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Sjögren’s syndrome (SjS) is a systemic autoimmune disease characterized, not 

only by a progressive chronic attack primarily against the salivary and lacrimal glands, 

but also by decreased salivary and lacrimal gland secretions, that result in severe dry 

mouth and dry eyes. Recent studies have suggested a role for the TH17 system, which 

is identified by secretion of its signature cytokine IL-17A, as one of the underlying 

pathogenic mechanisms of autoimmunity and inflammation.  

In the present study, I investigated whether a recombinant adeno-associated virus 

vector type 2 (AAV2) expressing mouse IL-27 (pTR-UF14-IL27) could inhibit and/or 

reverse the disease profile of SjS in SjS-susceptible (SjSs) C57BL/6.NOD-Aec1Aec2 

(Aec1Aec2) mice, a model of spontaneous primary SjS. IL-27 is considered a naturally-

occurring cytokine that regulates TH17 pro-inflammatory activities. Mice were inoculated 

at either pre- or post-onset of SjS with 2x1010 vector genomes (VG) of pTR-UF14-IL27 

by tail vein injection for systemic delivery or retrograde cannulation via the submaxillary 

duct for local target delivery. 

Results indicate that Aec1Aec2 mice treated with IL-27-expressing rAAV vectors 

exhibited longterm elevated levels of IL-27 with concomitant reduced plasma levels of 
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IL-17A compared with LacZ- or saline-treated mice out to 20 weeks post-inoculation.  In 

addition, saliva flow rates remained generally higher in the IL-27-treated Aec1Aec2 

mice, while anti-nuclear autoantibody (ANA) staining confirmed a weaker and altered 

nuclear staining pattern compared with the two control groups.  The capacity of IL-27 to 

reduce SjS autoimmunity in the Aec1Aec2 mouse model was supported by a series of 

in vitro studies.  

These data support the concept that IL-27 can be used as a therapeutic agent for 

the regulation of TH17 pro-inflammatory activity in the autoimmune disease SjS, and 

possibly other diseases where the TH17 system has been shown to play an important 

role in the pathogenesis. 
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CHAPTER 1 
INTRODUCTION 

Sjögren’s Syndrome 

Maintenance of oral and ocular health depends heavily on the salivary and 

lacrimal gland systems to secrete fluids, saliva and tear respectively, rich in a variety of 

proteins and lipids produced by both acinar and ductal tissues.  Saliva and tear fluids 

contain multiple enzymes that break down nucleic acids and proteins, anti-microbial 

substances like secretory Ig, histatins, cystatins and splunc molecules, plus growth 

factors like epidermal growth factor (EGF).  Without these anti-bacterial and 

physiological mechanisms for moisturizing and buffering the oral and ocular surfaces, a 

general decline in oral and ocular hygiene can occur leading to caries, loss of teeth 

and/or reduced vision.  Xerostomia sicca, or dry mouth disease, and xerophthalmia, or 

dry eye disease, result respectively from basic changes in the saliva and tear flow rates, 

the composition of saliva and tears, and/or combinations thereof.  Underlying causes of 

xerostomia include the natural aging process, use of medications, asthma and mouth 

breathing, chemotherapy, radiation therapy, autoimmune attack against secretory 

tissues/glands of the mouth, thyroid dysfunction, kidney dialysis and/or stroke.  

Likewise, fundamental causes of xerophthalmia include the natural aging process, 

physical injury, surgical procedures, meibomian gland dysfunction and/or autoimmune 

attack against one or more of the multiple secretory tissues/glands of the eye1, 2.   

While there are multiple underlying causes for decreased secretions of saliva and 

tears, one of the more severe causes of xerostomia sicca and xerophthalmia results 

from the autoimmune disease, known as Sjögren’s syndrome (SjS). SjS is now well-

recognized as a chronic, systemic autoimmune disease in which the immune system 
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targets initially the salivary and/or lacrimal glands, and eventually leading to the loss of 

secretory function1, 3.  SjS classified as either primary SjS (pSjS) or secondary SjS 

(sSjS).  pSjS  is characterized by a chronic autoimmune attack involving both lacrimal 

and salivary glands in the absence of other autoimmune diseases, while sSjS  is 

characterized by an autoimmune attack against the lacrimal and/or salivary glands in 

the presence of other autoimmune diseases, most often rheumatoid arthritis (RA), 

systemic lupus erythmatosus (SLE) or scleroderma3, 4. In addition to the salivary and 

lacrimal glands, other organs often affected include the entire GI tract, skin, the lungs, 

the vasculature, kidneys, bladder and the vagina.  Involvement of the musculature often 

leads to fibromyalgia-like symptoms and chronic fatigue.   A clinical manifestation of 

human Sjögren’s syndrome is presented in Table 1-1.  Like the other autoimmune 

connective tissue diseases, SjS shows a sexual dimorphism with women affected 10-20 

times more frequently than men, suggesting hormonal involvement5-8. While not 

considered a lethal disease, between 4-10% of patients with SjS will develop non-

Hodgkin’s B cell lymphomas, a portion of which will advance to high-grade 

malignancies9-12. Although no prevalence studies were conducted in the US, the 

National Arthritis Data Workgroup recently estimated the number of individuals with 

pSjS in the USA is 1.3 million with a range of 0.4-3.1 million, placing SjS as one of the 

more common rheumatic and autoimmune diseases13. 

Despite on-going efforts to define the autoimmune basis of SjS, the underlying 

etiology of this disease remains elusive.  However, over the past 20 years, in addition to 

extensive data gathered from studies of SjS patients, a diverse number of mouse 

strains have been developed to study the immuno-pathophysiological nature of SjS. In 
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this review, we will provide in-depth analysis of predominant mouse models of SjS, as 

well as present recent insights on the pathogenesis of SjS including genetic contribution 

and interconnection of various effector T cells populations specifically CD4+ TH17 

memory cells.  

Etiologies of SjS and SjS-Like Disease  

In 1933, Dr. Henrik Sjögren (1899-1986) presented data describing a cluster of 

women over age 40 years in a small Swedish town presenting with keratoconjunctivitis 

(KCS), with lymphoid infiltrations of the conjunctiva, cornea, lacrimal glands and parotid 

glands, a history of arthritis, swelling of the salivary glands and dryness of the oro-

nasopharynx.  Two years later, this observation was connected with Mikulicz’s disease, 

and together formed the general basis for SjS.  Since that time, extensive research has 

focused on identifying specific etiologies that may be directly involved in SjS 

development.  A number of hypotheses have been postulated in attempting to resolve 

the complexity of SjS-related dry mouth and eyes, including (a) the role of epithelial 

cells apoptosis, (b) the function of autoreactive T lymphocytes, (c) the role of 

autoreactive B cells, (d) the clinical observation of neurological dysfunction, and (e) the 

role of viral infection14-16.  Other factors such as androgen deficiency6, 17, 18 and 

meibomian gland function19, 20 have expanded the search for answers.  Most recently, 

new findings associated with genetic contributions to SjS and the possible involvement 

of the CD4+ TH17 memory T cell system with the TH1 and TH2 system have opened new 

insights into the genetic predisposition and autoimmune aspect of SjS, and critical roles 

are upheld for this cell population, offer new and novel approaches for interventions.   
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Genetic Predisposition for SjS 

Two elements considered essential for development and onset of autoimmune 

diseases such as SjS are (1) an underlying genetic susceptibility and (2) an 

environmental trigger for activating the immune system.  Although environmental 

triggers responsible for initiating SjS remain elusive, it is intuitively obvious that genes of 

the major histocompatibility (MHC) are involved since MHC genes dictate basic 

development and of the immune system and ultimately the immune responses per se.  

At the same time, non-MHC genes and their products function to regulate most aspects 

of immune responses.  Not surprising, therefore, studies using animal models of SjS 

indicate that disease-susceptibility is multi-genic encompassing many critical causal 

elements.  Whether linked to MHC or non-MHC genes, these elements remain mostly 

speculative21.  This is even less clear in humans due in part to the relatively weak 

tendency toward familial aggregation resulting from the lack of large twin and/or large 

cohort studies.  Nevertheless, observations reported by Harley et al.22 suggest that SjS 

susceptibility is linked to HLA-DQ genes, specifically DQ1 and DQ2, when associated 

with the presence of anti-SS-A/Ro and anti-SS-B/La autoantibodies.  Likewise, 

Gottenberg et al.23 reported that the frequency of the HLA-DRβ1*15 allele in 

Caucasians with SjS was 13% higher than healthy non-diseased individuals or patients 

with anti-SSA/Ro antibody positive sera.  In addition, patients with both anti-SSA/Ro 

and anti-SSB/La serum antibodies displayed a 44% frequency of HLA-DRβ1*3 

compared to 12% in patients negative for anti-La and anti-Ro, 19% in anti-Ro positive 

patients and 10% in healthy controls.  In a third report, a direct correlation between anti-

La antibodies and HLA-A1, B8, DR3 was reported in SjS patients24.  Considered as a 

whole, then, different MHC genetic linkages should be expected in different ethnic 
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groups, a point clearly illustrated by the fact that Northern and Western European 

Caucasians and North Americans show a higher frequency of B8, DRw52 and DR3 

genes, while Scandinavians and Greeks show linkages to predominantly DR2 and DR5 

genes, respectively21.  Thus, these various linkages, while of interest, may result merely 

from the relative homogeneity of the populations studied.  

Perhaps more interesting, however, is the increasing number of reports identifying 

non-MHC genes being linked to SjS-susceptibility or a specific aspect of its 

pathogenesis.  A few of these genes are: Apoe (apolipoprotein-E)25, Car2 (carbonic 

anhydrase-2)26, Clu (clusterin)27, Il7r (interleukin 7 receptor)28, Il10 (interleukin 10)29, 

Lyzs (lysozyme)30, Mbl (mannose-binding protein)31, Tnfsf6 (tumor necrosis factor, 

soluble factor 6 or Fas)32, Tnfα (tumor necrosis factor alpha)33, and Gstm1 (glutathione 

S-transferase-1).  GSTM1 has been reported to contribute to anti-SS-A autoantibody 

production34.  An additional linkage involves the Tap2 gene.  TAP2 is critical for antigen 

processing and presentation by macrophages and dendritic cells.  In an examination of 

108 SjS patients in Japan, Kumagai et al.30 identified a number of polymorphisms in the 

Tap1 and Tap2 genes, with one unique base-pair substitution at codon 577 of Tap2 

showing a higher prevalence in SjS patients manifesting elevated anti-Ro autoantibody.   

With several large-scale SNP analysis studies just underway, genetic polymorphisms 

within specific genes linked to SjS-susceptibility, like that observed in Tap2, should 

begin to define those genes that alter a biological process that subsequently identifies 

the autoimmune genotype / phenotype.  Additional genes, recently identified in 

microarray studies involving the C57BL/6.NOD-Aec1Aec2 mouse model for pSjS and 

hypothesized to be involved in the underlying pathology, include several chemokines, 
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cathepsins, cystatins, complement components, proteins involved in lipid and fatty acid 

homeostasis, genes regulating apoptosis, and lymphotoxin-β and its receptor.  These 

genes represent potential candidate genes whose polymorphisms should be determined 

in the equivalent human genes. 

