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Abstract 

CXCL10 is an IFNγ-inducible chemokine implicated in the pathogenesis of type 1 diabetes. T-cells 

attracted to pancreatic islets produce IFNγ, but it is unclear what attracts the first IFNγ -producing T-

cells in islets. Gut dysbiosis following administration of pathobionts induced CXCL10 expression in 

pancreatic islets of healthy non-diabetes-prone (C57BL/6) mice and depended on TLR4-signaling, 

and in non-obese diabetic (NOD) mice, gut dysbiosis induced also CXCR3 chemokine receptor in 

IGRP-reactive islet-specific T-cells in pancreatic lymph node. In amounts typical to low-grade 

endotoxemia, bacterial lipopolysaccharide induced CXCL10 production in isolated islets of wild type 

and RAG1 or IFNG-receptor-deficient but not type-I-IFN-receptor-deficient NOD mice, dissociating 

lipopolysaccharide-induced CXCL10 production from T-cells and IFNγ. Although mostly myeloid-cell 

dependent, also β-cells showed activation of innate immune signaling pathways and Cxcl10 

expression in response to lipopolysaccharide indicating their independent sensitivity to dysbiosis. 

Thus, CXCL10 induction in response to low levels of lipopolysaccharide may allow islet-specific T cells 

imprinted in pancreatic lymph node to enter in healthy islets independently of IFN-g, and thus link 

gut dysbiosis to early islet-autoimmunity via dysbiosis-associated low-grade endotoxemia. 
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1. Introduction 

Type 1 diabetes (T1D) is an autoimmune-mediated disease, the incidence of which has been increasing 

especially in those carrying genetic variants conferring only mild or intermediate susceptibility. This 

suggests that in many cases, environmental factors impact strongly on T1D development. Among a 

multitude of candidates, factors influencing T1D development could relate to delayed or altered 

exposure to microbes including viruses with tropism to pancreatic islets [1, 2], to the increase in 

general hygiene, to changes in diet and nutrition, or to changes in gut microbiota [3, 4]. These may 

affect immune reactivity to environmental and self-antigens, including T1D-related autoantigens. Gut 

microbiota alterations in T1D and islet-autoimmunity have been widely studied [5], and gut dysbiosis 

proposedly predisposes to T1D [6] as well as other autoimmune diseases [7]. Recent prospective 

studies of the gut microbiota metagenome in children at risk of developing T1D suggest that a scarcity 

of microbes capable of producing short-chain fatty acids (SCFA) associates with progression of islet-

autoimmunity [8, 9]. Scarcity of SCFA may deter epithelial integrity essential to its function as a barrier 

to microbial contacts with the host, but it is unclear how this could promote autoimmunity to beta 

cells in pancreatic islets.  

Autoimmunity to beta cells initiates in pancreatic lymph nodes by activation of islet-reactive T cells 

differentiating into IFNγ producing Th1 helper T cells and cytotoxic CD8 T cells. After their egress from 

pancreatic lymph nodes and recirculation in blood, they home to pancreatic islets by chemotaxis. This 

involves receptor-ligand interactions between chemokine receptors on T cells and corresponding 

chemokine ligands expressed in the islets. Th1 and cytotoxic T cells typically express the CXCR3 

chemokine receptor that binds to CXCL9, CXCL10 and CXCL11 chemokines [10].  Among other 

chemokines, levels of CXCL9 and CXCL10 are elevated in sera of children with T1D and in adults with 

recent-onset T1D [11-13]. Pancreatic islets and especially islet beta cells express high levels of CXCL10 

in individuals with recent onset T1D [14-16] and in animal models [15, 17-20]. Cytokines can also 

induce cultured islets to produce CXCL10, along with CXCL9 and CCL8 [15].   
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Despite identification of the IFNγ–inducible CXCL10 as potentially one of the most important 

chemokines in T1D, the stimuli that direct the entry of the “first” diabetogenic T cells into healthy 

