like anti- centromere, 

anti-mitochondrial, anti-smooth muscle, anti-carbonic anhydrase, anti- alpha fodrin, anti-

muscarinic 3 receptor, and anti-TRIM38 have been reported in SS patients [57, 58]. Our 

literature search did not reveal that the presence of these antibodies was explicitly 

investigated in NZB/W F1 mice.

In summary, some of the autoantibody specificities in NZB/W F1 mice are shared with a 

subset of SS patients. Based on the current data in the literature, the presence of anti-Ro/La 

in NZB/W F1 mice is debatable. It needs resolution by immunoassays that use proteins in 
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their native conformation. The identity of proteins recognized by ANA in SS patients will 

provide important information on antigens that might contribute towards disease 

pathogenesis. Regardless, the presence of circulating autoantibodies in SS patients and 

NZB/W F1 mice provides evidence for B cell hyperactivity and immune dysregulation.

6. Glandular Dysfunction

The defining clinical features of SS include reduced tear and saliva production leading to dry 

eye and dry mouth. It is now well accepted that both immune and non- immune mechanisms 

contribute to glandular dysfunction. In NZB/W F1 mice, reduced volume of agonist-induced 

salivation and altered saliva protein content are indicators of salivary gland dysfunction. Tear 

volume measurement has been the mainstay for the evaluation of lacrimal gland dysfunction.

6.1. Salivary gland dysfunction

The first evidence for salivary gland dysfunction in NZB/W F1 mice was provided in the 

original description of the model by Kessler [24]. Following the subcutaneous 

administration of the sialagogue methacholine hydrochloride (1 mg/kg body weight), saliva 

was aspirated from the floor of the mouth. Amylase concentration in NZB/W F1 saliva was 

almost twofold lower than that observed for NZW. No significant differences in sodium, 

potassium, or chloride levels were noted. However, no information on the total saliva volume 

or salivary flow rate was provided.

Since xerostomia is a predominant complaint in SS patients, the amount of fluid secretion is 

a crucial measure of salivary gland function. NZB/W F1 mice show an age- dependent 

decline in parotid saliva production [47]. Females at 6–6.5 months made significantly less 

saliva (11 μl/100 gm body weight/min) compared to younger 2.3–2.5 months old females 

(22 μl/100 gm body weight/min). In contrast, male NZB/W F1 failed to show a substantial 

drop in saliva production with age (15 μl/100 g body weight/min to 11 μl/100g body weight/

min). A point of interest was that NZB/W F1 males had significantly lower saliva volume 

than age-matched non-autoimmune B6 male mice.

In our studies, we have also reported a significant drop in saliva production in female 

NZB/W F1 mice by six months of age [49]. This saliva drop was significantly accelerated 

(to 3.6 months) in mice injected with IFA. Interestingly, the glandular dysfunction in IFA 

treated mice did not correlate with the severity of inflammation. Instead, glandular 

dysfunction was associated with increased frequency of plasmacytoid dendritic cells within 

the submandibular glands of IFA treated mice. These findings suggest that activation of 

innate immunity contributed to salivary gland dysfunction in NZB/W F1 mice.

Further proof for the role of innate immunity, specifically type I interferon (IFN), in 

glandular dysfunction derives from our studies in NZB/W F1 mice treated with the TLR3 

agonist, poly (I:C) [76–78]. A rapid but transient loss in saliva production occurred in poly 

(I:C) treated mice [76]. This functional loss was dependent on type I IFN as mice deficient 

in interferon receptor were partially protected from the effects of poly (I:C) [77]. Another 

consequence of poly (I:C) treatment was an accelerated onset of sialadenitis with greater 

severity [78]. In this context, it is of interest to note that well before the knowledge of TLRs 
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or cytoplasmic RNA sensors, Steinberg, Baron, and Talal demonstrated that poly (I:C) 

injected NZB/W F1 mice made type I IFN, had an earlier onset of anti-DNA, and developed 

accelerated lupus-nephritis [79]. However, the effects on salivary gland disease were not 

investigated. Based on these observations in NZB/W F1 mice, the possibility that glandular 

dysfunction in SS patients might be strongly influenced by type I IFN should be considered. 

The minor labial salivary glands in SS patients harbor plasmacytoid dendritic cells (pDCs), 

which are considered to be the most prolific type I IFN producing cells. Whether the 

presence of pDCs in salivary glands of SS patients is associated with glandular dysfunction 

needs to be carefully evaluated.