The Role of TH1, TH2 and TH17 Cells in the Pathogenesis of SjS   

The conventional approach in attempting to simplify the complexity of many 

autoimmune diseases is to compartmentalize their etiologies into specific effector T cell 

subsets.  With extensive data generated from the animal models mentioned above and 

human subjects, it is probably naïve and premature to resolve the complexity of SjS 

based on specific T cell functions.  Recently, we have proposed that SjS-like disease in 

our NOD and C57BL/6.NOD-Aec1Aec2 mouse models progresses through three 

distinct, but continuous, phases.  In phase 1 (initiation of glandular pathology), a number 

of aberrant genetic, physiological and biochemical activities associated with retarded 

salivary gland organogenesis and increased acinar cell apoptosis occur sequentially 

prior to and independent of detectable autoimmunity35. In phase 2 (onset of 

autoimmunity believed to result from the acinar cell apoptosis), leukocytes expressing 

pro-inflammatory cytokines infiltrate the exocrine glands, thereafter establishing 

lymphocytic foci, first of T cell clusters followed by recruitment of B lymphocytes36.  In 

phase 3 (onset of clinical disease), loss of salivary and lacrimal gland secretory 

functions occur, most likely the result of antagonistic (auto)-antibodies reactive with the 

M3Rs36-39.  These three phases are illustrated in Figure 1-1.   

Previous studies carried out in both NOD.IFNγ-/- and NOD.IL4-/- mice revealed that 

both IFN-γ of TH1 cells and IL-4 of TH2 cells are critical cytokines for development of 

SjS-like disease in these animal models37, 40.  TH1 cells release IFN-γ and regulate cell-
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mediated immunity through activation of macrophages, NK cells and CD8+ T cells, and 

this process is driven by IL-12 through activating the transcription factor signal 

transducer and activator of transcription 4 (STAT4) resulting in the expression of the 

transcription factor T-bet.  An interesting aspect of IFN-γ in SjS-like disease is its effect 

on organogenesis of salivary glands by retarding cellular growth.  Examination of 

NOD.Ifnγ-/- and NOD.IfnγR-/- mice revealed normal acinar cell proliferation and 

maturation, as well as normal development of their salivary glands41.  Most 

impressively, both NOD.Ifnγ-/- and NOD.IfnγR-/- mice failed to develop any aspect of 

SjS-like disease of the salivary glands, including acinar cell apoptosis around 8-10 

weeks of age and subsequent leukocyte infiltration of the salivary glands normally 

observed 10 weeks and beyond.  This delay in acinar cell maturation, therefore, may 

prevent expression of cellular antigens at the critical time of self-tolerance resulting in 

lack of proper clonal deletion.  In addition to its early involvement in SjS, IFN-γ appears 

to be critical for the early phase of the adaptive immune response, as well.  Progressive 

lymphocyte infiltration is often seen in salivary lacrimal glands during the development 

of SjS. Cells present in these infiltrates are mostly T cells, especially during the early 

stages of disease and again during the very late stages, with highest numbers being 

CD4+ T helper cells and B cells. One of the critical functions of IFN-γ is the induction of 

glandular adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), 

α4β1 integrin, peripheral node addressin (PNAd), L-selectin, and LFA-1.  Recently, we 

found that mRNA transcripts encoding CCL8, CCL19, CCL5, CXCL16 (an IFN-γ 

regulated chemokine that attracts NK and memory T cells), CXCL9 and CXCL13 were 

all up-regulated in the salivary glands of C57BL/6.NOD-Aec1Aec2 mice at time of 
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disease onset (unpublished data), correlating with dendritic cells, T cells and B cells 

infiltrations.  As anticipated, elimination of IFN-γ in the disease-susceptible mice 

prevents the influx of lymphocytes into the glands, thereby eliminating the autoimmune 

response.  Other TH1 cytokines such as IL-18 might also play an important role in 

development of SjS.  IL-18 is detected in CD68+ macrophages, ductal and acinar cells 

of SjS salivary glands42-44.  It is also secreted at significantly higher level in sera and 

saliva of SjS patients and NOD mice44, 45.  Therefore, one might postulate that IL-18 

produced by activated macrophages and T cells can stimulate the production of other 

inflammatory cytokines, chemokines and adhesion molecules to attract inflammatory 

cells to the glands.   

IL-4, a product of TH2 cells, appears to be an essential factor during the early 

period of the adaptive immune response in SjS.  Earlier studies using the NOD.IL4-/- and 

NOD.B10-H2b.IL4-/- mice indicated that secretory function of salivary glands was 

restored to normal levels when the Il4 gene was genetically knocked-out, despite the 

fact that these mice continued to exhibit the expected pathophysiological abnormalities 

and leukocyte infiltrations in the exocrine glands concomitantly with production of 

ANAs37, 46. These earlier data suggested that IL-4 plays an important role during the 

clinical phase, while having little or no effect on the pathology associated with the 

preclinical disease state.  IL-4, whose intracellular signaling can follow either the STAT-

6 or IRS pathway, appears capable of regulating physiological functions that 

subsequently modulate the secretory activities of exocrine glands. Interestingly, Il4 gene 

KO mice fail to produce IgG1 isotypic autoantibodies against M3R, yet produce normal 

levels of M3R of other isotypes, e.g., IgG2a, IgG2b, IgG3, IgM, and IgA, pointing to a 
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possible critical role for IgG1 isotype switching47. This observation was further 

supported from studies in which Stat 6 gene was knockout in with NOD.B10-H2b 

rendering the animal the inability to produce IgG1 immunoglobulin.  As the result of this 

specific gene elimination, the mice failed to make IgG1 isotype against M3R.  More 

importantly, purified IgG fractions isolated from sera of NOD.B10-H2b.Stat6-/- mice were 

not able to temporary inhibit saliva flow rates when infused into naive C57BL/6 mice; 

while IgG fractions from wildtype parental mice were able to reduce saliva secretion in 

normal C57BL/648.  Therefore, it is important to note that during the development of SjS, 

IL-4 is a critical effector cytokine, not only intimately involved in the proliferation and 

differentiation of B/T lymphocytes, but also actively effecting the isotypic switching 

mechanism to produce pathogenic IgG1 autoantibody channeling through the IL-

4/STAT6 pathway.   

While the above observations suggested a requirement for both TH1 and TH2 cell-

associated functions for onset of clinical disease, our recent identification of CD4+ TH17 

memory cells within the lymphocytic foci present in the salivary and lacrimal glands of 

SjS-susceptible C57BL/6.NOD-Aec1Aec2 mice and human SjS patients indicates a 

much greater complexity49.  The TH17 cell population is a subset of CD4+ memory 

effector T cells that appears to be distinct and unrelated to either the TH1 or TH2 cell 

lineages50-54.  TH17 effector cells are characterized by their unique ability to secrete one 

or more cytokines belonging to the IL-17 family, a function under the control of the 

master transcription regulator, RORγt (T cell specific orphan nuclear receptor-γ)55.  

Although the IL-17 family of cytokines consists of six members:  IL-17A (IL-17), IL-17B, 

IL-17C, IL-17D, IL-17E (IL-25), and IL-17F, most attention has focused on IL-17A, 
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especially in autoimmunity.  These molecules are potent pro-inflammatory cytokines 

which are actively involved in tissue inflammation via induction of pro-inflammatory 

cytokines and chemokine expressions, such as IL-6, TNF-α (tumor necrosis factor-

alpha), MIP-2 (macrophage inflammatory protein-2), G-CSF (granulocyte colony-

stimulating factor), CXCL1, CXCL2, CXCL5, IL-21, IL-22, NO (nitric oxide), PGE2 

(prostaglandin-E2), MMP-3 (matrix metalloproteinase-3) and MMP-1356.  As part of the 

local inflammatory response, IL-17A is involved in the mobilization, maturation and 

migration of neutrophils via the release of IL-8 at the site of injury49.  Most importantly, 

the TH17 cell population per se has been shown to be a tissue-seeking T cell population 

intimately involved in autoimmune diseases, e.g., Crohn's disease57, 58, EAE 

(experimental autoimmune encephalomyelitis)59, CIA (collagen-induced arthritis)59, and 

others.  It will be interesting to determine if the TH17 cell population is attracted to the 

exocrine glands by the chemokine CXCL16.  Temporal interaction of TH1, TH2, and 

TH17 cells is presented in Figure 1-2.   

As stated above, our recent studies have indicated the presence of the TH17 cell 

population within the lymphocytic infiltrations appearing in exocrine glands of both SjS 

patients and C57BL/6.NOD-Aec1Aec2 mice, correlating with higher levels of IL-6 and 

IL-17A found in saliva and sera of a few SjS patients.  We currently postulate that these 

TH17 cells contribute to tissue destruction, in part from their up-regulation of MMP 

activity, the latter known to be highly expressed in inflamed lacrimal and salivary glands 

during development of SjS and SjS-like disease.  This concept is further supported by 

our recent data using a newly generated set of C57BL/6.NOD-Aec1Aec2R(n) 

recombinant inbred lines in which the Aec2 genetic region of C57BL/6.NOD-Aec1Aec2 
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mice has been redefined, identifying a shortened region essential for disease.  Residing 

within this newly defined Aec2-susceptibility locus is the gene encoding Tnfsf4 

(commonly known as OX40L).  Although a number of distinct cell populations express 

OX40L, including activated dendritic cells60, OX40L can function as a regulator factor for 

the maturation of Treg1 cells61, a cell population that produces IL-10 and INF-γ.  The 

Treg1 cells, in conjunction with IL-27-producing dendritic cells, inhibit effector CD4+ TH17 

cells62.  Since Tnfsf4 expression is down-regulated during the development of SjS-like 

disease, we suggest that there is reduced Treg1 cell function and IL-27-producing 

dendritic cell function that would normally regulate CD4+ TH17 cell function, leading to 

activation of effector CD4+ TH17 cells during the development of the autoimmune attack 

against the exocrine gland tissues.  If this concept proves accurate, and an imbalance in 

the TH17 : Treg1/DCIL27 ratio that favors the TH17 population(s) in concert with activities 

of TH1 and TH2 cells populations is identified as an important element in disease 

development, then there is a new area to target intervention therapies.  

Summary 

SjS is an intricately multifaceted autoimmune disease, whose complexity is 

compounded by an elusive genetic contribution, unexplained changes in glandular 

homeostasis, an interconnection among different effector T cells populations (especially 

the recently described TH17 cells), and an important but ill-defined involvement of B 

lymphocytes and antigen presenting cells.  The development and application of various 

animal models co-inciding with human studies will provide better insights into the 

pathogenesis of the disease, and eventually lead to better diagnostic approaches and 

novel therapies for the disease. 
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Table 1-1. Clinical manifestation of Sjögren’s syndrome in human patients 

 
Primary  
Target 
organs 

Organs Manifestations  

Mouth Xerostomia: oral dryness; manifested by inability to 
swallw dry food without aid from liquid, unclear 
pronuciation of words and/or chalky feeling in mouth 

Eyes Xerophtalmia: dry eyes; manifested by burning, 
sandy and ithy feeling, conjunctiva redness and 
increased photosensitivity 

 
Secondary 

Target 
organs 

 

Organs  Manifestations 
General Low grade fever, weight loss, vasculitis, 

lymphadenopathy, lymphoma 
Respiratory Tract Cough, pharynx irritation 

GI Tract Parotid enlargement 
Genitourinary 
Tract  

Nephritis, dyspareunia, decreased sexual activity, 
splenmegaly 

Skin Ulcerations, dryness and itchiness, urticaria, 
increased risk of epidermal abrasion and skin 
infection 

Muscle and Joint  Muscle and joint pain, arthritis, myositis, fibromyalgia  
Neurological Hearing loss, peripheral neuropathy  
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Figure 1-1. Three phases of SjS-like disease development  
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Figure 1-2. A model of temporal interaction of TH1, TH2, and TH17 cells for the 
progression of SjS-like disease. 
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CHAPTER 2 
MATERIAL AND METHODS 

Animals 

C57BL/6.NOD-Aec1Aec2 (Aec1Aec2) mice were bred and maintained under 

specific pathogen free conditions in the animal facility of Animal Care Services (ACS) at 

the University of Florida (Gainesville, FL, USA).  Development of the Aec1Aec2 mouse 

and its SjS-like disease phenotype are described elsewhere63.  Briefly, the Aec1Aec2 

mouse was developed by introducing two genetic regions, one on chromosome 1 

(designated Aec2) and the second on chromosome 3 (designated Aec1) derived from 

the NOD/LtJ mouse, into the SjS-non-susceptible (SjSNS) C57BL/6J mouse.  All animals 

were maintained on a 12 hr light-dark schedule and provided food and acidified water 

ad libitum.  C57BL/6J mice were purchased from the University of Florida’s ACS.  At 

times indicated in the article, mice were euthanized by cervical dislocation after deep 

anesthetization with isoflurane and their organs and tissues freshly harvested for 

analyses.  All experiments and analyses described in this article were performed using 

both male and female mice.  Both the breeding and use of these animals in the present 

studies were approved by the University of Florida’s Institutional Animal Care and Use 

Committee (IACUC). Animals. 

