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Abstract

CD25 knock-out (CD25KO) mice spontaneously develop Sjögren Syndrome (SS)-like 

inflammation. We investigated the role of commensal bacteria by comparing CD25KO mice 

housed in conventional or germ-free conditions. Germ-free CD25KO mice have greater corneal 

barrier dysfunction, lower goblet cell density, increased total lymphocytic infiltration score, 

increased expression of IFN-γ, IL-12 and higher a frequency of CD4+IFN-γ+ cells than 

conventional mice. CD4+ T cells isolated from female germ-free CD25KO mice adoptively 

transferred to naive immunodeficient RAG1KO recipients caused more severe Sjögren-like disease 

than CD4+ T cells transferred from conventional CD25KO mice. Fecal transplant in germ-free 

CD25KO mice reversed the spontaneous dry eye phenotype and decreased the generation of 

pathogenic CD4+IFN-γ+ cells. Our studies indicate that lack of commensal bacteria accelerates 

the onset and severity of dacryoadenitis and generates autoreactive CD4+T cells with greater 

pathogenicity in the CD25KO model, suggesting that the commensal bacteria or their metabolites 
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products have immunoregulatory properties that protect exocrine glands in the CD25KO SS 

model.
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1. Introduction

Sjögren syndrome (SS) is an autoimmune disorder that affects exocrine glands, primarily the 

salivary and lacrimal glands with lymphocytic infiltration leading to dry eye and dry mouth. 

These glands have significant infiltration that results in apoptosis and loss of secretory acinar 

cells [1–4]. The infiltrating cells are a mix of T-cells, B-cells, dendritic cells and natural 

killer cells (NK)[5].

IL-2 receptor alpha chain (CD25) is the binding receptor of IL-2 and the limiting factor of 

IL-2 signaling [6]. CD25 knock-out (CD25KO) mice display several features of SS, 

including dacryoadenitis, sialadenitis, and keratoconjunctivitis [7]. These mice develop 

spontaneous multi-organ inflammatory disease, inclusive of exocrine glands and 

gastrointestinal tract, and hemolytic anemia that leads to early mortality [8]. CD25KO mice 

have no IL-2 signaling, lack regulatory T cells and their autoreactive T cells do not undergo 

activation cell death [7–9]. These mice develop spontaneous dacryoadenitis by eight weeks 

of age, with 50% lacrimal gland infiltration that progresses to complete atrophy by 16 weeks 

of age [10]. This age-dependent lacrimal gland destruction is accompanied by increased 

expression of T cell-related cytokines [10–12]. IFN-γ is critical in this model, as CD25-IFN-

γ double-knock-out displayed delayed dacryoadenitis onset and decreased glandular 

apoptosis while CD25-IL-17 double knock-out had accelerated lacrimal gland destruction 

[12, 13].

Despite autoimmunity, CD25KO and other mouse models that lack regulatory T cells are 

susceptible to environmental cues. It has also been shown that in young scurfy mice, a 

mouse that has a spontaneous mutation in the Foxp3 gene, oral administration of LPS 

exacerbated submandibular salivary gland inflammation, providing evidence that 

microorganisms/microbial products in the mucosa may incite the immune system and trigger 

autoimmunity. Interestingly, daily oral gavage of scurfy mice with Lactobacillus reuteri from 

day 8 to day 21 significantly improved survival and decreased systemic autoimmunity 

compared to control mice [7, 14]. A report showed altered eye associated lymphoid tissue in 

the lacrimal gland of germ-free Swiss-Webster mice, suggesting that microbiota affects 

mucosal lacrimal gland environment [15]. We have reported that germ-free C57BL/6 mice 

spontaneously develop Sjögren-like lacrimokeratoconjunctivitis [16].

The microbiome is the ecological community of commensal, symbiotic and pathogenic 

microorganisms that share our body space. There are trillions of microbes in the body, which 

account for about 1–3% of total body mass. They play a role in metabolism, homeostasis 

and maturation of the immune system [17]. In the gut, the microbiome not only helps 

maintain intestinal homeostasis, it also protects against pathogens and modulates the host’s 
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immune system [18]. Microbial balance and integrity are necessary for good health. The 

microbiome composition is influenced by environmental factors such as diet, antibiotic 

therapy and environmental exposure to microorganisms. A loss of balance (dysbiosis) can 

trigger digestive dysfunctions, allergies and chronic conditions, including obesity and 

inflammatory diseases [19]. We have previously shown that patients with SS have dysbiosis 

of their intestinal microbiome, with an inverse correlation between the number of OTUs and 

the systemic severity score [20].

The purpose of our study was to investigate the role of commensal bacteria in the CD25KO 

murine model of SS. Herein we describe that the germ-free environment accelerated lacrimal 

gland lymphocytic infiltration, glandular destruction and accumulation of IFN-γ producing 

cells. Adoptive transfer of isolated CD4+ T cells from germ-free CD25KO mice into 

RAG1KO mice recapitulated the dry eye phenotype observed in donor mice, demonstrating 

the protective role of microbiota in spontaneous dacryoadenitis. Furthermore, intestinal 

microbiota reconstitution of germ-free CD25KO mice decreased generation of pathogenic 

Th1 cells, suggesting that manipulation of the gut microbiota has the potential to be a novel 

therapy for Sjögren Syndrome.

2. Material and Methods

2.1 Animals

The research protocol was approved by the Baylor College of Medicine Institutional Animal 

Care and Use Committee, and it conformed to the standards in the ARVO Statement for the 

use of animals in Ophthalmic and Vision Research. Germ-free CD25KO (B6;129S4-

IL-2ratm1Dw/J) mice were rederived to germ-free status by embryo transfer at Taconic 

Biosciences and heterozygous F1 mice were delivered to Baylor College of Medicine. 