islets prior to the existence of IFNγ–producing cells in islets remain elusive. Although tissue-resident 

memory T cells exist in many tissues [21], there is little evidence for T cells residing in healthy islets, 

albeit preproinsulin-specific T cells have been identified in pancreatic exocrine tissue of healthy 

individuals [22]. NK cells also exist in the pancreas of non-diabetes prone mouse strains, and some of 

these may produce IFNγ during early stages of islet-autoimmunity [23]. Islets also contain dendritic 

cells and macrophages fulfilling homeostatic roles in islet development, but despite some evidence of 

IFNγ production by macrophages [24, 25], they are more likely to produce cytokines other than IFNγ 

upon stimulation. Islet-macrophages and beta cells themselves express toll-like receptors (TLRs) and 

other pattern recognition receptors [26] making them responsive to microbes and microbial structures 

such as viruses in the close environment. Due to rich capillary networks surrounding islets, 

macrophages and possibly beta cells themselves can also react to microbial stimuli in the blood 

circulation. Therefore, an increase in the levels of microbial stimuli even only in the circulation may 

exceed or lower the threshold needed for triggering the production of proinflammatory cytokines and 

chemokines within the pancreatic islets [27]. 

Conditions in which host-microbe symbiosis is disturbed may lead to impaired gut barrier function and 

endotoxin leakage from the gut [28]. Using R. gnavus [29] and C. rodentium [30] as intestinal 

pathobionts to model gut dysbiosis, we investigated if dysbiosis or lipopolysaccharide affects islet 

chemokine- and TLR-expression in vivo, and evaluated endotoxin as a potential inducer of CXCL10 

induction in healthy islets in vitro. Our results indicate that pathobiont-induced dysbiosis promotes 

CXCL10 expression in islets and that this requires TLR-4 signaling. In the absence of IFNγ, CXCL10 

production is induced by lipopolysaccharide in islets via type I IFN signaling  and relies mostly on islet 

macrophages. At the transcriptome level, also islet beta cells display LPS-induced Cxcxl10 expression 

together with activation of type-I-interferon, TNF- and TLR-4 signaling pathways. These combined 

results suggest that gut dysbiosis makes islets accessible to autoimmune T cells at the earliest phases 



5 
 

of T1D pathogenesis and that this involves LPS, which may explain the innate interferon response 

reported also previously in islets of NOD mice [17]. 

 

2. Materials and methods 

2.1. Mice 

NOD/ShiLtJ, 8.3-NOD (NOD.Cg-Tg(TcraTcrbNY8.3)1Pesa/DvsJ) and TLR4-KO (B6(Cg)-Tlr4tm1.2Karp/J) 

mice were purchased from Jackson Laboratory and maintained in University  OF…. Rag1-KO (NOD.Cg-

Rag1tm1/Mom/J) were purchased from Jackson Laboratory and were maintained at … Institute. 

CRISPR/Cas9 gene editing was performed by the… Phenomics … to target Ifnar1, IFNγr1 and ifnlr in 

the NOD mouse strain. Briefly, single-guide RNAs (sgRNA) were designed to generate premature stop-

codon mutations within Ifnar1 (sgRNA 5’GCTCGCTGTCGTGGGCGCGG3’), IFNγr1 (sgRNA 

5’CTGTCTGCGAAGGTCGGGAG3’) or Ifnlr1 (sgRNA 5’GAGTAGGGGCGCCCACCGGT3’). The sgRNA and 

Cas9 mRNA were co-injected into NOD/ShiLtJArc embryos, which were used to generate G0 offspring. 