Animal Treatment for the Gene Therapy 

Aec1Aec2 mice at 6-week-old divided into two different groups to compare the 

effect of systemic versus local delivery. Again, systemic or local delivery group divided 

into three groups according to the treatments: saline, AAV2-LacZ, and AAV2-IL27. Each 

treatment group consists of 5 male and 5 female mice (total 10 mice). Also, to compare 

the IL-27 gene therapy effect on the later disease developmental stage (clinical-disease 
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stage, Figure 1-1 in CHAPTER 1) with earlier disease developmental stage (pre-

disease stage), 14 weeks old mice were used with same sex and numbers in Aec1Aec2 

mouse model. Mice were collected baseline saliva flow when they were at 6 weeks (for 

the pre-disease group) and 14 week (for the clinical-disease group) old before the 

treatment and all mice were sacrificed at 20 week of post gene delivery period. Gene 

therapy studies in Aec1Aec2 mice, as described herein, were approved by the 

University of Florida the University of Florida’s IACUC and Institution Biosafety 

Committee (IBC). 

Reagents 

Reagents used in this study include recombinant mouse IL-27 (2799-ML), IL-6 

(406-ML) and TGF-β (587-RI-050) purchased from R&D Systems, the ABC Staining 

System (sc-2023) purchased from Santa Cruz Biotechnology, a Cytofix/CytopermTM 

Fixation/Permeabilization kit (#554714), Leukocyte Activation Cocktail containing 

GolgiPlug (#555029) and Mouse BD Fc Block™ (#553141) purchased from BD 

Biosciences, 4-20% linear gradient Tris-HCl precast gels (161-1123) from Bio-Rad 

Laboratories, ECL Advance Detection Kit (RPN2135) from Amersham Bioscience and 

ImmPACTTM DAB diluent (SK-4105), Avidin/Biotin Blocking kit (SP-2001), 

VECTASHIELD mounting medium with DAPI (H-1200) from Vector Laboratories. 

 Antibodies used include goat anti-mouse IL-27p28 (AF1834) rat anti-mouse 

TCCR (WSX-1, MAB21091), carboxyfluorescein-conjugated rat anti-mouse WSX-1 

(FAB21091F), and rat anti-mouse IL-27 (IC1834F) purchased from R&D Systems, 

rabbit anti-mouse IL-17A (H-132), rabbit anti-mouse IL-27β (EBI3) (sc-32868), rabbit 

anti-mouse CD11c (sc-28671), and AP-conjugated goat anti-mouse IgG (sc-2008) from 

Santa Cruz Biotechnology, rat anti-mouse F4/80 (MCAP497) from SeroTec, Alexa 
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Fluor® 488 donkey anti-rabbit IgG (A21206), Alexa Fluor® 647 goat anti mouse IgG 

(A21446), Alexa Fluor® 594 rabbit anti-rat IgG (A21211), and rat anti-mouse CD4 PE-

Cy7 (MCD0412) from Invitrogen, the Stat Antibody Sampler Kit (#9939) and the 

Phospho-Stat Antibody Sampler Kit (#9914) from Cell Signaling, mouse monoclonal β-

actin (A-1978), HRP-conjugated rabbit anti-rat IgG (A-9542) and AP-conjugated rabbit 

anti-goat IgG (A-4187) antibodies from Sigma-Aldrich , and anti-mouse CD44 APC (17-

0441), anti-mouse CD69 FITC (11-0691), anti-mouse CD62-L PE (12-0621), anti-mouse 

IL-17A PE (12-7177), and anti-mouse IFN gamma APC (17-7311) from eBioscience, 

and hamster anti-mouse CD3ε (#553057), hamster anti-mouse CD-28 (#553294), PE-

Cy5-conjugated rat anti-mouse CD4 (#553050), and PE-conjugated rat anti-mouse IL-

17A (#559502) from BD Biosciences, and FITC-conjugated rat anti-mouse IFNγ 

(#RM9001) from CalTag Laboratories. 

Intracellular Cytokine Staining and Flow Cytometric Analysis 

Single cell suspensions of spleen cells were prepared from male and female 

Aec1Aec2 and C57BL/6J mice as described elsewhere48 and at the ages designated in 

the text.  In brief, spleens were freshly explanted, gently minced through stainless steel 

sieves, suspended in phosphate buffered saline (PBS) and centrifuged (1200 rpm for 5 

minutes).  Erythrocytes were lysed by a 7 minute incubation in 0.84% NH4Cl.  The 

resulting leukocyte suspensions were washed two times in PBS, counted and 

resuspended in culture media (RPMI 1640 medium, 10% FBS, 2 mM L-glutamine, 0.05 

mM β-mercaptoethanol) to a density of 2 x 106 cells/ml.  One million cells were pipetted 

to individual wells of a 24-well microtiter plate pre-coated with anti-CD3 (10 μg/ml) and 

anti-CD28 antibodies (2 μg/ml) for T cell activation.  Cells were incubated for 5 hrs with 

Leukocyte Activation Cocktail containing GolgiPlug (2 μl/ml).  Collected cells were fixed 
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and permeabilized using Cytofix/CytopermFixation/Permeabilization.  The Flow 

cytometric acquisition for intracellular staining described in CHAPTER 3 was performed 

following staining with PE-Cy5-conjugated anti-mouse CD4, FITC-conjugated anti-IFN-γ 

and PE-conjugated anti-IL-17A. The cells were counted on a FACSCalibur (BD) and 

analyzed by FCS Express (De Novo Software). The flow cytrometric acquisition for 

intra- and extra-cellular staining described in CHAPTER 4 was performed following 

staining with FITC conjugated anti mouse IL-27, IL-27Rα, PE conjugated anti-IL-17A, 

PE-Cy7-conjugated anti-mouse CD4, and APC-conjugated anti-IFN-γ for the detection 

of cytokines from gene-delivered mice. Also, FITC conjugated anti-mouse CD69, PE 

conjugated anti-mouse CD62-L, and APC conjugated anti-mouse CD44 were used to 

examine developmental stages of T-cells. The cells were counted on an ACCURI C6 

Flow Cytometer (ACCURI®) and analyzed by FlowJo software (Tree Star, Inc.). 

Histology 

Hematoxylin and Eosin (H&E) Staining  

Salivary glands, Lungs, and kidneys of Aec1Aec2 and C57BL/6J mice were 

surgically removed from each mouse at time of euthanasia and placed in 10% 

phosphate-buffered formalin for 24 hrs.  Fixed tissues were embedded in paraffin and 

sectioned at 5 μm thickness.  Paraffin-embedded sections were de-paraffinized by 

immersing in xylene, followed by dehydration in ethanol.  The prepared tissue sections 

were stained with H&E dye (Histology Tech Services, Gainesville, FL). 

Histological Assessment of Salivary Glands 

H&E stained sections were observed under a microscope for glandular structure 

and leukocyte infiltration. Lymphocytic foci (LF) were enumerated by three individuals in 
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blinded fashion.  LF were defined as aggregates of >50 leukocytes quantified per each 

histological section, adjacent sections were used for immunofluorescent staining. 

Immunohistochemistry Staining 

Tissue sections were deparaffinized, rehydrated, and blocked with hydrogen 

peroxide.  For antigen retrieval, tissue sections were heated to 100°C under pressure 

with 10 mM citrate buffer for 15 minutes.  The sections were incubated with rabbit anti-

mouse IL-17A (1:100 dilution) or rat anti-mouse WSX-1 (1:20 dilution) or goat anti-

mouse IL-27p28 (1:100 dilution) overnight at 4°C.  The sections were washed with PBS-

Tween and incubated 30 minutes at room temperature (RT) with goat anti-rabbit IgG or 

rabbit anti-rat IgG or rabbit anti-goat IgG to detect IL-17A, WSX-1, and IL-27 p28, 

respectively.   After additional washes, the slides were incubated with ABC reagent for 

30 minute at RT, and then treated with 3,3’-diaminobenzidine (DAB) for a maximum of 1 

minute and counterstained with hematoxylin for immunohistochemistry.  Stained 

sections were observed at 200X magnification using a Zeiss Axiovert 200M microscope 

and images were obtained with AxioVs40 software (Ver. 4.7.1.0, Zeiss). 

Immunofluorescence Staining 

Tissue sections were deparaffinized, rehydrated, and blocked with hydrogen 

peroxide.  For antigen retrieval, tissue sections were heated to 100°C under pressure 

with 10 mM citrate buffer for 15 minutes.  The sections were incubated with goat anti-

mouse IL-27 p28 (1:100 dilution) or rabbit anti-mouse CD11c (1:100 dilution) or rat anti-

mouse F4/80 (1:100 dilution) or rat anti-mouse B220 or goat anti-mouse CD3 to detect 

IL-27 p28, antigen presenting cells, macrophages, B-cells, and T-cells, respectively, 

overnight at 4°C.  The sections were washed two-times with PBS-Tween and incubated 

30 minutes at room temperature (RT) fluorescent conjugated second antibodies.  After 
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additional washes, the slides were treated with mounting medium with DAPI. Stained 

sections were observed at 200X magnification using a Zeiss Axiovert 200M microscope 

and images were obtained with AxioVs40 software (Ver. 4.7.1.0, Zeiss). 

Western Blotting 

Salivary glands freshly explanted from male and female Aec1Aec2 or C57BL/6J 

mice were lysed with Nonidet-P40 (NP40) buffer (150 mM sodium chloride, 1.0% NP-

40, pH 8.0 50mM Tris).  Protein concentrations were determined by Bradford protein 

assay.  The lysates were separated by electrophoresis on 4-20% linear gradient SDS-

PAGE precast gels, then transferred to PVDF membranes.  Membranes were probed 

with specific primary antibodies, including anti-STATs and anti-pSTATs (1:1000 

dilution), anti-WSX-1 (1:500 dilution), and anti-β-actin (1:20,000 dilution).  The 

membranes were incubated with appropriate HRP- or AP-conjugated secondary 

antibodies.  The signals were visualized using the ECL Advance Detection Kit. 

In- vitro Stimulation and Differentiation of T Cells 

Single cell suspensions of splenocytes prepared from male and female Aec1Aec2 

and C57BL/6J mice were isolated and cultured as previously described64.  Two million 

cells were plated into individual wells of 24-well plates pre-coated with anti-CD3 (10 

μg/ml) and anti-CD28 (2 μg/ml) antibodies.  Activated cells were then incubated with 

medium alone (unstimulated), recombinant (r) IL-27 (5 μg/ml), rIL-6 (10 μg/ml) / rTGF-β 

(1 μg/ml), or a combination of rIL-27/rIL-6/rTGF-β (R&D System) for 30 min, 3 hrs or 24 

hr.  To examine the differentiation of TH17 cells at 24 hr post-stimulation, an aliquot of 

24 hr-stimulated splenocytes were permeabilized and stained intracellularly with PE-

Cy5-conjugated anti-CD4, FITC-conjugated anti-IFN-γ and PE-conjugated anti-IL-17A.  