Subsequent generations of germ-free CD25KO were produced in the Gnotobiotic Rodent 

Facility at Baylor College of Medicine. Conventionally housed CD25KO and RAG1KO 

(Recombination activating gene 1; B6.129S7-Rag1tm1Mom/J) breeding pairs were purchased 

from The Jackson Laboratory (Bar Harbor, ME, USA) for establishing of breeding colonies 

and raised under specific pathogen free conditions in the standard vivarium. Germ-free mice 

receive autoclaved LabDiet 5V0F and conventional mice receive irradiated LabDiet 5V5R 

(PMI Nutrition International, St. Louis, MO). Both groups received water ad libitum, which 

was sterilized for the animals housed in germ-free conditions.

Conventional and germ-free CD25KO mice of both sexes were used at four (n = 15 and n = 

30, respectively) and eight (n = 60; both groups) weeks of age. Six-to-ten week old 

RAG1KO mice (n = 40) were used as recipients in adoptive transfer experiments. Tissues 

were collected after euthanasia and used for more than one endpoint whenever possible. 

Because CD25KO mice have no sex predilection [10], our studies used mice of both sexes.

2.2 Measurement of corneal barrier function

Corneal epithelial permeability to Oregon-green dextran 488 (OGD; 70,000 molecular 

weight; Invitrogen, Eugene, OR) was assessed as previously described [21]. Briefly, 0.5 μL 

of 50 mg/mL OGD was instilled onto the ocular surface 1 minute before euthanasia, then 
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rinsed with PBS and photographed with a high-resolution digital camera (Coolsnap HQ2, 

Photometrics, Tucson, AZ) attached to a stereoscopic zoom microscope (SMZ 1500; Nikon, 

Melville, NY), under fluorescence excitation at 470-nm. The severity of corneal OGD 

staining was graded in digital images using NIS Elements (version 3.0, Nikon, Melville, 

NY) within a 2-mm diameter circle placed on the central cornea by two masked observers. 

The mean fluorescence intensity measured by the software inside this central zone was 

transferred to a database, and the results were averaged within each group.

2.3 Measurement of Goblet Cell Density

Eyes and ocular adnexa were excised, fixed in 10% formalin, paraffin embedded and were 

cut into 5-μm sections using a microtome (Microm HM 340E, Thermoscientific Wilmington, 

DE USA). Sections cut from paraffin-embedded globes were stained with Periodic Acid 

Schiff (PAS) reagent. The goblet cell density was measured in the superior and inferior 

bulbar and tarsal conjunctiva using NIS-Elements software and expressed as the number of 

positive cells per millimeter per eyelid [22].

2.4 Histology and lacrimal gland inflammation score

Extraorbital lacrimal glands were excised, fixed in 10% formalin, paraffin embedded, and 6-

μm sections were cut as previously described [10]. Sections were stained with Haematoxylin 

and Eosin (H&E) for evaluating morphology and graded by two masked independent 

investigators using a modified score described by White and Casarett [23]: 0 = indicated no 

foci of mononuclear cells was observed; 1 = one to five foci (more than 20 cells per focus); 2 

= more than five foci were visible but without tissue damage; 3 = indicated more than five 

foci with moderate tissue damage; 4 = extensive mononuclear infiltration with severe tissue 

destruction; 5 = extensive mononuclear infiltration with no normal acini visible.

2.5 Flow cytometry analysis of infiltrating cells

Single-cell suspensions of the lacrimal glands, conjunctival and cervical lymph nodes were 

prepared as previously reported [16, 24]. CD4, CD8 and B220 cells were stained as 

previously shown [13, 24, 25].

For intracellular staining, 2 × 106 cells from the single-cell suspensions of lacrimal gland 

and cervical lymph nodes (n= seven-to-twelve/group) were plated and stimulated by cocktail 

of Golgi Stop (1ul, Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA), 

Golgi Plug (1ul, BD), Ionomycin (1ug/ul, Sigma-Aldrich, St. Louis, MO, USA), and PMA 

(1ug, Sigma-Aldrich, St. Louis, MO), for five hours in a 37°C and 5% CO2 incubator. After 

the initial incubation, DNAse I (3mg/ml, EMD Millipore Darmstadt, Germany) solution was 

added for an additional 10 minutes at 37°C. Cells were then moved to 5ml conical tubes and 

centrifuged for five minutes at 1500rpm. Cells were resuspended in blue live/dead reagent 

(Invitrogen-Molecular Probes) for 30 minutes in the dark and washed and resuspended in 

Fixation/Permeabilization (Affymetrix, Santa Clara, USA) solutions up to 18 hours in 4°C. 

On the next day, cells were permeabilized, stained with anti-CD16/CD32 for 10 minutes on 

ice, and stained with CD4 (FITC, clone Gk1.5, BD Pharmingen, San Diego, CA), IL-17A 

(PE, clone eBio17B7, eBioscience, San Diego, CA), IL-13 (eFluor 660, clone:eBio13A, 

eBioscience), IFN-γ (Pacific Blue, clone XMG1.2, Biolegend, San Diego, CA), and CD45 
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(Alexa Fluor 700, clone30-F11, Biolegend) antibodies. A BD LSRII Benchtop cytometer 

was used for data acquisition and data was analyzed using BD Diva Software (BD 

Pharmingen) and FlowJo software. The following gating strategy was used: live CD45+ cells 

were gated by the exclusion of live/dead dye, followed by two sequential single cell gates. 

CD4+ T cells were plotted again vs. forward scatter area and frequency of Th subtypes were 

calculated. Biological replicates were averaged.