Selective backcross and intercross breeding were subsequently performed to establish mutant NOD 

lines that are deficient for the different interferon receptors - IFN- receptor (IFNAR), IFN- receptor 

(IFNGR) or IFN- receptor (IFNLR): NOD.Ifnar1em16/em16 (em16: 5 base pair deletion at chr16:91,485,359 

= 30 amino acids + stop codon), NOD.IFNγr1em15/em15 (em15: 7 base pair deletion at chr10:19,592,149 

= 24 amino acids + stop codon), and a triple mutant line 

NOD.Ifnar1em16/em16IFNγr1em15/em15Ifnlr1em13/em13 (em13: 16 base pair deletion at chr4:135,686,546 = 13 

amino acids + stop codon).  

The animals were maintained in individually 322 ventilated cages (IVC) under controlled conditions 

with temperature 21 ± 3ºC, relative humidity 55 ± 15 % 323 and 12 h light and 12 h dark light cycle. 

The mice were fed ad libitum with CRM (E) diet (Special Diet Services, 324 Witham, Essex, England) 

and water was provided ad libitum.  
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2.2. Induction of dysbiosis in mice 

We modelled dysbiosis by inoculating mice with either of two microbes, a murine pathogen or a 

human pathobiont.  Citrobacter rodentium (C. rodentium) is an intestinal mouse pathogen used to 

induce colitis, which in healthy mice is self-limiting [31] and in our mouse colonies, induces mainly 

local inflammatory changes in the intestine with an alteration in overall microbiota composition 

(manuscript submitted) and subclinical or mild clinical disease [32]. Ruminococcus gnavus (R. gnavus) 

is commonly present in microbiota of even healthy humans, but competes with other members of 

healthy microbiota and is considered a pathobiont, because its ample representation associates with 

inflammatory pathologies of the gut [29].  

To induce dysbiosis with Citrobacter rodentium, C. rodentium (strain ICC168) was cultured overnight 

in liquid broth in the presence of nalidixic acid (50mg/L). After centrifugation of the culture, bacteria 

were resuspended in a volume allowing 1 x 109 bacteria to be administered in a 200 µl volume by oral 

gavage. Control (CTRL) mice received same volume of culture medium.  

To induce dysbiosis with R. gnavus, mice were first treated with a cocktail of broad-spectrum 

antibiotics (ampicillin 100mg/kg, vancomycin 50mg/kg, neomycin 100mg/kg and metronidazole 

100mg/kg) by oral gavage five (5) days prior to infection with R. gnavus. R. gnavus (a clinical isolate 

obtained from Turku University Hospital laboratory and identified by MALDI-TOF) was cultured in 

fastidious anaerobe (FAB) broth (+ 5g/L glucose) in strictly anaerobic conditions at 37 °C for 48 hrs.  

After centrifugation of the culture, bacteria were resuspended in PBS in a volume of 200 µl (1 x 107 

bacteria) and administered by oral gavage as described above. Control mice were administered PBS 

at the same volume. Our initial experiments detected individual variation in the effects of R. gnavus 

inoculation on gut cytokine profiles and gut permeability measures, and therefore, colon RNA from 

each mouse was analysed with RT-qPCR (Figure S1). Three quarters (75%) of mice showed clearly 

elevated expression of Il1b and Reg3γ, and were included in further analyses.  
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2.3. Evaluation of diabetes development and islet inflammation 

To analyse if dysbiosis affects diabetes development, 4 weeks old NOD mice were treated with C. 

rodentium or medium and were monitored for onset of diabetes until 20 weeks of age. The blood 

glucose concentration was measured (Contour, Bayer, Germany) weekly after 12 weeks of age by tail 

vein puncture. Mice having a blood glucose concentration greater than 12mM for two consecutive 

days were diagnosed as diabetic. 

Insulitis was quantified 2 weeks after treatment with either C. rodentium, or R. gnavus and the cocktail 

of antibiotics by scoring individual islets for mononuclear cell infiltration using cryopreserved pancreas 

sections (5µm) stained with H&E. At least 60 individual islets per pancreas were each scored as follows: 

0, no insulitis; 1, peri-insulitis with or without minimal infiltration in islets; 2, insulitis with <50% 

infiltration of islets; 3, invasive insulitis with >50% infiltration of islets.  