Western blot analyses were also carried out with in-vitro stimulated splenocytes probed 
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with antibodies against β-actin, Stat1, Stat3, p-Stat1, p-Stat3, each at 1:1000 dilution 

and WSX-1 at 1:500 dilution.   

Vectors for Gene Therapy 

Recombinant AAV2-IL27 and AAV2-LacZ Vector Construction 

The plasmid pTR-UF14-IL27 vector (Figure 2-1) was constructed by inserting the 

two subunit of IL-27 fragments (EBI3 and p28) into the pTR-UF14 plasmid. Two pairs of 

primers were used to clone EBI3 (Forward: 5’-

AAACTAGTAGGTCCTTCCCTGGGGCCAGGT-3’, Reverse: 5’-

TTTGATATCAAGGATCCAGTCCCTCTTCAG-3’) and p28 (Forward: 5’-

AAAAAGCGGCCGCATGGGCCAGGTGACAGGA-3’, Reverse: 5’-TTTGTCGAC 

TTAGGAATCCCAGGCTGAGCC-3’) from the murine cDNA. The serotype 2 adeno-

associated virus vector plasmid, pTR-UF14, containing AAV2 inverted terminal repeats 

and a CMV / chicken-β-actin hybrid promoter was generously provided by Dr. Sergei 

Zolotukhin (Department of Pediatrics, University of Florida, FL, USA). The pTR-UF14-

IL27 plasmid was transfected into HEK 293 cells and expression of the IL-27 was 

determined by western blotting using anti-mouse EBI3 antibody for EBI3 detection and 

by ELISA using Quantikine kit for mouse IL-27 p28 (R&D systems, USA) for p28 

detection (Figure 2-2). In this study, we used rAAV2-LacZ encoding β-galactosidase65 

as an AAV2 vector control, which was provided by our collaborator, Dr. John Chiorini 

(National Institutes of Dental and Cranial Research, National Institutes of Health, MD, 

USA) 

Packaging of rAAV2 Vector Particles 

To generate rAAV serotype 2 vectors (rAAV2), we sent pTR-UF14-IL27 plasmid 

vector to our collaborator, Dr. John Chiorini. They used the adenoviral helper packaging 



 

32 

plasmid pDG. Plates (15 cm) of ~40% confluent HEK 293T cells were cotransfected 

with either pAAV-LacZ or pTR-UF14-IL27 according to standardized methods66. 

Clarified cell lysates were adjusted to a refractive index of 1.372 by addition of CsCl and 

centrifuged at 38,000 rpm for 65 hr at 20ºC. Equilibrium density gradients were 

fractionated and fractions with a refractive index of 1.369-1.375 were collected.  The 

particle titer was determined by Q-PCR and the vector was stored at -80ºC. On the day 

of vector administration to Aec1Aec2 mice, the vector was dialyzed for 3 hr against 

saline. 

Systemic / Target Delivery of AAV2-IL27 

For the target delivery, we used retrograde salivary gland cannulation method. 

Previous studies67-69 have shown that retrograde salivary gland cannulation is an 

effective method to direct local gene expression in the salivary glands. In brief, each 

mouse was anesthetized with a ketamine (100 mg/ml, 1 ml/kg body weight; Fort Dodge 

Animal Health, Fort Dodge, IA) and xylazine (20mg/ml, 0.7ml/kg body weight; Phoenix 

Scientific, St Joseph, MO, USA) cocktail by intraperitoneal injection. PE-10 polyethylene 

tubes were inserted into each of the two ductal orifices of the salivary ducts under the 

tongue. After securing the cannulas, the mouse received an intramuscular injection of 

atropine (1 mg/kg), followed 10 min later by a slow, steady injection of viral vector. Each 

salivary gland received 50 μl of vector solution containing 2×1010 vector genome (VG). 

The dosage was chosen based upon previous study70, 71 for extensive study of dosage 

optimization. The cannulas were removed 5 min later to ensure successful cannulation. 

For the systemic delivery, we injected same amount of VG by mouse tail-vein injection. 

All animals were sacrificed at 20 weeks of post systemic or target delivery.   
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Measurement of Stimulated Saliva Flow 

To measure stimulated saliva flow, each mouse was weighed and injected cocktail 

of isoproterenol (0.02 mg/ml) and pilocarpine (0.05 mg/ml) in100 μl of saline by 

intraperitoneal injection. Saliva was collected for 10 minutes from the oral cavity of 

individual mice using a micropipette starting 1 min after injection of the secretagogue. 

The volume of each saliva sample was measured. Samples were stored at -80°C until 

analyzed. 

Detection of Antinuclear Antibodies in the Sera 

Antinuclear antibodies (ANA) in the sera of mice were detected using HEp-2 ANA 

kit (INOVA Diagnostics, San Diego, CA, USA). All procedures were performed 

according to the manufacturer’s instructions. In brief, HEp-2-fixed substrate slides were 

overlaid with appropriate mouse sera diluted 1:50, 1:100, 1:200, and 1:400. Slides were 

incubated for 1 h at room temperature in a humidified chamber. After three washes for 5 

min with PBS, the substrate slides were covered with Alexa 488-conjugated goat anti-

mouse IgG (H/L) (Invitrogen, Carlsbad, CA, USA) diluted 1:100 for 45min at room 

temperature. After three washes, fluorescence was detected by fluorescence 

microscopy at 200X magnification using a Zeiss Axiovert 200M microscope and all 

images were obtained with AxioVs40 software (Ver. 4.7.1.0, Zeiss) with constant 

exposure of 0.3 s (Carl Zeiss). In this study, three individuals in blind fashion 

enumerated the frequencies of staining pattern in 1:50 dilutions of sera from each 

experimental group and the scores of positive staining pattern in 1:400 dilutions.  

Cytokines Level of IL-27 and IL-17A from Peripheral Blood 

Measurement of IL-27 and IL-17A cytokine levels in sera samples were detected 

using Quantikine kit for mouse IL-27 p28 (R&D systems, USA) to detect IL-27 and IL-
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17A mouse ELISA kit (Invitrogen, USA). All procedures were performed ac-cording to 

the manufacturer’s instructions. Readings were carried out using the Model 680 

Microplate Reader (Bio-Rad, UK) 

Statistical Analyses 

Statistical evaluation was determined by using unpaired Student t test generated 

by the GraphPad Prism software (GraphPad Software). The two-tailed p value <0.05 

was considered significant.   
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Figure 2-1. Plasmid map of pTR-UF14-IL27 
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Figure 2-2. IL-27 p28 expression from pTR-UF14-IL27 transfected HEK 293 cells. (A) 
Expression of IL-27 p28 in the pellets of mock-transfected or transfected with 
pTR-UF14 or pTR-UF14-IL27. (b) Expression of IL-27 in the supernatant from 
three transfected groups. 

 

 
 



 

37 

CHAPTER 3 
IL-27 CYTOKINE FUNCTION IN SJÖGREN’S SYNDROME 

Sjögren's syndrome (SjS), characterized by an autoimmune attack primarily 

against the salivary and lacrimal glands leading to dry mouth and dry eye disease, 

affects primarily post-menopausal women, indicating a critical role for sex hormones in 

development and/or onset of disease5, 6, 72.  Similar to other autoimmune rheumatic 

diseases, such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA), 

estrogen and prolactin have been shown to contribute directly to a loss of tolerance 

resulting in survival of autoreactive B cells73.  In patients with RA, estrogen has been 

reported to induce proliferation of macrophages and fibroblasts preceding unrestrained 

inflammation of local joint tissues74.  In a recently developed animal model of SjS, 

sexual dimorphism was shown to be associated with a genetic region defining a strong 

SjS susceptibility (SjSs) locus required for onset of stomatitis sicca in female mice75.  

Despite these observations, the molecular mechanisms of how sex hormones actually 

influence predisposition and/or development of an autoimmune response remain 

unknown.  

Recent focus on TH17 cells and autoimmunity might provide clues to the etiology 

of SjS and sexual dimorphism.  TH17 cells and their secreted cytokines, IL-17A, IL-15, 

IL-21 and IL-22, are associated with multiple characteristics of autoimmunity, including 

experimental autoimmune encephalomyelitis (EAE), psoriasis, inflammatory bowel 

disease (IBD), RA, SLE, and SjS as they are strong inducers of inflammation.  IL-17A 

can act on endothelium to secrete IL-8 that in turn recruits neutrophils to sites of injury, 

while IL-22 can act on epithelium to induce secretion of multiple mediators of innate 

responses, such as β-defensins. TH17 cells are regulated by several distinct 
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mechanisms, including retinoic acid and TGF-β (which favor differentiation of naïve T 

cells to Foxp3+ TReg cells), IL-4 (which favors differentiation to TH2 cells) and IFN-γ 

(which favors differentiation to TH1 cells)76.  These directed differentiations negatively 

impact TH17 cell development; thus, the micro-environment established by the 

microflora and pathogens would be expected to influence the balance among the 

various CD4+ T cell populations.  However, one of the more potent regulators of TH17 

cells is the cytokine IL-27.  IL-27, a member of the IL-12 family of cytokines, is a 

heterodimeric protein comprised of two subunits, IL-27α (IL-27p28) and IL-27β (IL-

27Ebi3)77.  Recent studies have shown that IL-27 is pleiotrophic, regulating 

hematopoietic stem cell differentiation, eliciting anti-tumor activities, as well as 

promoting both pro- and anti-inflammatory activities78-81.   

Although we have previously postulated that the macrophage and dendritic cell 

populations in our animal models of primary SjS are defective in promoting TR1 and 

Foxp3+ TReg cells82, the possible contribution of IL-27 in this phenomenon has never 

been considered.  Thus, in the present study, we examined whether C57BL/6.NOD-

Aec1Aec2 mice, a well-defined model of primary SjS disease, exhibit a defect in IL-27 

regulation in light of the strong TH17/IL-17A responses observed in the salivary glands 

during onset of disease.  Results revealed, unexpectedly, that female mice have an 

apparent defect in their IL-27 signaling by failing to induce suppression of TH17 cell 

development and activation, whereas in male mice IL-27 can suppress TH17 cell 

functions.  Therefore, the possibility that this differential response to IL-27 and/or IL-27R 

by male versus female mice is responsible for the more severe disease observed in the 
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salivary glands of female mice and therefore a basis for the sexual dimorphism 

observed in SjS and possibly other rheumatic diseases.  

Hypothesis behind the Present Study 

 The current studies were carried out to determine if there were different 

expression of anti-inflammatory cytokine, especially IL-27 from this study, and its 

signaling pathway through receptor (WSX-1 (IL-27Rα)) to regulate the function of pro-

inflammatory cells, which releasing IL-17 (TH17 cells) from male and female of SjS 

mouse model. Based on a survey of the literature, I hypothesize that there is abnormal 

function and/or less expression of IL-27 at the time of onset in SjS. Also, there are 

different expressions of IL-27 and/or its receptor may effect on the regulation of TH17 

cells and shows the sexual dimorphic progression of SjS in Aec1Aec2 mice. Therefore, 

to address this hypothesis, I established two specific aims: (1) To examine levels of IL-

27 and related signaling molecules in the Aec1Aec2 mouse model of Sjögren’s 

syndrome. (2) To investigate if IL-27 can regulate IL-17 producing T helper cells (TH17) 

in the Aec1Aec2 mouse model of Sjögren’s syndrome, in vitro. 