For IL-12 intracellular staining, single cell suspensions were obtained and 1 × 106 cells were 

incubated for five hours with one μL Golgi Stop (BD Bioscience) and one μL Golgi Plug 

(BD Bioscience) in 1 mL in complete RPMI, as previously published [16]. Cells were 

stained with an infra-red fluorescent reactive dye (Life Technologies, Grand Island, NY) for 

30 minutes, before fixation. Cells were then stained with CD16/CD32 followed by 

incubation with anti-CD45 (BV510, clone 30F11, BD Biosciences), anti-CD11c (FITC, 

clone HL3, BD Biosciences), anti-IL-12 (PE, p40/p70 clone C15.6, BD Biosciences), anti-

MHC II (APC, clone IA/IE, BD Biosciences), and anti-CD11b (PE-Cy7, clone M1/70, BD 

Biosciences). The gating strategy used in this study was as follows: dead cells were excluded 

by gating live dye versus CD45+ cells, subsequently gated by forward scatter height versus 

forward scatter area (singlets 1), then gated on side scatter height versus side scatter area 

(singlets 2). IL-12+ cells were gated based on forward scatter area and subsequently plotted 

CD11c and MHC II. The distribution of IL-12+ cells was then calculated in the subsets. A 

BD FACS CANTO II cytometer (Becton Dickinson, San Jose, CA) was used.

Data was acquired with BD Diva software (version 2.1; BD Biosciences) and FlowJo 

software (version 10.1; Tree Star, Inc., Ashland, OR, USA). Biological replicates were 

averaged.

2.6 RNA isolation and quantitative PCR

Extraorbital lacrimal glands from germ-free and conventional CD25KO were excised, and 

total RNA was extracted using a QIAGEN RNeasy Plus Micro RNA isolation kit (Qiagen) 

following the manufacturer’s protocol [10]. The concentration of RNA was measured, and 

cDNA was synthesized using the Ready-To-Go™ You-Prime First-Strand kit (GE 

Healthcare). Quantitative real-time PCR was performed with specific minor groove binder 

(MGB) probes as previously published [21]. Murine MGB probes were IFN-γ (Ifng, 
Mm00801778), IL-1β (Il1b, Mm00434228), IL-12a (Il12a, Mm00434165), major 

histocompatibility complex class II, MHC-II (MHC-II, Mm00482914), TNF-α (Tnfa, 

Mm99999068), IL-23A (Il23,Mm00518984), IL-17A (Il17a, Mm00439619), hypoxanthine 

phosphoribosyltransferase, HPRT1 (Hprt1, Mm00446968). The HPRT-1 gene was used as 

an endogenous reference for each reaction. The results of real-time PCR were analyzed by 

the comparative CT method, and the results were normalized by the CT value of HPRT-1.

2.7 CD4+ T cell Isolation and Adoptive Transfer

Single-cell suspensions of germ-free and conventional mice were prepared from spleens and 

draining lymph nodes, and CD4+ T cells were isolated by negative selection using rat anti-

mouse CD4-conjugated magnetic beads (MACS system; Miltenyi Biotec, Bergisch 

Gladbach, Germany) following the manufacturer’s instructions [26]. Five x 106 cells were 
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injected intraperitoneally into sex-matched RAG-1 KO mice. These mice were euthanized 

after five weeks, and their tissues were harvested.

2.8 Fecal Microbiota transplant

A fecal microbiota was prepared by collecting fresh stools from C57BL/6J mice into an 

eppendorf tube containing sterile PBS. Stool pellets were crushed with pipette tips and then 

centrifuged at 14,000 rpm for five mins. Supernatants were aspired and fed into mice by oral 

gavage using intra-gastric needles (100ul/mouse). Oral gavage was performed in 4-week old 

germ-free CD25KO mice (n = 31) immediately upon exit from the germ-free facility and 

mice were then housed in the conventional vivarium for another four weeks, when they were 

euthanized.

2.9 Antibiotic treatment

Four-week old conventional CD25KO or wild-type mice (Jackson Labs, Bar Harbor, ME) 

were treated with a cocktail of broad-spectrum antibiotics [0.5mg/mL Ampicillin (Dava 

Pharmaceuticals; Fort lee, NJ), 0.5mg/mL Gentamicin (Life tech; Grand Islands, NJ), 

0.5mg/mL Metronidazole (Hospira; Lake Forest, IL), 0.5mg/mL Neomycin (Sparhawk lab; 

Lenexa, KS), 0.25mg/mL Vancomycin (Hospira; Lake Forest, IL)] dissolved in drinking 

water with 5mg/ml artificial sweetener (Splenda ™, McNeil Nutritionals; Fort Washington, 

PA) as previously described [27]. Mice received the antibiotic cocktail for 4 weeks and they 

were euthanized at 8 weeks of age.

2.10 IL-12 neutralization experiment

Germ-free CD25KO mice were randomized to receive bi-weekly i.p. injections of either 

anti-IL-12p40 antibody (200ug/injection, clone C17.8, n = six) or rat Ig2a isotype control 

(200ug/injection, clone 2A30, n = six) starting at four weeks of age and biweekly until they 

were eight week-old, while they were housed in an isolator. Antibodies were purchased from 

from BioXcell, West Lebanon, NH.