 

2.4. Induction of CXCL10 in islets by in vivo LPS treatment  

To determine if elevated LPS levels in vivo induce CXCL10 expression in islets similarly to dysbiosis and 

if this requires IFN-signaling, LPS from E. coli (Sigma-Aldrich) was injected in a dose of 30 µg into the 

peritoneal cavity of wild-type and genetically modified NOD mice (described above) and to wild-type 

and Tlr4-KO C57/Bl mice (described above). After 48 hours, pancreases were snap frozen in liquid 

nitrogen into Eppendorf tubes. Samples were shipped to Finland on dry ice and processed for 

immunohistochemistry as described below. 
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2.5. Immunohistochemistry of pancreatic islets 

Pancreases were snap frozen in Eppendorf tubes immersed in liquid nitrogen and embedded in Tissue-

Tek OCT before sectioning. 6 µm frozen sections were placed on Superfrost plus slides (Thermo 

Scientific, Waltham, MA, USA) and fixed with cold acetone at -20°C for 5 min. The sections were 

stained using the Shandon Sequenza Immunostaining slide rack with Shandon coverplates (Thermo 

Scientific, Waltham, MA, USA). The sections were blocked with 3% BSA and stained with primary Ab 

for 50 min at RT and secondary Ab for 30 min at RT. The antibodies and concentrations used are listed 

in Table S2. The stained sections were mounted with ProLong Diamond Antifade Mountant (Molecular 

Probes, USA) and visualized with Nikon Eclipse Ti-2 microscope (Japan) and photographed with 

Hamamatsu Orca C13440 Flash4.0 ERG (b/w) ccd camera (Japan).  CXCL10-expression was analyzed in 

a minimum of 20 islets sampled from different levels of each pancreas and quantified as fluorescence 

intensity using ImageJ software. Results are presented as  arbitrary units of mean fluorescence 

intensities (MFI) as calculated based on the sampled islets.  

 

2.6. CXCL10 production ex vivo from stimulated islets 

Islets were isolated from 6-8-week-old male NOD mice using collagenase P (Roche, Basel, Switzerland) 

and Histopaque-1077 (Sigma-Aldrich, USA) density gradient centrifugation as previously described 

[33]. Islets were handpicked and cultured at 50 islets/well in 200 µl complete CMRL medium 

containing 10% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine, in a 37°C, 

5% CO2 humidified incubator. IFN (Biolegend) was added at 100 U/ml and LPS (LPS-EB Ultrapure, 

Jomar Life Research) was added at 10, 50 or 250 ng/ml. Islets were cultured for 2 or 4 days then 

subjected to 6 freeze/thaw cycles, centrifuged and 100 µl of the undiluted supernatant was used 

assayed for mouse CXCL10 by ELISA (R&D Systems, USA). CXCL10 concentrations were calculated from 

a standard curve using GraphPad Prism version 9. 
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2.7. In vivo TLR4 inhibition  

To determine if blocking TLR4 signalling affects CXCL10 induction during dysbiosis, 5-week-old NOD 

mice were injected daily (i.p.) with TAK-242 (3mg/kg in PBS; Calbiochem, San Diego, USA). Dysbiosis 

was induced in NOD mice with C. rodentium (described above), and pancreatic islets were analysed 

for CXCL10 expression by immunohistochemistry (described above).  

 

2.8. CXCL10 antibody treatment  

The function-blocking CXCL10 antibody 1F11 was produced as previously described [34, 35] and used 

to block CXCL10 in vivo. NOD mice were treated 3 times per week by intraperitoneal injection of 100 

µg of 1F11 or isotype control (InVivoMAb Armenian hamster IgG, Bio X Cell, USA) from the age of 4 

weeks to 8 weeks. After the treatment, pancreases were collected for insulitis analysis (described 

above). 