Results 

Elevated Numbers of Splenic IL-17A+ TH17 Cells in Female Compared to Male 
Aec1Aec2 Mice 

 Similar to the human disease, Aec1Aec2 mice show differences in the 

development of SjS based on gender; specifically, female mice exhibit an earlier 

leukocytic infiltration of the salivary glands (SG), a more rapid onset of salivary gland 

dysfunction, and a more severe clinical disease compared to male mice75.  Until 

recently, the TH1 T cell population was considered the important effector cell in SjS, but 

our recent studies83, 84 have implicated a critical role for the TH17 cell population(s), 
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acting both directly and indirectly as regulatory and effector cells of disease.  To explore 

this point further, flow cytometric analysis was used to examine possible differences in 

the numbers of splenic TH1 and TH17 cells in male and female C57BL/6J and Aec1Aec2 

mice at 4, 12, and 20 weeks (wks) of age.  The ages chosen represent the pre-disease 

phase (3-6 wks of age), the early pre-clinical phase (10-14 wks of age) and the clinical 

disease phase (>18 wks of age) defined in Aec1Aec2 mice35, 36, 38, 85, 86.  As presented in 

Figure 3-1, both male and female C57BL/6J mice had similar numbers of IFN-γ+, as 

well as IL-17A+ cells, present in their spleens at each of the three time points examined.  

Both sexes also showed marked increases in IFN-γ expressing cells by 20 wks of age 

(1.85% to 6.63% in males and 2.5% to 6.56% in females) with no changes in the 

numbers of IL-17A+ cells.  In contrast, both male and female Aec1Aec2 mice showed 

an increase in IFN-γ+ cells (from 1.8% to 7.1% in males and 3.4% to 7.7% in females) 

at 12 wks of age, plus an increase in IL-17A+ cells at 20 wks of age (from 0.47% to 

5.47% in males and 0.38% to 9.31% in females).  Thus, with onset of disease, female 

Aec1Aec2 mice had nearly twice the relative percent of IL-17A positive cells in their 

spleens compared to males.  

Elevated Expression Levels of IL-17A in SG of Female Compared to Male 
Aec1Aec2 Mice 

Aec1Aec2 mice exhibit a primary SjS-like disease profile characterized by loss of 

salivary gland secretory function subsequent to the appearance of lymphocytic foci (LF) 

in the glands or detection of circulating autoantibodies63.  Although, IL-17A is detected 

in the salivary glands of both male and female Aec1Aec2 mice, the comparative levels 

of IL-17A between the two sexes has never been examined.  Therefore, to determine 

the differential expression of IL-17A in the salivary glands of male and female mice at 
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the onset of the clinical signs and to further   correlates the levels of IL-17A+ TH17 cells 

present in the spleens and SG of male and female Aec1Aec2 mice, a histological 

analysis of IL-17A+ TH17 cells present in the SGs was performed at 20 wks of age in 

which lymphocytic infiltration has occurred.  As presented in Figure 3-2A, male and 

female of control C57BL/6 mice did not develop any infiltrates in the salivary glands at 

20 wks of age; consequently, no IL-17A-positive cells were detected.  Histological 

examination of male and female Aec1Aec2 mice revealed severe lymphocytic 

infiltrations in the salivary glands and significant IL-17A+ cells were observed.  

Enumeration of IL-17A+ cells (Figure 3-2B) showed that LF of female Aec1Aec2 mice 

contained more than twice the relative numbers compared to male mice (13.24% vs 

5.57%).  These data support the previous findings in which significant increases of local 

IL-17A levels in the glands are highly correlated with the elevated systemic levels of IL-

17A found in the spleen.  More importantly, it provides new evidence that the higher 

levels of IL-17A were found in the SG of female compared to male mice at the onset of 

clinical signs in the SjS animal model.  

Expression of the TH17 Regulatory Molecule, IL-27, in Aec1Aec2 Mice 

 TH17 cell differentiation is strongly regulated by multiple systems.  However, one 

of the most critical regulatory factors of TH17 cell functions is the cytokine IL-27 secreted 

by activated macrophages and dendritic cells78, 87.  IL-27 acts by down-regulating the 

TH17 cell transcription factor retinoic acid-related orphan receptor γt (RORγt), while 

concomitantly up-regulating the T-bet transcription factor through Stat1 signaling, 

thereby promoting a shift to IFN-γ producing CD4+ TH1 cells88.  Previous results 

indicated an elevated level of IL-17A expressed in the SG of female than male mice.  As 

the result, it was imperative to examine the regulatory element of IL-17A expression by 
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analyzing the levels of IL-27 cytokine in the glands.  As presented in Figure 3-3, a 

number of IL-27p28-positive cells were found and most were present within and/or 

around the LF.  In addition, with similar sizes of LF, IL-27p28 expression appeared to be 

slightly higher in female than male Aec1Aec2 mice at 20 wks of age by 

immunohistochemical staining, which is consistent with immunofluorescent microscopy.  

Furthermore, IL-27p28 appeared to co-localize predominantly with macrophages and a 

few dendritic cells within the LF.  Similar staining was performed for C57BL/6 mice, 

however, due to the lack of LF at 20 wks of age, nothing of significance was detected 

(data not shown).  These data suggest small differences in the IL-27 p28 expression 

male and female Aec1Aec2 mice and demonstrate that IL-27p28 is being produced 

mainly by macrophages and a few dendritic cells found in the LF. 

Reduced Expression of IL-27R (WSX-1) in Female Aec1Aec2 Mice 

IL-27 functions by binding with IL-27R, a heterodimeric receptor consisting of the 

unique IL-27Rα subunit (or WSX-1 encoded by the Il27ra gene) and the IL-6Rβ subunit 

(or gp130 encoded by the Il6st gene).  Mouse T and B lymphocytes, neutrophils, 

monocytes, mast cells, and NK cells all express WSX-178, 89, as well as gp130.  While 

IL-27 can bind directly to WSX-1, interaction with the heterodimeric receptor is essential 

for successful IL-27 signal transduction77, 90.  To determine if WSX-1 is expressed in LF 

present in the SG of Aec1Aec2 mice at time of disease, immunohistochemical staining 

of SG sections from male and female Aec1Aec2 mice was performed.  As shown in 

Figure 3-4A, WSX-1 was not present on the epithelial, acinar or ductal cells in the SG of 

4 and 12 wks old mice.  In contrast, WSX-1 was highly expressed on infiltrating cells in 

both male and female Aec1Aec2 mice at 20 wks of age.  Interestingly, female 

Aec1Aec2 mice showed significantly less numbers of WSX-1 positive staining (25.7%) 
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compared with male (54.8%) in salivary glands of at 20 wks of age (Figure 3-4B), the 

precise time at which these mice are showing clinical disease and the glands are being 

infiltrated with APC and T cells29, 91, 92.  

Inability of IL-27 to Suppress the Activation and Differentiation of TH17 Cell 
Populations of Female Aec1Aec2 Mice 

The increased number of TH17 cells in female Aec1Aec2 mice during the 

development of disease, together with the apparent reduced levels of IL-27R, point to 

an imbalance in the regulation of TH17 cells by IL-27.  To explore this further, 

splenocytes of SjSs Aec1Aec2 mice or of age- and sex-matched SjSNS control 

C57BL/6J mice were treated with IL-27 alone, IL-6 plus TGF-β for optimal TH17 

differentiation, or IL-6 and TGF-β plus IL-27 to determine the suppressive potential of IL-

27 on differentiating TH17 cells.  The numbers of TH17 cells synthesizing IL-17A were 

detected using flow cytometric analysis.  Representative data, presented in Figure 3-5, 

illustrates that the presence of IL-27 resulted in decreased numbers of IL-17A-secreting 

cells in both male and female C57BL/6J mice (4.26% and 3.56% respectively), as well 

as a small decrease in male Aec1Aec2 mice (1.17%).  In contrast, IL-27 had little effect 

on IL-17A-secreting cell levels in spleens of female Aec1Aec2 mice.  While stimulation 

of splenic leukocytes with IL-6 and TGF-β increased the numbers of IL-17A-secreting T 

cells in all four experimental groups, the presence of exogenous IL-27 suppressed the 

numbers of TH17 cells in each spleen cell culture except for Aec1Aec2 female mice, 

whose numbers actually increased.  Thus, differentiating TH17 cells from Aec1Aec2 

female mice appear to be refractive to the suppressive action of IL-27. 
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Rapid Loss in IL-27 signaling Pathways in Splenic Leukocytes from Female but 
Not Male Aec1Aec2 Mice 

 IL-27 (or the IL-27p28 subunit per se) exerts the IL-27-associated biological 

effects by activating its heterodimeric IL-27R including WSX-1 and gp130.  Signal 

transduction involves phosphorylation of Jak1, Jak2, Stat1, Stat3, Stat4 and Stat5 in T 

cells, NK cells and monocytes, but only Stat3 in mast cells93.  However, only Stat1 or 

Stat3 activations are critical for the resulting bioactivity of IL-27 on naïve T cells94, which 

express IL-27R.  Activation of Stat1 by Jak1 or Jak2 promotes TH1 differentiation via the 

up-regulation of T-bet resulting in the production of IFN-γ.  At the same time, IL-27 

inhibits the production of IL-2 and IL-6, thus down-regulating the IL-6-dependent Stat3 

activation of RORγt expression and subsequent development of TH17 cells. 

To determine if the inability of IL-27 to suppress TH17 cell populations in female 

Aec1Aec2 mice might be attributed to differential activation of the STAT signal 

transduction pathways following receptor : ligand interaction, splenic leukocytes from 

male and female C57BL/6J or Aec1Aec2 mice were treated with IL-27 only, IL-6 plus 

TGF-β, or IL-6 and TGF-β plus IL-27 for either 30 min, 3 hrs or 24 hrs and examined for 

changes in levels of Stat1 or Stat3 phosphorylation.  Lysates of male C57BL/6J and 

Aec1Aec2 splenic leukocytes, as well as lysates of female C57BL/6J splenic 

leukocytes, showed relative increased expressions of Stat1 and p-Stat1 (Figure 3-6A), 

or Stat3 and p-Stat3 (Figure 3-6B), over the 24 hr stimulation period, suggesting 

functional activation of signal transductions.  In contrast, lysates of female Aec1Aec2 

splenic leukocytes initially showed similar increased expressions of Stat1, p-Stat1, Stat3 

and p-Stat3, but this was not maintained, resulting in an unexpected and rapid decrease 

in expressions of these molecules between the 3 and 24-hour stimulation time points. 
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This unexpected result in the temporal expression levels of the STAT molecules in 

the cell lysates of female Aec1Aec2 mice necessitated an examination of events up-

stream of STAT signaling.  As shown in Figure 3-6C, similar temporal expression 

patterns were identified for the IL-27R subunit WSX-1 as with the STAT molecules, 

most notable being a rapid loss of WSX-1 expression at the 24 hr time-point in female 

Aec1Aec2 cells.  These data define a clear distinction between male and female 

responses to IL-27 stimulation, pointing specifically to dissimilar responses between 

differentiated versus committed TH17 cells present in both sexes of SjSS mice. 