2.11 Statistical Analysis

The sample size was calculated using StatMate 2 (GraphPad Software Inc., San Diego, CA, 

USA) based on pilot studies to have at least 90% power to detect differences with an alpha 

of 0.05. One-way or two-way analysis of variance (ANOVA), Kruskal-Wallis test with 

Tukey’s post hoc testing, parametric student T or non-parametric Mann-Whitney U tests 

were used for statistical comparisons with an alpha of 0.05 whenever appropriate using 

GraphPad Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1 Germ-free CD25KO Have Earlier Onset of Lacrimokeratoconjunctivitis than 
Conventional CD25KO Mice

We have previously shown that CD25KO mice develop lacrimokeratoconjunctivitis, with 

significant ocular and lacrimal gland alterations [10–12]. Therefore we investigated the role 

of commensal bacteria by examining ocular and lacrimal gland phenotypes in CD25KO 
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raised in germ-free conditions and comparing them to CD25KO mice harboring a normal 

microbiome. We observed that germ-free CD25KO mice have greater corneal barrier 

disruption and lower conjunctival goblet cell density compared to conventional CD25KO 

mice at eight weeks of age (Fig. 1A–C). Total lacrimal gland infiltration was measured in 

histologic sections, and epithelial and acinar death was graded by masked observers, using a 

modified score described by White and Casarett [23]. Greater lacrimal gland infiltration 

scores were presented in 4-week old germ-free CD25KO mice, and aging of these mice to 8 

weeks further increased their total lacrimal gland infiltration compared to conventional 

CD25KO mice (Fig. 1D–E). Salivary glands in conventional CD25KO mice had 

lymphocytic infiltration as previously reported [7, 11]; however, no difference in the 

submandibular gland infiltration was observed between germ-free and conventional 

CD25KO mice (data not shown).

The expression of T-cell related and inflammatory cytokines (IL-23, IL-12, IL-17, IFN-γ, 

MHC-II, TNF-α, and IL-1β) was evaluated in lacrimal gland lysates by real-time PCR. 

IL-17A was highly expressed only in the 8-week old conventional mice, while there was no 

change in the levels of IL-23 (Fig. 1F). IFN-γ and IL-12 increased in conventional and 

germ-free mice with aging from 4 to 8 weeks; however, this age-related increase was greater 

in germ-free compared to the conventional group at eight weeks of age (30 vs. 10 fold, 

respectively). TNF-α and IL-1β were more elevated in conventional CD25KO mice. Levels 

of MHC II transcripts were equally elevated in both groups (Fig. 1F).

The cell infiltrate was characterized by flow cytometry in 8-week old conventional and 

germ-free mice. Flow cytometry analysis demonstrated CD8+ T cells were the more 

abundant cell type, irrespective of age and housing condition (Fig. 1G). There was a 

significant increase in the frequency of B220+ cells in the germ-free CD25KO lacrimal 

gland compared to conventional CD25KO at 8 weeks of age.

The phenotype of infiltrating CD4+T cells was further investigated by intracellular staining 

and flow cytometry for signature cytokines IFN-γ (Th1), IL-17 (Th17), and IL-13 (Th2) in 

8-week old mice. Cells were gated from live, single CD45+ cells (Fig. 1H). There was no 

change in the frequency of CD4− IFN-γ+ cells in lacrimal gland and nodes, although there 

was a non-significant increase in the cervical lymph nodes of germ-free mice. Th1 cells 

were the predominant Th subset among Th2 and Th17 cells. A greater frequency of Th1 

cells was present in cervical lymph nodes and lacrimal glands of germ-free CD25KO 

compared to conventional CD25KO mice. We also observed a lower frequency of 

CD4+IL-17+ cells in draining cervical lymph nodes (Fig. 1H). These results suggest that 

commensal bacterial or products produced by them delay the onset of dacryoadenitis in the 

autoimmune CD25KO mouse strain, while favoring generation of Th1 cells.

3.2 Greater Pathogenicity of Adoptively Transferred Germ-free CD4+T Cells in 
Immunodeficient Mice

Several studies have shown that commensal bacteria play an essential role in the induction of 

CD4+T cell differentiation [17]. We previously demonstrated that adoptively transferred 

CD4+T cells isolated from dry eye mice produced inflammation in the lacrimal glands of 

naive immunodeficient mice [26, 28, 29]. To investigate if germ-free CD25KO CD4+T cells 
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are more pathogenic than conventional CD25KO cells, CD4+T cells were isolated from 

spleens and cervical lymph nodes and adoptively transferred into sex-matched RAG1KO 

mice. The dry eye phenotype in the ocular surface and lacrimal gland was investigated five 

weeks post-transfer in RAG1KO recipients. There was an increased uptake of the 

fluorescent dye Oregon-green Dextran (OGD) in corneas of germ-free CD4+ T cell 

recipients compared to conventional CD4+ recipients, indicating greater corneal barrier 

disruption in these mice (Fig. 2A–B). This was accompanied by a significant loss of 

conjunctival goblet cell density in germ-free CD25KO CD4+ T cell recipients (Fig 2C). 

Similar to the phenotype observed in the donor mice, RAG1KO recipients of germ-free 

CD25KO cells had a higher lacrimal gland total lymphocytic infiltration score compared 

with conventional CD25KO recipients (Fig. 2D–E). This was accompanied by increased 

cellular apoptosis and collapse of the acini; some areas of fibrosis were also present (Fig. 

2E).

Adoptive transfer recipients of germ-free CD25KO CD4+T cells had a higher frequency of 

CD4+IFN-γ+ cells in both cervical lymph nodes and lacrimal glands while a significant 

decrease in CD4+IL-17+ cells was noted only in cervical lymph nodes in this group (Fig. 

2E). No difference was noted regarding the frequency of CD4+IL-13+ cells in either site.

Gene expression analysis showed increased expression of IFN-γ, IL-12, MHC II, TNF-α 
and IL-1β in the GF CD25KO mice (Fig. 2G), demonstrating greater inflammation and 

immunogenic changes in the lacrimal gland post-adoptive transfer. There was no change in 

IL-23 or IL-17A mRNA levels (Fig. 2G) in adoptive transfer recipients.

3.3 Fecal Microbiota Transplant Improves Lacrimal Keratoconjunctivitis and Decreases 
Pathogenicity of CD4+ T cells in Germ-free CD25KO Mice

To determine if commensal microbiota improved disease severity in germ-free CD25KO 

mice, we performed colonization experiments by transplanting intestinal microbiota as fecal 

slurry prepared from conventional C57BL/6J mice via oral gavage. Four-week old germ-free 

CD25KO mice removed from the isolators received the fecal transplant and were 

subsequently housed a conventional vivarium for another four weeks. Our results showed 

that germ-free CD25KO mice that received a fecal transplant had significant improvement in 

corneal barrier function, with OGD staining intensity levels similar to conventional 

CD25KO mice (Fig. 3A). Similar improvement in goblet cell density and lacrimal gland 

pathology was seen in germ-free CD25KO mice after fecal transplant (Fig 3B–D).