 

2.9. Flow Cytometry 

For flow cytometry lymph node (LN) samples were collected in RPMI media. Single cell suspensions 

were made by digesting lymph nodes with collagenase (100µg/ml, 10min, 37°C, Sigma-Aldrich, USA) 

and pressing cells through metal mesh. Cells were filtered through nylon membrane (77µm), stained 

with trypan blue stain (1:1, Biorad), and counted using a TC-20 automated cell counter (Biorad, USA). 

Staining of the cell-surface markers was performed using selected antibodies in stain buffer (PBS, 2% 

FCS, 0.01% NaN3) for 15 min at 4°C. Zombie dye was used to exclude dead cells. T cells were identified 

by staining with Brilliant Violet 785 conjugated anti-CD45 (clone: 30-F11, BioLegend), Brilliant Violet 
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510 conjugated anti-TCRβ (clone: H57-597, BioLegend), FITC conjugated anti-CD4 (clone: GK1.5, 

BioLegend) and APC-Cy7 conjugated anti-CD8 (clone: 53-6.7, BioLegend) antibodies. To analyze T-cell 

activation in 8.3 NOD mice, cells were stained with PerCP-Cy5.5 conjugated anti-CD44 (clone: IM7, 

BioLegend) and PE conjugated anti-CD69 (clone: H1.2F3, BioLegend).  Insulin B15-23 (VYLKTNVFL) and 

IGRP 206-214 (LYLVCGERG) in complex with H2K(d) MHC tetramers conjugated to allophycocyanin 

(APC) and phycoerythrin (PE)-conjugated LO91-99 tetramer as an irrelevant control peptide were 

obtained from NIH Tetramer Core Facility (Emory University; Atlanta, GA) and used to identify islet-

specific T cells. Tetramers were diluted to 1:500 final concentration before adding to cells that were 

then incubated for 30 min at 4°C. CXCR3 expression on T cells was detected by staining with Brilliant 

Violet 421 conjugated anti-CXCR3 antibody (clone: CXCR3-173, BioLegend). Stained cells were 

analyzed using a NovoCyte flow cytometry (Agilent, USA) and data were analyzed with NovoExpress 

software (Agilent, USA). 

 

2.10. Evaluation of intestinal permeability by LPS-binding protein and haptoglobin levels in serum  

Intestinal permeability was analyzed by measuring LPS binding protein (LBP) and Haptoglobin from 

serum. Blood was collected into coagulation activator containing tubes and serum was prepared by 

centrifugation. The sera were frozen at -20C until analysis. Mouse LBP ELISA Kit (ABCAM, ab213876, 

Cambridge, UK) was used to measure LBP and mouse Haptoglobin ELISA Kit (ABCAM, ab272472, 

Cambridge, UK) was used to measure Haptoglobin according to manufacturer’s instructions and using 

1:10 000 and 1:100 dilutions. 

 

2.11. Depletion of macrophages in islet cultures 
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To deplete macrophages freshly isolated islets of 6-9 week old male NOD mice were incubated at 50 

islet/well in a 96-well plate with 0.25 mg/ml clodronate liposomes (Liposoma BV, Amsterdam, 

Netherlands) resulting typically in more than 80% depletion of F4/80+ cells (Suppl. Figure 4). LPS (LPS-

EB Ultrapure, Jomar Life Research) was added at 10ng/ml and IFN (Biolegend) at 100 U/ml where 

indicated. Islets were cultured for 2 days before collecting supernatant which was assayed for mouse 

CXCL10 by ELISA (R&D Systems, USA) as described above.  

 

2.12. RNA-seq analysis 

Islets isolated from 6–9-week-old male NOD mice were hand-picked into 1 ml dishes and cultured for 

48 h with 10 ng/ml LPS or left untreated. Islets were then treated with trypsin to prepare single-cell 

suspensions, which were stained with anti-CD45 to sort endocrine cells apart from leukocytes. Beta 

cells were further sorted apart of non-beta cells on the basis of their autofluorescence. The 

experiment was repeated on 3 independent days with total of n=5 independent replicates. 