Summary 

The immune system has evolved to maintain equilibrium between inflammation 

and immune suppression, thus it is believed that imbalances between these two entities 

permit a breakdown in immune tolerance resulting in autoimmunity.  The aim of the 

present in vitro study was to determine if IL-27, a major regulatory molecule of the 

TH17/IL-17A system, is capable of suppressing the activation of TH17 effector cells 

considered to play an important role in the development of rheumatic autoimmune 

diseases such as SjS.  Results revealed that SjSs Aec1Aec2 female mice have higher 

percentages of IL-17A-secreting CD4+T cells and lower expressions of IL27R than their 

male counterparts.  In addition, in-vitro experiments indicated that IL-27 is effective in 

suppressing of TH17 cell activation in SjSs Aec1Aec2 male mice, but not in females, a 

point indirectly supported by a lack of sustained signal transduction through Stat1 and 

Stat3.  Considered as a whole, these data show direct correlations between a 

differential regulation of TH17 cells by IL-27 in male versus female Aec1Aec2 mice and 

disease severity.   
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Figure 3-1.  Enumeration of IL-17A-secreting TH17 cells in spleens. Splenic leukocytes 
from male and female C57BL/6J mice 4, 11 and 20 weeks of age, or 
Aec1Aec2 mice 4, 13 and 21 weeks of age were examined for the presence 
of intracellular IFN-γ and IL-17A.  Splenocytes were activated in vitro with 
anti-CD3ε and anti-CD28 for 5 hours with Leukocyte Activation Cocktail 
containing GolgiPlug.  Pooled samples of at least n=2 per sex and age group 
were used for each experiment.  The data shown are representative of 5 
independent experiments. 
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Figure 3-2. IL-17A expression in lymphocytic foci of salivary glands. A. 
Immunohistochemical staining for IL-17A in salivary glands of 20 wks old 
C57BL/6J (female, n=6, male, n=6) and 20 wks old Aec1Aec2 mice (female, 
n=6, male, n=6).  Negative controls were performed with rabbit IgG isotype. 
Images were taken at 200X magnification and white bar indicate 50 μm.  B. 
Percentages of IL-17A-positive cells within leukocyte infiltrates in salivary 
glands of male and female Aec1Aec2 mice.  Enumeration of IL-17A-positive 
cells and total cells within leukocyte infiltrates was done with at least 3 
infiltrates per gland section for both male (n=6) and female (n=6) mice.  
Percentage of cells is presented versus total number of cells.  Error bars 
indicates standard error with **p<0.01.   
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Figure 3-3.  Expression of IL-27p28 in lymphocytic foci of salivary glands. 
Immunohistochemical staining for IL-27p28 (Brown color, arrows indicate 
representative positive staining) and immunofluorescence staining with F4/80, 
CD11c and IL-27p28 (red, green, and purple color, respectively) in salivary 
glands of male and female Aec1Aec2 mice at 20 weeks of age.  Images were 
taken at 200X magnification for immunohistochemical staining and 400X for 
immuno-fluorescence staining and white bar indicate 50 μm.  The data shown 
are representative of 3 independent experiments. 
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Figure 3-4. Detection of IL-27Rα (WSX-1) in infiltrating leukocytes present in salivary 

glands.  A. Immunohistochemical staining for WSX-1 in salivary glands of 
male and female Aec1Aec2 mice was carried out at the designated ages. The 
images are representative of at least 4 mice per sex and age group, and the 
experiment was performed twice for consistency.  Images were taken at 200X 
magnification and white bars indicate 50 μm.  B. Percentages of IL-27R-
positive cells within leukocyte infiltrates in salivary glands of male and female 
Aec1Aec2 mice at 20 weeks.  Enumeration of IL-27R-positive cells and total 
cells was done with at least 3 infiltrates per gland section for both male (n=6) 
and female (n=6).  Percentage of cells is presented over total number of cells 
within leukocyte infiltrates. Error bars indicates standard error with **p<0.01. 
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Figure 3-5. Differential effects of IL-27 cytokine on TH17 cell populations from male 
versus female C57BL/6.NOD-Aec1Aec2 mice.  Splenocytes of 12 wks old 
male and female C57BL/6J and Aec1Aec2 mice were treated with IL-27 
alone, IL-6 and TGF-β, or IL-6 and TGF-β plus IL-27.  Medium only served as 
the non-stimulated control.  After 24 hours of stimulation, cells were incubated 
with Leukocyte Activation Cocktail containing GolgiPlug for an additional 5 
hours.  Cells were fixed, permeabilized, stained with PE-Cy5-conjugated anti-
CD4 and PE-conjugated anti-IL-17A, and enumerated using FCS Express.  A 
pool sample of at least n=2 per sex and age group was used for each 
experiment.  The data shown are representative of 3 independent 
experiments.   
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Figure 3-6. Differential effects of IL-27 on signal transduction pathways during activation 
of leukocytes from male versus female C57BL/6.NOD-Aec1Aec2 mice.  
Splenocytes of 12 wks old male and female C57BL/6J and Aec1Aec2 mice 
were treated with IL-27 alone, IL-6 and TGF-β, or IL-6 and TGF-β plus IL-27.  
Medium only served as the unstimulated control.  Cells were collected and 
lysed at 30 min, 3 hours and 24 hours post stimulation.  Western blots were 
performed to detect Stat1, p-Stat1 (A), Stat3, p-Stat3 (B), WSX-1 (C) and β-
actin (D) protein levels.  Pooled samples of at least n=2 per sex and age 
group was used for each experiment.  The data shown are representative of 3 
independent experiments. 
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CHAPTER 4 
EFFECTS OF IL-27 GENE THERAPY ON SJS IN A MOUSE MODEL 

IL-27, along with IL-12, IL-23, and IL-35, is a novel cytokine of the IL-12 family. It is 

composed of two subunits, IL-12p40 related protein, Epstein-Barr virus-induced gene 3 

(EBI3) and IL-12p35 related p28 protein (p28)77. The orphan cytokine receptor WSX-1 

(TCCR) and glycoprotein 130 (gp130) make up the dimeric  signal transducing receptor 

for IL-2790. IL-27 acts on CD4+ T cells and plays a pivotal role as a proinflammatory 

cytokine by activating the TH1 response in the early phase of development for secretion 

of IFN-γ, one of the key inflammatory mediator in autoimmune disease.  The 

mechanism appears to be the activation of signal transducer and activator of 

transcription protein 1 (STAT1).93 IL-27 also as an anti-inflammatory protein by 

suppressing IL-2, antagonizing IL-6 function and activating expression of suppressor of 

cytokine signaling (SOCS) protein89. According to receptor knockout (WSX-/-) studies 

for IL-27, abnormal signal transduction of IL-27 showed hyperproduction of various 

proinflammatory cytokines such as TNF-α and IL-6 when challenged by T. cruzi95 and T. 

gondii96. Moreover, IL-27 can suppress the expression of forkhead box P3 (Foxp3) 

positive regulatory T cells97 and can act as a negative regulator of human neutrophil 

function98. Recent studies also confirmed that IL-27 has anti-tumor effects98, 99.  

More recent reports have described the capability of IL-27 to suppress TH17 cells 

by inhibiting TH17 cell differentiation, thereby reducing severity of TH17 mediated 

autoimmune disease100, 101. Also, our lab confirmed that IL-17A is the one of the 

pathogenic mechanisms in Sjögren’s syndrome by inducing disease through over 

expression of IL-17A in wild type C57BL/6 mice83.  
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Gene delivery of IL-27 using adeno-associated virus (AAV)-based vectors has 

been shown to convey the advantage of long-term gene expression in treated hosts and 

also gives an inherent feature102-105. Also, previous studies of gene therapy using AAV 

have proven its safety and the ability to elicit a minimal inflammatory response 

compared with other types of gene delivery agents106-109. Adeno-associated virus type 2 

(AAV2) is one of the most extensively studied serotypes among 12 different AAV 

serotypes currently characterized110.  Thus IL-27, a potent inhibitor of TH17 cell 

development may be a useful reagent for treating Sjögren’s syndrome (SjS).  

Hypothesis behind the Present Study 

 The current studies were carried out to determine if increased level of IL-27, 

might effect the progression of SjS in Aec1Aec2 mice. I hypothesize that increased level 

of IL-27 in SjS at the time of disease onset, will be possible to suppress TH17 cells and 

prevent and/or reverse disease progression from Aec1Aec2 mice. Therefore, to address 

this hypothesis, I established two specific aims: (1) To examine disease profile for 

Sjögren’s syndrome after IL-27 delivery into the Aec1Aec2 mouse model of Sjögren’s 

syndrome. (2) To investigate if IL-27 gene therapy can regulate IL-17 producing T 

helper cells (TH17) in the Aec1Aec2 mouse model of Sjögren’s syndrome, in vivo. 

Results 

Disease Profile Assessments for Sjögren’s Syndrome after Gene Delivery 

There are several sets of criteria for defining SjS in humans, but three are most 

critical:  dryness, presence of ANAs and leukocytic infiltration of a minor salivary gland 

(MSG)111, 112. These three diagnostic methods are also utilized for assessing Sjögren’s 

syndrome-like disease in the Aec1Aec2 mouse model, generating a general disease 

profile without an overall assessment of severity per se. 
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Stimulated saliva flow rates in systemic and targeted gene delivery models 

Loss of saliva and tears are the main symptoms of the SjS. To measure the effect 

of AAV2-IL27 on the SjS mouse model, I compared the stimulated saliva flow rates 

among three different treatments groups (saline, AAV2-LacZ, and AAV2-IL27). Figure 4-

1 shows normalized stimulated saliva flow rates against the base line (pre-treatment) 

flow rates. In the systemic delivery group (Figure 4-1A) of gene therapy, although, the 

saliva flow rate was higher than the other two groups (saline and AAV2-LacZ), the 

saliva flow rate in the pre-disease group showed decreased compared to the pre-

treatment level (saliva flow rates were less than 1). However, AAV2-IL27 treatment on 

clinical-disease group showed an increased saliva flow rate when compared with the 

pre-treatment level (saliva flow rates were more than 1) (Figure 4-1A-(a), (c)). Male and 

female mice showed different responses to the AAV2-LacZ and AAV2-IL27 treatments 

(Figure 4-1A-(b)) but AAV2-IL27 treatment appeared to affect the clinical disease profile 

similarly with the same increased saliva flow rates in male and female mice. Mice with 

targeted delivery of AAV2-IL27 showed increased saliva flow rates (saliva flow rates 

were more than 1), which resulted in saliva, flow rates significantly greater than seen in 

mice treated with either saline or the AAV2-LacZ rAAV vector. Both males and females 

showed, increase of saliva flow with AAV2-IL27 treatment (Figure 4-1B).  

Lymphocytic infiltrates in the salivary glands of systemic and target gene delivery 
group 

The number of lymphocytic infiltrates seen in histological sections of minor salivary 

glands is the one of the critical clinic diagnostic tests to identify primary SjS. In the 

Aec1Aec2 mouse model development and onset of autoimmunity in the salivary glands 

is believed to result from acinar cell apoptosis (see Figure 1-1) that signals an influx of 
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leukocytes expressing pro-inflammatory cytokines, establishing lymphocytic foci, first of 

T cell clusters followed by recruitment of B lymphocytes92, 113.  

Figure 4-2 shows a representative picture of lymphocytic infiltrations in salivary 

glands from a mouse inoculated with the AAV2-IL27 vector system. As discussed in 

previous studies1, 86, infiltrates mainly consist of activated T- and B-cells that form 

marginal zone like aggregates (Right in Figure 4-2). Table 4-1 shows the quantification 

of lymphocytic infiltrates (foci) in the salivary glands of the different gene delivered 

mouse groups at 20 week post injection. Results show that there were no statistical 

difference between mice of systemic and targeted delivery groups, and among the 

saline, AAV2-LacZ, and AAV2-IL27 treated groups. Examination of other organs 

revealed that there were infiltrates in lacrimal glands, liver, lung, and kidney. 

Anti-nuclear antibody staining in the sera of systemic and target gene delivery 
groups 

A balance between the induction of humoral responses against pathogen and 

maintaining tolerance against self-antigen is critical for antibody production by activated 

B-lymphocytes. Thus, abnormal production and regulation of antibodies against self-

antigens can be an early indication of tolerance failure. Moreover, inappropriate 

antibody production is a defining and primary step in many autoimmune diseases. For 

example, systemic lupus erythematosus (SLE), one of the well known autoimmune 

diseases, is fist characterized by high titers of anti-nuclear antibodies  (ANA) in sera. In 

most autoimmune diseases, production of ANA and autoimmune disease progression is 

highly conserved114-116. ANA staining using the indirect immunofluorescence technique 

is the standard method to screen for the presence of ANA in patient sera117. HEp-2 
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cells, is the well established and preferred cell substrate for indirect 

immunofluorescence analysis of ANA117-119. 