The amelioration of the dry eye phenotype after fecal transplant suggests modulation of 

CD4+T cell pathogenicity. To test this hypothesis, we performed adoptive transfer 

experiments where CD4+T cells isolated from germ-free CD25KO mice that received a fecal 

transplant were adoptively transferred to RAG1KO recipients. Similar to our findings in the 

donor group, adoptive recipients of fecal transplanted CD25KO mouse CD4+T cells had 

lower corneal barrier disruption, lower lacrimal gland infiltration, and a greater goblet cell 

density than germ-free CD25KO recipients (Fig. 3E–G). Histologic sections of lacrimal 

glands from recipients of germ-free cells that received the fecal transplant showed a 

significant improvement in histologic appearance and inflammation score (Fig. 3G–H). In 

some cases, microbial colonization led to a normal appearing lacrimal gland (Fig. 3H, 
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mouse#2). This was accompanied by decreased frequency of CD4+IFN-γ+ cells in both 

cervical lymph nodes and lacrimal glands of germ-free CD25KO mice that received a fecal 

transplant, compared to germ-free CD25KO recipients (Fig. 3I), demonstrating that 

conventionalization of germ-free CD25KO mice attenuated disease phenotype and 

generation of pathogenic Th1 cells.

Gene expression in lacrimal glands of recipients of fecal transplanted germ-free CD25KO 

CD4+ T cells also showed a significant decrease in IFN-γ, IL-12, MHC II, TNF-α and 

IL-1β mRNA transcripts (Fig. 3J).

3.4 Antibiotic Treatment of CD25KO Mice Increases the Th1 phenotype in the Lacrimal 
Gland

Germ-free mice are born and raised in sterile conditions, and lack of bacteria affects immune 

system development [30, 31]. So far, our results indicate a protective role for commensal 

microbiota in CD25KO mice, despite lack of regulatory T cells in these mice. To investigate 

if acute dysbiosis would mimic the results observed in germ-free CD25KO mice, we 

subjected conventional CD25KO mice to a cocktail of oral antibiotics for four weeks starting 

at four weeks of age and compared lacrimal gland pathology between conventional 

CD25KO and antibiotic treated CD25KO mice. Wild-type littermate mice that received the 

antibiotic cocktail were included as controls. We observed that antibiotic treatment in wild-

type mice did not cause lacrimal gland inflammation (Fig. 4A–B). On the other hand, acute 

ablation of the microbiome by oral antibiotics in CD25KO mice worsened dacryoadenitis 

compared to untreated CD25KO mice (Fig. 4A–B). Furthermore, gene expression in the 

lacrimal gland of antibiotic treated CD25KO mice showed a significant increase in IFN-γ 
and IL-12 mRNA compared to untreated CD25KO indicating that antibiotic-induced 

dysbiosis in CD25KO mice promoted development of autoreactive IFN-γ-producing 

immune cells that worsened dacryoadenitis.

3.5 Neutralization of IL-12 in Germ-Free CD25KO Mice Alleviates Autoimmunity

Since we observed modulation of Th1 cells by commensal bacteria, we hypothesized the 

germ-free environment promoted the generation of Th1 cells through increased production 

of the Th1 priming cytokine, IL-12. Our results suggests that either lack of education of the 

immune system by the gut microbiome (germ-free mice, Fig 1G) or acute dysbiosis 

(antibiotic treatment in conventional CD25KO, Fig 4C) significantly increased IL-12 

expression in the lacrimal gland. To investigate the cellular source of IL-12, we performed 

flow cytometry experiments in cervical lymph nodes, lacrimal glands and conjunctiva, 

comparing conventional and germ-free CD25KO mice (Fig. 5A). CD45+IL-12+ cells were 

gated and subsequently CD11c and MHC II was plotted. We observed an increased 

frequency of IL-12+CD11c+MHC− cells in cervical lymph nodes, lacrimal glands and 

conjunctiva of germ-free CD25KO mice. These results suggest that lack of education of 

some antigen-presenting cells by microbes modulate IL-12 expression.

Next, we performed antibody neutralization of IL-12 (200ug, twice a week) in germ-free 

CD25KO mice, starting at four weeks of age for a duration of four weeks. A separate group 

of germ-free CD25KO mice that were injected with an isotype control antibody in the same 
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frequency served as a control. We used dacryoadenitis infiltration score as the endpoint since 

lacrimal gland acini are exquisitely sensitive to IFN-γ induced apoptosis (Figures 1–3 and 

[13, 32–34]). A decreased lacrimal gland infiltration score was observed in IL-12 depleted 

germ-free CD25KO compared to isotype injected control mice (Fig. 5C–D). Flow cytometry 

analysis showed a decreased frequency of Th1 cells in both the cervical lymph nodes and 

lacrimal glands of anti-IL-12 germ-free treated mice compared to isotype treated control 

mice. There was no change in the frequency of Th17 and Th2 cells with anti-IL-12 treatment 

(Fig. 5E). These results indicate that depletion of IL-12, produced by antigen-presenting 

cells in the germ-free CD25KO model ameliorates the onset and severity of dacryoadenitis 

by decreasing the generation of CD4+ IFN-γ+ cells.

4. Discussion

In this study, CD25KO mice that develop SS-like disease were raised in both germ-free and 

conventional conditions to investigate the role of the microbiome in ocular and lacrimal 

gland homeostasis. Germ-free CD25KO mice had greater corneal barrier disruption, lower 

goblet cell density and earlier onset of dacryoadenitis than conventional CD25KO mice. 