Paired-end RNA-seq libraries were constructed using the Illumina TruSeq mRNA Library Prep Kit and 

sequenced on an Illumina NovaSeq 6000 at the Australian Genome Research Facility. 150bp paired-

end reads were subjected to quality control by FastQC (version 0.11.9). Low quality reads were 

trimmed with Trimmomatic (version 0.40) using a sliding window trimming method, which scans from 

5’ end of a read and clips the read once below the average quality score of Q28 within the 4bp window 

size. Any reads with Nextera Transposase sequences had to be trimmed off. STAR genome index was 

built based on Ensembl mouse genome (Mus_musculus.GRCm39).  The processed reads were aligned 

by STAR (version 2.6.1a) and quantified by HTSeq-count (version 2.0.2). DESeq2 (version 1.36.0) was 

used to determine gene expression changes and differentially expressed genes were extracted to 

perform gene ontology and pathway enrichment analysis by gprofiler2 (version 0.2.1).   
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2.13. Real-time PCR analysis 

Islets were isolated from individual Rag-/- NOD mice and stimulated with LPS for 48 hours. Beta cells 

were sorted as described above and, total RNA was isolated from approximately 5,500 to 15,500 

(average 10,200) beta cells per mouse using the ISOLATE RNA Micro kit (Bioline). First strand cDNA 

was generated using PrimeScript RT reagent Kit (Takara) according to the manufacturer’s instructions. 

cDNA was diluted 1:5 and real-time PCR analysis was performed on a LightCycler 480 (Roche) using 

Perfecta QPCR Fastmix II (Quanta Biosciences). Taqman gene expression primers for murine Cxcl10 

(Mm00445235) and Actb (Mm00607939_s1) were used (Applied Biosystems). Ct values were 

normalized to the Ct values of actin and expressed as dCt. 

 

2.14. Statistical analysis 

Statistical significance for comparisons between two groups was calculated by unpaired two-tailed 

Student’s t-test. For comparisons between multiple groups, p-values were calculated by one-way 

ANOVA followed by Dunnett’s or Tukey’s multiple comparison where indicated. Differences between 

expression levels of transcripts were expressed as -log10 adjusted p value. 

 

2.15. Ethics approval 

Experimentation on animals was approved by national authorities either in Finland (National Animal 

Experiment Board of Finland (License number: ESAVI/19866/2019; ESAVI/479/04.10.07/2016) in 

accordance with the EU Directive 2010/63/EU) or in Australia (St Vincent’s Hospital Animal Ethics 

Committee number 017/17; 013/20). 
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3. Results 

3.1. Gut dysbiosis induces CXCL10 expression in islets and accelerates islet-autoimmunity  

To verify results from a number of earlier studies (reviewed in [36], we stained pancreatic sections of 

6-7 week old female NOD mice for several chemokines (CCL2, CCL4, CCL5, CXCL10 and CXCL12). 

Notably, CXCL10 was stained clearly in pancreatic islets, while staining for the other chemokines 

indicated much weaker expression (Table S1). To model dysbiosis in non-obese diabetic (NOD) mice 

and address the potential influence of dysbiosis on CXCL10 expression, we employed two different 

gut microbes, C. rodentium and R. gnavus, an enteric pathogen in mice [37] and a human pathobiont 

[29]. When administered to female NOD mice (once at 4 or twice at 4 and 6 weeks age; see Methods), 

there was no gross effect on general health or well-being, but there was increased serum 

concentrations of haptoglobin and lipopolysaccharide binding protein (LBP, Figure 1A, B). This is 

consistent with increased gut permeability resulting in gut bacteria or their components leaking into 

the circulation. Induction of dysbiosis by either of these bacteria was associated with increased 

CXCL10 expression in the pancreatic islets (Figure 1C, D). In addition, C. rodentium-induced dysbiosis 

was associated with accelerated development of insulitis during the 4-week follow-up (Figure 1E, F) 

and earlier onset of diabetes compared to controls (Figure 1G). 