Figure 4-3 shows representative staining patterns of ANA in sera of the different 

gene delivered mouse groups. Table 4-2 shows the frequency of six different staining 

patterns with 1/50 diluted sera and the quantified antibody titers with 1/400 diluted sera. 

Speckled nucleus and diffuse cytoplasmic staining patterns were dominant among six 

staining patterns in sera from mice inoculated systemically (i.v.). Within this 

experimental group, mice treated with AAV2-IL27 at the pre-disease stage showed 

statistically less positive staining patterns compared with saline and AAV2-LacZ 

delivered groups (Figure 4-4A). Also, AAV2-IL27 treatment on clinical-disease stage 

showed relatively less positive staining than two controls but did not show statistical 

difference. In the other hands, AAV2-IL27 treatment on clinical-disease stage showed 

less quantified score than saline and AAV2-LacZ treated mice (Figure 4-4B). In the 

targeted delivery (Figure 4-5), speckled nucleus and mitotic chromosome staining 

patterns were dominant over other staining patterns. AAV2-IL27 treated mice in the 

target delivery group showed comparatively less positive staining scores when 

considering mitotic chromosomal staining.  

IL-27 and IL-17A Level in the Sera of Gene Delivered Mouse Group 

 Levels of IL-27 and IL-17A were measured in the sera of gene delivered mice at 

20 weeks post gene delivery by ELISA.  Mice inoculated in the pre-disease phase 

(Figure 4-6A) shows that AAV2-IL27 delivered mice have increased levels of IL-27 at 20 

weeks post injection, but decreased levels of IL-17A from 12 weeks post injection. In 

clinical-disease gene delivery group (Figure 4-6B) also showed increased level of IL-27 

from 8 weeks of post injection periods comparatively earlier than pre-disease gene 
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delivery group and showed decreased levels of IL-17A from 12 weeks of post gene 

delivery period compared with levels in mice receiving saline or AAV2-LacZ injections. 

In target delivery group (Figure 4-6C), levels of IL-27 were also increased at 20 weeks 

of post injection period from AAV2-IL27 injection mice and IL-17A level was decreased 

from 8 weeks after target delivery. 

IL-27 and IL-17A Positive Spleen Cells (Splenocytes) in Gene Delivered Mouse 
Group 

Flow cytometry confirmed the positive numbers of IL-27 and/or IL17 splenocytes 

from gene delivered groups (Figure 4-7). CD4+ T-cells were gated and the cells were 

analyzed for IL-27+ or IL-17A+ cells.  AAV2-IL27 delivered mouse groups showed 

increased numbers of IL-27 positive splenocytes over saline and AAV2-LacZ delivered 

groups in both pre-disease and clinical-stage delivery groups by systemic I.V. injection. 

Although, pre-disease group showed increased positive numbers of IL-27, there were 

no difference in IL-17A positive splenocytes among treatment groups. However, AAV2-

IL27 delivery in clinical-disease stage showed decreased IL-17A positive splenocytes 

with increase of IL-27 positive splenocytes. Target delivery showed no difference of IL-

27 and IL-17A positive splenocytes in each gene delivered groups.  

Summary 

In recent years, considerable progress has been made in the treatment of 

autoimmune diseases with IL-27, including experimental autoimmune encephalomyelitis 

(EAE)120 and collagen-induced arthritis (CIA).121 These studies have focused primarily 

on the inhibitory effects of IL-27 on TH17 cells, which release IL-17A.  However, none of 

these published studies has been carried out in Sjögren’s syndrome.  Thus, the aim of 

the present study was to determine if IL-27, a major regulatory molecule of the TH17/IL-
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17A system, is capable of inhibiting and/or reversing disease development in the 

Aec1Aec2 mouse model of SjS. Results revealed that systemic delivery of AAV-IL27 to 

SjS mice at either the pre- or clinical-disease stage resulted in an increased saliva flow 

rate. However, treatment at the clinical-disease stage proved more promising than pre-

disease stage, suggesting that long-term the immune system can recover from a single 

injection of the IL-27-expressing rAAV vector. Also, anti-nuclear antibody staining (ANA 

staining) from systemic delivery group of AAV-IL27, confirmed that there was 

comparatively less positive ‘speckled nucleus’ and ‘diffused cytoplasm’ ANA staining 

patterns from pre- and clinical-disease stages, respectively. Cytokines level from sera 

confirmed increased of IL-27 in AAV2-IL27 delivery groups with a concomitant decrease 

in IL-17A levels. Treatment of IL-27 by target delivery at pre-clinical disease stage 

showed more increased saliva flow rate and less positive ‘mitotic chromosome’ ANA 

staining pattern than control groups (saline and AAV2-LacZ). Taken together, these 

data show a good therapeutic potential for IL-27 in Sjögren’s syndrome, especially the 

feasibility of targeted injections during the clinical stage of disease. It is also possible 

that IL-27 may translate to a potential therapeutic treatment of other autoimmune 

diseases, e.g., psoriasis, rheumatoid arthritis, multiple sclerosis, and SLE, since in 

these diseases there are increased numbers of TH17 cells, which are producing IL-17A.  
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Table 4-1. Quantification of lymphocytic infiltrates in the salivary glands of gene-delivered mouse group. 
Delivery location Gene-delivered time 

 
Delivered gene 

  
Average number of LF from organs 

   Salivary 
glands 

Lacrimal 
glands 

Liver Lung Kidney 

Systemic delivery 
(I.V.) 

 Saline 2.2 ± 1.3 2.8 ± 1.3 - 1.7 ± 0.6 1 
Pre-disease stage AAV2-LacZ 3.0 ± 2.4 2.0 ± 1.4 - 1.2 ± 0.4 1.2 ± 0.4 

AAV2-IL27 4.3 ±2.2 1.5 ± 0.5 1 1.6 ± 0.9 2.7 ± 0.6 
Clinical-disease stage AAV2-LacZ 3.4 ± 2.4 2.5 ± 1.0 1 1 1.5 ± 0.6 

AAV2-IL27 3.3 ± 1.4 4.5 ± 5.0 1 1 2.5 ± 2.1 
Target delivery 

(salivary glands) 
Pre-disease stage Saline 4.0 ± 2.7 2 - - 1.7 ± 0.6 

AAV2-LacZ 3.6 ± 3.1 1.8 ± 0.8 1 1.5 ± 0.6 2.5 ± 0.7 
AAV2-IL27 2.8 ± 2.4 1.8 ± 0.5 - 2.0 ± 1.4 1 

* Score: Mean ± STD 
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Table 4-2. Staining patterns and quantitative anti-nuclear antibody measurements in gene delivered mice groups. 

* Score: Mean ± STD 

 

 

 

 

 

 
 

Speckled 
nucleus 

Homogenous 
nucleus 

Nuclear 
mitotic-spindle 

Mitotic 
chromosome 

Diffuse 
cytoplasm 

Cytoplasmic 
filaments 

Delivery 
location 

Delivery 
timing 

Group (n) % Score % Score % Score % Score % Score % Score 

 
 
 
Systemic 
delivery 
(I.V.) 

 
Pre-
disease 
stage 

Before treatment 
(6), (6wks old) 

100 0.5±0.5 - - - - - - 100 0.7±1.0 - - 

Saline (6) 83 3.2±0.4 - - - - - - 100 1.8± 
1.2 

- - 

AAV2-LacZ (8) 63 3.2±0.4 50 3±0.8 25 0 38 2.7±0.6 75 2.7±0.5 - - 
AAV2-IL27 (8) 71 1.6±0.5 - - 14 2 71 2.4±0.5 100 0.4±0.5 14 1 

Clinical-
disease 
stage 

Before treatment 
 (7), (14wks old) 

100 1.4±1.4 14 4 - - - - 100 1.9±0.9 - - 

AAV2-LacZ (6) 83 2.8±1.3 17 4 17 4 67 2.3±1.5 83 3±0.7 - - 
AAV2-IL27 (7) 100 1.9±1.3 - - - - 71 2.8±0.3 86 0.5±0.8   

Target 
delivery 
(salivary 
glands) 

Pre-
disease 
stage 

Before treatment 
(8),  (6wks old) 

13 0 - - - - 25 0 88 0 - - 

Saline (7) 100 1.7±0.8 - - - - 86 3.2±0.8 - - - - 
AAV2-LacZ (9) 100 1.8±1.0 - - - - 56 2.6±0.5 33 1.3±1.2 - - 
AAV2-IL27 (8) 50 1.3±0.5 13 2 - - 75 0.7±1.0 38 0.3±0.6 - - 
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Figure 4-1. Stimulated saliva flow rate in systemic and target gene delivery. A. Systemic 
gene delivery group. B. Target gene delivery group. (a), (c), and (e): saliva 
flow rate in different treatment mouse group, (b), (d), and (f): comparison of 
male and female in each mouse group with same treatment. 



 

62 

 

Figure 4-2. Lymphocytic infiltration in salivary glands from one of AAV2-IL27 delivered 
mouse. Left: H&E staining of salivary glands. Right: Immunofluorescence 
staining of lymphocytic infiltrates against anti-CD3 to detect T cells (green) 
and anti-B220 to detect B cells (red). 
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Figure 4-3. Frequent anti-nuclear antibody staining patterns in the sera of gene 
delivered mice groups.  
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Figure 4-4. Comparisons of anti-nuclear antibody staining patterns in systemic delivery 
group. 
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Figure 4-5. Comparisons of anti-nuclear antibody staining patterns in target delivery 
group 
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Figure 4-6. Level of IL-27 and IL-17A in sera from gene delivered mouse group. A: 
systemic delivery in pre-disease stage, B: systemic delivery in clinical-disease 
stage, C: target delivery in pre-disease stage. 



 

67 

 

Figure 4-7. Level of IL-27 and IL-17A in spleen cells (splenocytes) from gene delivered 
mouse group. S: saline delivered groups, Z: AAV2-LacZ delivered groups, 27: 
AAV2-IL27 delivered groups. 
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CHAPTER 5 
CONCLUSIONS 

IL-27 Cytokine Function in Sjögren’s Syndrome 

SjS is an autoimmune disease that exhibits a strong sexual dimorphism with 90-

95% of patients being females.  Despite the fact that both female and male Aec1Aec2 

mice develop a SjS-like disease, a sex dimorphism is prevalent in this model in that 

female mice generally develop an earlier onset of pathology and a more severe disease 

of the salivary glands75.  This raises the possibility that the activation states of the 

disease-causing cell populations in male and female mice are different.  Perhaps 

pertinent to this possibility is the fact that our analysis of TH17 cell populations in 

salivary glands at the clinical disease stage reveals a significant increase in infiltration of 

IL-17A-positive cells in female compared to male mice.  Furthermore, at time of disease 

onset (around 20 wks of age), spleens showed drastic differences in the percentages of 

TH1, TH17 and TH1/TH17 double-positive cells with 52%, 11%, and 37%, respectively in 

males, but 37%, 13% and 50%, respectively in females. Elevated IFN-γ levels were 

observed in Aec1Aec2 SjSs animal models40 and are known to activate adhesion 

molecules that attract lymphocytes to the salivary glands122.  Also, studies by 

Karpuzoglu-Sahin and Haas have shown that elevated estrogen levels enhance 

synthesis and secretion of cytokines such as IFN-γ, and that females generally have 

higher numbers of CD4+ T cells123, 124. However, the most recent study by Khan et al.125 

has shown that elevated estrogen levels from wild type C57BL/6 mice enhanced IL-17A 

production and reduced secretion of cytokines such as IFN-γ and IL-27.  Still, it is 

unclear whether or how sex steroids contribute to the differences in SjS disease 

progression observed between the sexes, especially in light of the fact that the current 
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experimental design using relatively young mice would effectively eliminate any effect 

from onset of menopause in the female Aec1Aec2 mice.  