6.2. Lacrimal gland dysfunction

The Schirmer test is used as an objective measure to evaluate dry eye in SS patients [80]. A 

patient is considered to have a dry eye if the wetting distance of the filter paper strip placed 

inside the lower eyelid in 5 min is less than 5 mm. A modified Schirmer test using a 

Whatman#2 filter paper strip (1.5 mm × 15 mm) showed that 6–7- month-old NZB/W F1 

mice gave a lower wetting distance (mean= 3.1 mm; range 1.7–6.0 mm) compared to age-

matched NZW mice (mean=4.8 mm; a range of 3.0–8.0 mm) [81]. This first description of 

tear measurement in NZB/W F1 mice provides evidence for lacrimal gland dysfunction in 

this mouse strain.

Direct measurement of tear production was performed by inserting a micro- capillary into a 

severed lacrimal duct. The secreted fluid was collected for 10 to 15 minutes, with or without 

carbachol stimulation [82]. Surprisingly, despite the presence of lacrimal gland 

inflammation in old NZB/W F1 mice, the mean fluid volumes from 8- month-old NZB/W 

F1 were higher than 2-month-old mice. These observations show a complete dissociation 

between the severity of lacrimal gland inflammation and tear production. In this study, the 

age-matched non-autoimmune Swiss Webster females showed significantly higher tear 

production at all ages compared to the NZB/W F1 mice.

The lack of correlation between inflammation and dysfunction has led to the hypothesis that 

inherent glandular defects lead to lower fluid secretion in SS. Support for this thesis is 

provided by patch-clamp studies that show a reduction in calcium flux in NZB/W F1 

lacrimal gland acinar cells compared to those from Swiss Webster mice [83]. However, the 

acinar cells from older NZB/W F1 mice showed increased levels of basal calcium, thereby 

suggesting an inability to sequester the intracellular calcium stores. Recent studies in 

salivary glands of SS patients show that a poor response of acinar cells to carbachol 

stimulation was linked with reduced expression of inositol 1,4,5 triphosphate receptors 

(IP3R), specifically IP3R2 and IP3R3 that play a role in releasing Ca2+ from the lumen of 

the endoplasmic reticulum [84]. Whether similar mechanisms exist in lacrimal gland acinar 

cells from NZB/W F1 mice needs to be investigated.

A severe dry eye often contributes to corneal and conjunctival damage, which is evaluated 

by staining of the ocular surface with fluorescein and lissamine green [85]. Ocular staining 

score ≥ 5 (or van Bijsterfeld score ≥ 4) on at least one eye is one of the classification criteria 

for SS [18]. Despite lacrimal gland inflammation, NZB/W F1 females (n=43) failed to show 

significant differences in tear film osmolarity and ocular surface staining compared to age-
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matched non-autoimmune BALB/c and DBA mice [86]. In this study, NZB/W F1 males 

(n=31) had lower lacrimal gland inflammation compared to female mice and also failed to 

show corneal or conjunctival damage.

In summary, NZB/W F1 mice show ample evidence for reduced saliva and tear production. 

The glandular dysfunction does not correlate with the severity of inflammatory cell 

infiltration within the exocrine salivary and lacrimal gland. This observation echoes the 

findings from several SS patients showing discordance between fluid secretion and the 

magnitude of glandular inflammation.

7. SS and polyautoimmunity

The NZB/W F1 female mice recapitulate multiple features of SS, including exocrine gland 

histopathology, presence of autoantibodies, and glandular dysfunction. These mice also 

develop anti-dsDNA and severe lupus-like nephritis, and they have been studied extensively 

as an animal model for SLE. Historically, a patient with an autoimmune disease like SLE, 

rheumatoid arthritis, or systemic sclerosis who also fulfilled SS classification criteria was 

considered a secondary SS patient [17]. This nomenclature was based on the temporal 

appearance of SS, which is typically diagnosed in women at an older age compared to the 

other autoimmune diseases [87–89].

Qualifying SS as a “secondary” disease has unintentionally propagated an assumption that 

this codification may have an etiologic basis. An alternative concept is to describe the 

presence of more than one well-defined autoimmune disease in a single individual, as 

polyautoimmunity [90, 91]. In this regard, the NZB/W F1 mouse represents a model for 

polyautoimmunity in SS.