Furthermore, lack of microbes favored the generation of autoreactive Th1 cells, which 

produced greater lacrimokeratoconjunctivitis in RAG1KO recipients of germ-free CD25KO 

T cells. Recolonization of CD25KO with normal stools returned the germ-free CD25KO 

ocular and lacrimal gland pathology to similar levels observed in conventional CD25KO 

mice.

Our results showed that germ-free CD25KO have an earlier onset of dacryoadenitis than 

conventional CD25KO. The effects of the microbiome on the incidence of autoimmune 

diseases are not well understood and seem to be tissue specific [35–38]. In the female non-

obese diabetic (NOD) mouse that develops both type 1 diabetes and salivary gland 

inflammation, female germ-free non-obese diabetic mice had the same incidence of type 1 

diabetes [35, 36], but lower sialoadenitis severity scores than conventional non-obese 

diabetic mice [37]. Their results and ours suggests that despite being target organs in SS, the 

immunopathology that develops in these two glands may be differentially modulated by the 

intestinal microbiota.

Conventional CD25KO had higher expression of IL-1β and TNF- α (MHC II was not 

different between GF and conventional mice) at 8 weeks of age compared to germ-free mice. 

As IL-1β and TNF-α are also secreted by ductal and epithelial cells, we believe that this 

increase might be related to dying/apoptotic epithelial cells that are still present in 

conventional CD25KO mice. The exact point where autoimmunity develops in the donor 

mouse is difficult to predict; however, the onset of lacrimal gland inflammation is similar in 

the adoptive transfer experiments when cells are transferred to the recipient at the same time. 

Therefore, the adoptive transfer experiments allow us to follow the kinetics of disease onset 

before end-stage disease develops and this may be the reason why adoptive transfer 

recipients of germ-free cells have higher IL-1β and TNF-α than conventional CD4+T cells 

recipients.
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We further showed a protective role of intestinal bacteria in the lacrimal gland inflammation 

that develops in the CD25KO. This protective effect was also observed in germ-free 

C57BL/6J mice, which also develop an SS-like disease that can be modulated by 

reconstitution of bacteria from wild-type mice [16]. Germ-free IL-2KO mice, a mouse strain 

with similar phenotypes to the CD25KO strain, displayed increased mortality and 

significantly increased IFN-γ mRNA levels in the colon when they were monocolonized 

with potentially pathogenic E. coli, but not when they were reconstituted with the 

commensal Bacteroides vulgatus [39]. These results indicate how different species and 

strains of bacteria have differential effects on autoimmunity in the IL-2KO SS model.

Fecal microbiota transplantation from normal C57BL/6J mice to the germ free CD25KO 

lowered the pathogenicity of their CD4+ T cells to the level observed in conventionally 

housed CD25KO, both in the donor mice, as well as in the adoptive transfer recipients. This 

indicates that the modulatory effects of the microbiota go beyond the generation of 

regulatory T cells since CD25KO mice are unable to produce these cells after fecal 

transplant, as it has been previously shown [40]. One alternative possibility is that bacteria or 

bacterial products are directly regulating the immune system. In support of our hypothesis, 

daily oral gavage with the probiotic Lactobacillus reuteri DSM17938 from day 8 to day 21 

in scurfy mice, a mouse strain with a Foxp3 mutation that is also devoid of regulatory T 

cells, significantly improved survival compared to untreated scurfy mice (>120 days vs. 25 

days, respectively)[14]. This increased survival was accompanied by a decrease in Th1 cells 

and decreased systemic autoimmunity in liver and lungs.

We identified IL-12, the Th1 inducing cytokine as a factor that may be directly modulated 

by commensal microbiota. There was a 30 fold increase in IL-12 mRNA levels in 8-week 

old germ-free lacrimal gland while a 10 fold increase was present in the conventional 

CD25KO mice compared to 4-week old conventional CD25KO mice (Fig. 1). However, no 

change was observed in IL-23 neither in the donor nor in the recipient mice, a cytokine that 

is needed for IL-17 priming and survival [41–43]. Flow cytometry demonstrated that germ-

free mice have an increased frequency of IL-2+CD11c+MHC II− cells in lacrimal glands, 

draining nodes and conjunctiva compared conventional CD25KO mice. There was no 

difference in the frequency of Th17 cels infiltrating the lacrimal glands of the donor (Fig. 

1H) or recipient mice (Fig. 2F) between germ-free and conventional CD25KO mice, 

suggesting that the increased pathology in these mice is not due to increased Th17 cells 

generation. This finding differs from sialadenitis models of Sögren Syndrome, where a 

pathological role for IL-17 has been described [44–46]. In the anti-IL-12 experiment that 

used an anti-IL-12p40 antibody, a decrease in the frequency of Th1 cells was observed in 

nodes and lacrimal glands, while no change was seen in the frequency of Th17 cells, 

reinforcing that the improvement in lacrimal gland pathology was due to decreased 

generation of Th1 cells obtained with the IL-12 depletion. The pathological role of IFN-γ 
promoting lacrimal and salivary gland acinar health has been described [12, 47–50]. We 

have previously shown that CD25/IFN-γ double knock-out mice have less severe 

dacryoadenitis than CD25KO parental strain, a finding previously observed in the NOD 

mouse model [12, 33].
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Taken together, our findings indicate that manipulation of the gut microbiome could be a 

novel therapeutic option to treat Sjögren syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Germ-free environment worsens severity and accelerates onset of 

autoimmunity in the CD25KO Sjögren Syndrome Model.

• Germ-free CD25KO mice have greater dry eye phenotype and greater 

frequency of CD4+IFN-gamma+ cells infiltrating the lacrimal gland than 

conventional CD25KO mice.