We have proposed that secreted products of TH17 cells, such as IL-17A, could 

contribute to glandular secretory dysfunction86, 126, 127.  IL-21 in conjunction with IL-22 

activates follicular T cells and recruits B cells which are directly involved in the formation 

of germinal center-like structures91.  IL-27 is a general suppressor of TH17 cell 

development and activation by negatively targeting the TH17 cell transcription factor 

RORγt128.  Simultaneously, it up-regulates the TH1 transcription factor T-bet at the early 

TH1 developmental stage129.  IL-27, in conjunction with IL-6, can mediate suppression 

through the induction of IL-10 that inhibits the response of autoreactive T cells130. 

Although, we confirmed that IL-27 co-exists with macrophages and dendritic cells within 

LF of SG from Aec1Aec2 mice, only a limited number of cells showed positive staining 

for IL-27 compared with IL-17A positive cells.  The dramatic shift from a suppressive 

presence of IL-27 to a pathogenic infiltration of TH17 cells signals a change in the 

equilibrium that favors an exacerbation of the disease phenotype.  A severe clinical 

phenotype is more evident in female mice where an elevated level of IL-17A was 

evident and the numbers of TH17 cells, both locally and systemically, are increased, 

concomitantly with higher levels of IL-27 that fail to down-regulate IL-17A levels.  The 

culminations of these immunological events appear to define the dysregulation leading 

to the more severe pathology observed in female mice. 

Reduction of WSX-1 signaling and its related signaling pathway factors in the 

presence of IL-27 in female Aec1Aec2 mice reflect possible dysregulation of internal 

signaling pathways after binding with IL-27.  A recent report from Hashimoto et al.131 
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indicates that soluble WSX-1 (sWSX-1), a splice variant of WSX-1, can replace full-

length WSX-1 and act as a functional subunit.  As such, sWSX-1 would function as a 

potential IL-27R decoy for IL-27, wherein binding of sWSX-1 with IL-27 would then 

inhibit the direct suppressive activity of IL-27 on TH17, or alternatively, shunt its cell 

signaling toward a different transduction pathway in female Aec1Aec2 mice.  We have 

observed (unpublished data) that WSX-1 is released by leukocytes in our cultures and 

that cells from female Aec1Aec2 mice appear to release slightly greater quantities 

following stimulation with TGF-β, IL-6, and IL-27. However, there is no evidence 

indicating this might be the reason for down-regulated expression of WSX-1 on 

differentiating TH17 cells in the presence of IL-27.  No doubt that identifying the 

molecular basis governing membrane-bound and secreted WSX-1 forms will help 

explain the sexual dimorphism in SjS and other related rheumatic diseases.  In any 

event, results of the current study raise potential complications in the effective 

intervention of IL-27 to down-regulate SjS in female patients, especially if TH17 cells 

turn out to be a major factor in the pathology and development of clinical disease. 

Lastly, the recent report from Yoshimura et al.81, and confirmed by El-Behi et al.132, 

indicates that IL-27 is capable of suppressing differentiation of CD4+ T cells to TH17 

effector cells, but have little or no effect on committed TH17 cells even though the latter 

retain expression of IL-27 receptors and activate both Stat1 and Stat3.  Thus, the failure 

of IL-27 to suppress committed TH17 cells must be at the level of RORγt or the IL-23/IL-

23R activation.  Although, El-Behi et al. confirmed that committed TH17 cells express 

functional WSX-1 in vitro, this model is now confounded by the fact that TH17 cells from 

female Aec1Aec2 mice apparently down-regulate their IL-27 receptors (WSX-1) in vitro 
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in the presence of IL-27 after being differentiated by TGF-β and IL-6.  In addition, we 

have confirmed that leukocytes from Aec1Aec2 female mice express less WSX-1 

compared with males, and this apparently correlates with the appearance of increased 

numbers of committed TH17 cells that are refractive to the action of IL-27.  Furthermore, 

recent studies show that WSX-1 deficiency can exacerbate innate immune responses 

by infection through augmentation of antigen presentation and TH1 functions95, 96, 133. 

We would conclude, therefore, that the lower expression of IL-27R in female Aec1Aec2 

mice accelerates the pathogenesis of SjS and is responsible for the differences 

observed in the severity of disease between male and female Aec1Aec2 mice.  

IL-27 Gene Therapy on Sjögren’s Syndrome Mouse Model 

We have previously confirmed that IL-17A-releasing TH17 cells are one of the 

pathogenic elements in SjS with induction of IL-17A into C57BL/6J mice. The findings 

suggested that over expressed IL-17A in the salivary gland of C57BL/6J  resembled the 

SjS disease profile with the appearance of lymphocytic foci, increased IL-17A levels, 

increased positive nuclear speckled staining patterns in antinuclear antibody profiles, 

and temporal loss of saliva flow83, 134. In CHAPTER 3, I presented data confirming the 

capacity of IL-27 for therapeutic use, although males and females showed different 

signal transduction pathways against IL-27 treatment in vitro. An IL-6/IL-12 family 

member, IL-27, which activates T-bet, transcription factor for TH1 cells, and STAT1 

pathway can suppress the TH17. IL-27 can suppress RORγt, transcription factor for 

TH17 cells and thus inhibits expression of IL-17A135. WSX-1, one of the receptors for IL-

27, deficient mice showed greater susceptibility for EAE compared with wild-type control 

mice and exhibited increased levels of IL-17A100.  The current studies were designed 1) 

to assess disease profiles for SjS after IL-27 gene delivery in the SjS mouse model, 2) 
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to compare the treatment on different disease development stages, 3) to compare the 

delivery methods, and 4) to address the possible therapeutic use of IL-27 in the 

regulation of TH17 cells. 

Normalized saliva flow rates post-treatment, when compared against pre-

treatment, were significantly enhanced in mice with local AAV2-IL27 delivery at a pre-

disease stage and its systemic delivery at clinical-disease stage. Although, systemic 

AAV2-IL27 delivery at a pre-disease stage showed greater saliva flow rates than the 

other two control groups (saline and AAV2-LacZ), saliva flow rates were decreased 

compared to the pre-treatment.  If we consider sex differences, the results were varied 

depending on the treatment. Some results showed that transduction efficiencies were 

varied when examining treatment at different ages or at different disease development 

stages or with different sexes in our mouse model.  This is similar to human clinical 

studies using AAV vectors by systemic delivery136-138. Thus, the different saliva flow 

rates in pre-disease mice group might be the different AAV2-IL27 transduction 

efficiency, which needs to be examined. However, targeted AAV2-IL27 delivery into 

salivary glands of SjS mice at pre-disease showed increased saliva flow rate compared 

tp its base line secretion at the beginning of the experiment. As stated, in previous 

studies about the suitable target for gene delivery by AAV139, 140, I also found that target 

delivery into salivary glands might be more efficient than systemic delivery at the pre-

disease stage of SjS. However, an underlying mechanism for IL-27 treatment increasing 

saliva flow rates is still to be defined. One possible mechanism is that IL-27 can reduce 

the autoantibody production, which can bind to muscarinic receptor type 3 (M3R) by 

suppression of TH17 cells. Autoantibody that binds to M3R can inhibit acetylcholine 
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binding to M3R and can affect water secretion through calcium influx in the acinar cells. 

Over production of antibodies can have a profound effect on the function of major organ 

systems, including the salivary glands.  According to Hsu’s study, IL-17A secreting TH17 

cells can drive autoimmune responses by promoting the formation of spontaneous 

germinal centers in autoimmune BXD2 mice141.  

One fascinating feature of SjS autoimmunity in both humans and most animal 

models is the formation of leukocyte aggregates in the salivary and lacrimal glands, 

referred to as either lymphoepithelial sialadenitis (LES) or lymphocytic foci (LF) or 

lymphocytic infiltrates142, 143.  At times, these LF appear histologically to be germinal-like 

centers, and may be indicative of a more pronounced and severe 

hypergammaglobulinemia144.  Although LF and LF scores are important criteria for 

clinical disease and depict the level of lymphocytic infiltrations of the exocrine glands, 

the scores often do not correlate with the severity of disease44.  Until recently, it was 

thought that salivary gland infiltrating leukocytes were mostly B lymphocytes and CD4+ 

TH1 T helper cells.  However, we recently reported that LF contain significant numbers 

of CD4+ TH17 memory T cells plus IL-23-producing macrophages and/or dendritic 

cells127, data that further confirm a similar immunity between human SjS and the SjS-

like disease exhibited by Aec1Aec2 mice.  While Aec1Aec2 mice have proven to be an 

appropriate model for the study of autoimmune exocrinopathy, but similar to other 

mouse models, little attention has focused on possible systemic complications that often 

accompany SjS, especially those indicative of neurologic, respiratory and renal 

involvement. The results from AAV2-IL27 delivered mouse group confirmed this non-
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correlation between saliva flow rate (Figure 4-1) and numbers of lymphocytic infiltrates 

(Table 4-1). 

To screen anti-nuclear antibodies (ANA), the enzyme-linked immunosorbent assay 

(ELISA) or fluorescent ANA test using cultured human esophageal squamous cell 

carcinoma cells, called HEp-2 cells, as the substrate are used. The latter is the most 

common, at present, method used in laboratories145, 146. The titer of a positive ANA 

staining is significant for diagnosis of autoimmune disease including SjS along with the 

frequencies of the staining pattern, which can be useful in the diagnosis of disease147.  

Reduced scores of ANA from AAV2-IL27 treated mice may reflect a reduced production 

of autoantibodies in this set of SjS mice. Systemic delivery showed more staining 

patterns than target delivery. Speckled nucleus and diffused cytoplasm were two major 

staining patterns from the AAV2-IL27 systemic and targeted delivery. Interestingly, 

AAV2 vector (AAV2-LacZ and AAV2-IL27) delivered mice showed mitotic chromosome 

staining pattern, but its meaning remains unclear. It has been known that certain ANA 

staining patterns are associated with specific diseases. Nucleoplasmic speckled and 

nucleoplasmic mitotic patterns in correlates with antibodies to various 

ribonucleoproteins and is seen in mixed connective tissue disorder (MCTD), systemic 

lupus erythematosus (SLE), progressive systemic sclerosis (PSS), and Sjögren’s 

syndrome (SjS)148, 149. Some speckled patterns correlate with antibodies to 

heteronuclear ribonucleoproteins (hnRNP), which can be found in SLE and SS-A and 

SS-B antibodies in SLE and SjS146, 149.  Interestingly, a cytoplasmic staining pattern 

correlated with primary biliary cirrhosis (PBC), MCTD, Crohn’s disease, SLE, and 

SjS148.  
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Lastly, I detected elevated circulating levels of IL-27 in the sera of all AAV2-IL27 

delivery groups (CHAPTER 4), and decreased IL-17 levels in sera. We also detected 

increased levels of IL-27 in splenocytes of AAV2-IL27 delivered mice. The increased 

levels of IL-27 in AAV2-IL27 delivered mice might indicate a regulatory role on TH17 

cells in SjS mice. As we confirmed in previous studies, elevated levels of IL-17 induced 

pathogenic progression of SjS-like disease inC57BL/6 mice. Controlled IL-17 levels by 

IL-27 have shown less pathogenesis in AAV2-IL27 delivered mice. However, there were 

no direct correlations, so far, between IL-27 and disease profile for SjS. 

In conclusion, I have provided some proof of my hypothesis that, in our Sjögren’s 

syndrome mouse model, AAV2-IL27 gene therapy resulted in increased saliva flow rate 

and less positive anti-nuclear autoantibody staining with reduced levels of IL-17 

proinflammatory cytokine in sera and splenocytes. To get more effective results after 

IL27 gene therapy, validating the use of AAV gene transfer with respect to disease 

stage and delivery method are need to be considered. Gene therapy using IL-27 is an 

important new and novel step toward finding effective therapies for the treatment of 

Sjögren’s syndrome.  
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