The coexistence of multiple autoimmune diseases is not uncommon in clinical practice. A 

cross-sectional study showed that one-third of SS patients (134/440; 32.6%) had signs of 

other diseases, including autoimmune thyroid disease, rheumatoid arthritis, SLE, and 

inflammatory bowel disease [92]. In different SLE patient cohorts, as many as 7–33% of the 

patients also fulfill the classification criteria for SS [37, 88, 93–95]. An extensive analysis of 

clinical and laboratory parameters showed that SLE patients with SS form a distinct subset 

from the SLE patients without SS [91] suggesting that distinct cellular and molecular 

pathways might be operating in these patients. The NZB/W F1 mouse is a valuable tool for 

elucidating pathways responsible for concomitantly driving SS and lupus. It is also a model 

for evaluating therapeutic strategies to treat both disorders.

The goals in developing new drugs for SS include improvement of subjective measures, 

increased salivary flow, and reduce xerostomia. NZB/W F1 mice with established SS 

showed improved salivary gland function and reduced inflammation after treatment with an 

antibody to CD40 [96]. An ongoing clinical trial with CFZ533, a new monoclonal anti-

CD40, showed promising improvement in SS disease activity and patient-reported indices 

[97]. Whether CFZ5333 is useful in the treatment lupus nephritis is under investigation [98]. 

The mechanisms underlying the therapeutic effects are unclear, and the NZB/W F1 mice 

will provide some insights into the pathways modulated by anti-CD40 treatment. In this 
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regard, other approaches, such as calorie- reduction, have yielded promising results in 

alleviating both the exocrine gland and kidney disease in NZB/W F1 mice [99]. Whether 

these or other strategies succeed in patients remains to be determined.
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Highlights

• NZB/W F1 mouse is a model for polyautoimmunity in Sjögren’s syndrome.

• NZB/W F1 mouse is a valuable tool for investigating pathogenic mechanisms 

and devise therapeutic strategies for Sjögren’s syndrome patients with lupus.

• NZB/W F1 mouse recapitulates several features of the human disease.
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Figure 1. Salivary gland inflammation in NZB/W F1 female mice at 6–7 months of age.
(A) Representative image of a hematoxylin and eosin-stained submandibular salivary gland 

showing a large peri-ductal and peri-vascular lymphocytic focus, extending into the gland 

parenchyma (arrows). Magnification 10×. (B) Immunostaining of the submandibular salivary 

gland showing the presence of B cells (anti-B220, green) and T cells (anti-CD4, red) within 

a lymphocytic focus. Magnification 20×.
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Table 1.

ACR-EULAR 2016 Classification Criteria for SS [18] and their application to NZB/W F1 mouse model for 

SS.

Item Weight / Score NZB/W F1

Labial salivary gland with focal lymphocytic sialadenitis and focus-score ≥ 1. 3 ✓a

Anti-SSA (Ro) + 3 ?

Ocular staining score ≥ 5 (or van Bijsterfeld score ≥ 4) on at least one eye 1 X

Schirmer ≤ 5 mm/5 min on at least one eye 1 ✓b

Unstimulated whole saliva flow rate ≤ 0.1 mL/min 1 ✓c

Inclusion criteria: The patient should respond positively to at least one of the following symptoms of ocular or oral dryness. 1)Have you had daily, 
persistent, troublesome dry eyes for more than 3 months? 2)Do you have a recurrent sensation of sand or gravel in the eyes? 3)Do you use tear 
substitutes more than 3 times a day? 4)Have you had a daily feeling of dry mouth for more than 3 months? 5)Do you frequently drink liquids to aid 
in swallowing dry food?

Alternatively, there should be a suspicion of SS from ESSDAI questionnaire (at least one domain with positive item)

a
Histopathology data from submandibular and parotid glands.

b
Modified Schirmer test data shows lower tear volumes than non-autoimmune mouse strains.

c
Agonist induced saliva shows age dependent drop in volume.
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Table 2.

The prevalence of major autoantibody specificities in Sjögren’s Syndrome patients
a
 and their presence in 

NZB/W F1 mice.

Autoantibody Prevalence (% positive) NZB/W F1

Anti-nuclear antibody (ANA) 7749/9784 (79.2) ✓

Anti-Ro/SSA 7617/10417 (73.1) ?

Anti-La/SSB 4662/10362 (45) ?

Rheumatoid Factor (RF) 4245/8758 (48.5) ✓

Cryoglobulins 342/4732 (7.2) ✓

a
Summary of data published by Brito-Zeron et al., [6] in 10,500 patients from 22 countries.

b
Number positive/Number tested.
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