 

3.2. Lipopolysaccharide induces CXCL10 expression in islets both in vivo and in vitro  

CXCL10 is produced by mouse islet cells and by NIT-1 cells in response to a combination of cytokines 

including IFNγ [19]. Following the finding that bacteria-induced dysbiosis and increased intestinal 

permeability is associated with increased CXCL10 expression in NOD islets, we investigated if 

mimicking the gut dysbiosis with LPS, either systemically administered or added in cultured islets of 

young (6-8 weeks old) NOD mice induces CXCL10 in islets. Under in vivo conditions, LPS injected into 

peritoneal cavity as a single bolus of 30 µg increased the expression of CXCL10 in the islets within 24 
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h, which was further accentuated after another 24 hours (Figure 2A). Compared to age-matched 

C57BL/6 mice, CXCL10 induction was more robust in NOD mice (Figure 2B). The propensity for 

enhanced CXCL10 expression in the islets following systemic administration of LPS may derive from 

an initial phase of ongoing immune pathology in the islets of NOD mice [38], or some basal level of 

general dysbiosis present in NOD mice, both of which are not evident in C57BL/6 mice. To address this 

further, we tested if LPS induces or augments CXCL10 production in islets in vitro. 

Under in vitro conditions, LPS increased CXCL10 secretion up to 10-fold in cultured NOD islets 

depending on LPS concentration (Figure 2C). As IFNγ is a potent inducer of CXCL10, we also tested the 

potential synergistic effect of LPS and IFNγ on CXCL10 induction. Using a concentration of IFNγ (100 

U/ml), which alone induced only marginal CXCL10 production, LPS potentiated CXCL10 production 10 

to 20-fold starting from as low as 10 ng/ml LPS (Figure 2C).  Additional independent experiments 

showed that CXCL10 production was significantly increased even at the lowest concentration of LPS 

alone (Figure 2D).  Notably, this concentration of LPS is only slightly higher than levels previously 

reported in the serum of mice exposed to a high-fat diet [28]. These combined observations strongly 

suggested that LPS not only augments induction of CXCL10 production by IFNγ, which may be relevant 

when IFNγ levels alone are not sufficient to induce production of CXCL10, but also that LPS can alone 

induce CXCL10 in concentrations relevant of low-grade inflammation (Figure 2C).   

 

3.3. CXCL10 induction in islets is mediated by TLR4  

LPS induces TLR4 expression in pancreatic islets in vitro [26] and in vivo (Figure S2). We therefore 

determined if the increased CXCL10 expression following bacteria-induced gut dysbiosis involves 

recognition of bacterial cell-wall components of gram-negative bacteria. We pretreated mice with the 

TLR4-blocking agent TAK-242 prior to C. rodentium administration. Compared to the levels of CXCL10 

in NOD mice not receiving TAK-242 pretreatment, mice pretreated with TAK-242 expressed 
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significantly lower levels of CXCL10 in the islets following dysbiosis induction (Figure 3A). To confirm 

that induction of CXCL10 in islets is mediated through TLR4 signaling, we treated TLR4-KO mice with 

C. rodentium. While C. rodentium induced CXCL10 in islets of wild type C57BL/6 mice, a similar 

induction was not detected in TLR4-deficient C57BL/6 mice (TLR4-KO Figure 3B). Direct intraperitoneal 

injection of LPS also did not induce CXCL10 in the islets of TLR4-deficient C57BL/6 mice (Figure 3C). 