• Adoptive transfer of bulk CD4+T cells isolated from germ-free CD25KO 

mice cause more severe disease in Rag1KO recipients than conventional 

CD25KO mice.

• Fecal material transplant in germ-free CD25KO mice decreases 

dacryoadenitis and ameliorates dry eye phenotype by decreasing generation of 

pathogenic CD4+IFN-gamma+ cells.

• Neutralization of IL-12 in germ-free CD25KO mice decreases severity of 

dacryoadenitis.

• Commensal bacteria have a protective role in the CD25KO Sjögren Syndrome 

Model.
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Figure 1. Germ-Free Environment Worsens Sjögren Syndrome in the CD25KO mice
Conventionally (CON) housed CD25KO mice were compared to germ-free (GF) CD25KO 

mice at four and eight weeks of age. Both sexes were used.

(A–B) Representative pictures of the corneal permeability (A) and accumulative data (B) 

Corneas were stained with fluorescent Oregon-Green dextran (OGD) dye and OGD intensity 

score was calculated in the 2-mm central cornea by two masked investigators. Bar graphs 

show means ± SEM of two independent experiments with four to ten animals per experiment 

(final n = nine to twenty animals/group). Parametric t-test were used to make comparisons 

between groups (p value noted by asterisks). (C) Number of PAS+ conjunctival goblet cells 

counted in paraffin-embedded sections of 8-week old conventional and germ-free CD25KO 

mice. Bar graphs show means ± SEM of two independent experiments with three animals 

per group (final n = six right eyes for each group). Dotted line indicates goblet cell density in 

wild-type animals. Parametric t- tests were used to make comparisons between groups. (D) 

Total lacrimal gland score measured in H&E stained sections. Bar graphs show means ± 

SEM of three independent experiments with three-six animals per experiment (n = nine to 

eighteen right lacrimal glands). Nonparametric Mann–Whitney U tests were used to make 

comparisons of inflammation scores. (E) Representative pictures of haematoxylin and eosin 

(H&E)-stained sections of lacrimal gland. White quadrants insets are high magnification of 
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black lined squares. 10X objective. Smaller quadrants are focused on acini appearance. (F) 

Means ± SD of gene expression analysis in germ-free and conventional lacrimal gland 

lysates. Bar graphs show means ± SD of two independent experiments with a final sample 

size of five to ten samples per group/age. Two-way Anova with Sidak’s post hoc test was 

used for comparison. (G) Flow cytometric analysis of lacrimal gland stained for CD4, CD8 

and B220 at 8 weeks of age. Bar graphs show means ± SD of two independent experiments, 

with a final sample size of six samples per group/age. Parametric t-tests were used to make 

comparisons between groups. (H) Flow cytometric analysis of intracellular staining of 

lacrimal glands and cervical lymph nodes of conventional and germ-free mice at 8 weeks of 

age. Right and left extraorbital lacrimal glands from one mouse were excised and pooled 

into a single tube, yielding a final sample of nine to sixteen individual lacrimal gland 

samples or nodes divided into four independent experiments with three to-four samples per 

experiment. Bar graphs show means ± SEM. Parametric t-tests were used to make 

comparisons between groups.

*P < 0.05; ***P<0.001; ****P<0.0001 age comparison within a group in B, C, D, and F. LG 

= lacrimal glands; CLN = cervical lymph nodes: NS = non-significant
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Figure 2. Adoptive Transfer Recipients of Germ-free CD25KO CD4+T cells Develop SS-like 
Disease
CD4+ T cells were isolated from spleens and cervical lymph nodes (CLN) from either 

germfree (GF) CD25KO or conventional (CON) CD25KO mice and adoptively transferred 

(AT) i.p. into RAG1KO recipients (AT→ RAG). Ocular and lacrimal gland phenotype in 

RAG1KO recipients were investigated 5 weeks post-transfer.

(A) Corneal permeability measured as an uptake of fluorescent Oregon-Green dextran 

(OGD) dye. Bar graphs show means ± SEM of two independent experiments with eight to 

ten animals per experiment (final n = eighteen to twenty animals). Parametric t- tests were 

used to make comparisons between groups. (B). Representative pictures used to generate the 

bar graphs in A. (C) Number of PAS+ conjunctival goblet cells counted in paraffinembedded 

sections expressed as number per millimeter. Bar graphs show means ± SEM of two 

independent experiments with two to three animals per group, yielding a final sample of five 

right eyes for each group. Parametric t- tests were used to make comparisons between 

groups. (D) Inflammation scores of lacrimal gland pathology of donor and AT recipients. 

Bar graphs show average of two independent experiments (final n = thirteen right lacrimal 

glands animals). Nonparametric Mann–Whitney U test was used to make comparisons of 

inflammation scores. (E) Representative pictures of haematoxylin and eosin (H&E)-stained 

sections of lacrimal gland in adoptive transfer RAG1KO recipients; 20X objective, scale bar 

= 50 μm. (F) Flow cytometric analysis of intracellular staining of lacrimal gland and cervical 
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lymph nodes of adoptive transfer recipients (n= eight to fourteen individual right lacrimal 

glands). Bar graphs show means ± SEM of three independent experiments. Parametric t-tests 

were used to make comparisons between groups. (G) Gene expression analysis in lacrimal 

gland lysates of germ-free and conventional CD25KO adoptive transfer recipients. (AT→ 
RAG). Bar graphs show means ± SD of two independent experiments (n = eight lacrimal 

glands/group).

*P < 0.05; ***P<0.001; ****P<0.0001 germ-free vs. conventional comparison

LG = lacrimal gland; CLN = cervical lymph nodes
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Figure 3. Fecal Microbiota Transplant in Germ-free CD25KO Ameliorates the Autoimmune 
Phenotype
Germ-free (GF) CD25KO were removed from isolators at four weeks of age and received a 

fecal transplant (FT) of fecal microbiota and were kept in normal vivarium until they 

reached 8 weeks of age. CD4+ T cells were isolated from spleens and cervical lymph nodes 

(CLN) and adoptively transferred into RAG1KO recipients (AT→ RAG). Ocular and 

lacrimal gland phenotype was investigated in both donor mice and RAG1KO recipients. (A–

D) Donor mice phenotype after fecal transplant. (A) Corneal permeability measured as an 

uptake of fluorescent Oregon-Green dextran (OGD) dye. Bar graphs show means ± SEM of 

three independent experiments (final n = eighteen to twenty-one animals). Parametric t- tests 

were used to make comparisons between groups. (B) Number of PAS+ conjunctival goblet 

cells counted in paraffin-embedded sections. Bar graphs show means ± SEM of two 

independent experiments, final n = five right eyes for each group. Parametric t- tests were 

used to make comparisons between groups. (C) Inflammation scores of lacrimal gland 

pathology of donor and AT recipients. Bar graphs show average of two independent 

experiments (final n = ten animals). Nonparametric Mann–Whitney U statistical tests were 

used to make comparisons of inflammation scores. (D) Representative pictures of 

haematoxylin and eosin (H&E)-stained sections of lacrimal gland in donor mice. (E–J) Dry 

eye phenotype in RAG1KO recipients. (E) Corneal permeability measured as an uptake of 

fluorescent Oregon-Green dextran (OGD) dye. Bar graphs are means ± SEM of two 

independent experiments (final n = eight to ten animals). Parametric t- tests were used to 
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make comparisons between groups. (F) Number of PAS+ conjunctival goblet cells counted 

in paraffin-embedded sections expressed as number per millimeter. Bar graphs show means 

± SEM of two independent experiments, final n = five right eyes for each group. Parametric 

t- tests were used to make comparisons between groups. (G) Inflammation scores of lacrimal 

gland pathology in AT recipients. Bar graphs show average of two independent experiments 

(final n = ten animals). Nonparametric Mann–Whitney U statistical tests were used to make 

comparisons of inflammation scores. (H) Representative pictures of haematoxylin and eosin 

(H&E)-stained sections of lacrimal gland in adoptive transfer RAG1KO recipients; showing 

two mice per group. Black quadrants insets are high magnification of smaller black 

demarcated area. (I) Flow cytometric analysis of cervical lymph nodes and lacrimal gland of 

adoptive transfer RAG1KO recipients. Bar graphs show means ± SEM of two independent 

experiments (final n = seven to eleven animals/group). Parametric t-tests were used to make 

comparisons between groups.(J) Gene expression analysis in lacrimal gland lysates of 

adoptive transfer recipients. Bar graphs show means ± SD of two independent experiments, 

final n = nine to ten mice/group. Parametric t- tests were used to make comparisons between 

groups.

*P < 0.05; **P<0.01; ***P<0.001; ****P<0.0001

LG = lacrimal gland; CLN = cervical lymph nodes; NS = non-significant
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Figure 4. Antibiotic Treatment Worsens Dacryoadenitis in CD25KO mice
Wild-type (WT) and CD25KO mice were subjected to a cocktail of oral antibiotics (ABX) 

for 4 weeks starting at 4 weeks of age and compared to CD25KO at 8 weeks of age that 

drank normal water (n = five/group). All groups were born and raised in conventional 

specific-free pathogen vivarium. (A) Representative pictures of haematoxylin and eosin 

(H&E)-stained sections of lacrimal glands. Large inset squares are high magnification of 

small insets, 10X objective, scale bar = 100 μm. (B) Inflammation scores of lacrimal gland 

pathology. Bar graphs show means ± SEM of two independent experiments, final n = five 

animals. Nonparametric Mann–Whitney U statistical tests were used to make comparisons.

(C) Relative fold of expression of IFN-γ and IL-12 in lacrimal glands. Bar graphs show 

means ± SEM of five samples per group. Parametric t-tests were used to make comparisons 

between groups.

****P<0.0001 wild-type vs. CD25KO comparisons (with and without antibiotics)

Zaheer et al. Page 23

J Autoimmun. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. IL-12 Neutralization in Germ-free CD25KO mice Improves Autoimmunity
A-Single cell suspensions were prepared from conventional and germ-free lacrimal glands 

(LG), cervical lymph nodes (CLN) or conjunctiva and stained with live/dead dye and CD45, 

IL-12, CD11c, and MHC II antibodies. Single cells, alive CD45+IL-12+ cells were gated and 

CD11c and MHC II were plotted.

B–D-Germ-free CD25KO mice, aged four weeks of age, received either anti-IL-12 (α-

IL-12) or isotype control (IC) antibody bi-weekly i.p. injections (200ug/injection) for a total 

of 4 weeks while kept in a germ-free isolator. Mice were used at eight weeks of age (n = six/

group).

(A) Flow cytometry analysis showing distribution of CD45+IL-12+ cells based on CD11c 

and MHC II expression; pie charts of means of four samples. Means and SD are shown 

below. Nonparametric Mann–Whitney U tests were used to make comparisons between 

germ-free and conventional mice, * P<0.05, ***P<0.001.

(B) Representative pictures of haematoxylin and eosin (H&E)-stained sections of the 

lacrimal gland. 20X objective, scale bar = 50 μm. (C) Inflammation scores of lacrimal gland 

pathology. Bar graphs show means ± SEM of two independent experiments, final n = five 

animals. Nonparametric Mann–Whitney U tests were used to make comparisons.
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(D) Flow cytometric analysis of cervical lymph nodes and lacrimal gland. Bar graphs are 

means ± SD of two independent experiments, with a final sample size of six per group. 

Parametric t-tests were used to make comparisons between groups.

LG = lacrimal gland; CLN = cervical lymph nodes; NS = non-significant
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