 

3.4. Dysbiosis promotes activation of IGRP-reactive T cells expressing CXCR3 in pancreatic lymph 

nodes  

Autoimmunity against islets initiates in the pancreatic lymph node (PLN) by activation of islet-specific 

T cells. Using MHC-peptide tetramers targeting T cells recognizing insulin B15-23 or islet-specific 

glucose-6-phosphatase catalytic subunit-related protein (IGRP) 206-214 in complex with H2K(d), we 

determined the effect of dysbiosis on in vivo activation of intrinsic T cells recognizing these 

autoantigens. On average, insulin-specific CD8 T cells comprised 0.5% of all CD8 T cells in the PLN of 

wild-type NOD mice, and induction of dysbiosis with C. rodentium 6 days before analysis did not 

increase their prevalence in PLN (Figure 4A and Figure S3). This is consistent with a previous report on 

the effects of co-housing on autoimmunity in NOD mice [39]. However, IGRP-specific T cells in the PLN 

demonstrated a significant increase with some mice having a >2-fold increase, albeit the prevalence 

of IGRP-specific T cells was noticeably variable between mice at 6 days post-infection with C. 

rodentium (Figure 4B and Figure S3). While only a small proportion of all CD8 T cells in PLN expressed 

CXCR3, a substantial proportion (up to 50%) of IGRP-specific T cells expressed CXCR3 (Figure 4C, D).   

Imprinting of T cells with chemokine receptors follows the encounter with their cognate antigen 

presented to them in the lymph node [40]. To evaluate the imprinting efficiency of islet-specific T cells 

in PLN, we determined the dynamics of CXCR3 expression among transgenic, IGRP-specific 8.3 T cells 

based on their CD44 and CD69 expression profiles. Similar to wild-type NOD mice, dysbiosis also 
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affected IGRP-specific T cells in 8.3 transgenic mice, in which over 90% of CD8 cells were IGRP-specific 

(not shown), and this was evidenced by an increase in their CD44 expression profile (Figure 4E, F). 

Compared to a low level of CXCR3 expression in naive (CD44-/CD69-) cells, CXCR3 expression increased 

moderately during transition to the next activation phase. Consistently with the function of CD69 in 

mediating a signal for retention in lymph nodes, cells in the final activation state (CD44+/CD69- cells) 

were imprinted with CXCR3 at the highest frequency (Figure 4G).  In comparison to a non-draining 

lymph node, this activated/memory subset (CD44+/CD69- cells) of IGRP-specific T cells was 

significantly more often imprinted with CXCR3 expression in PLN (Figure 4H).  

 

3.5. CXCL10 mediates T-cell entry into islets during early insulitis 

CXCL10 attracts especially Th1 cells and cytotoxic CD8 T cells, both implicated in islet-destructive 

insulitis [10]. To neutralize CXCL10 chemokine function in vivo we used anti-CXCL10 monoclonal 

antibody 1F11, which binds to free CXCL10 but not to CXCL10 attached to endothelial or other surfaces 

[34]. This antibody prolongs diabetes reversal in NOD mice treated with anti-CD3 antibody and delays 

the onset of diabetes in RIP-LCMV mice [36]. Dysbiosis was induced to 4-week-old NOD female mice 

with C. rodentium, which were treated with intraperitoneal injections of 1F11 three times a week until 

8 weeks of age, after which we determined the overall level of insulitis and its cellular composition.  

In mice treated with 1F11, fewer lymphocytes had accumulated in islets compared to mice treated 

with the species- and isotype-matched antibody. Their mean insulitis score was 40% lower, and the 

proportion of islets determined intact (insulitis score 0) was 20% higher in 1F11–treated mice 

compared to control-treated mice (Figure 5A, B).    

We also evaluated if blocking CXCL10 affects the accumulation of CD4 and CD8 T cells in islets as Th1 

cells and cytotoxic CD8 T cells express CXCR3 and become imprinted with CXCR3 during their activation 

in the pancreatic lymph node, as confirmed above for IGRP-reactive CD8 T cells. Simultaneous staining 
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of CD4- and CD8-expressing T cells and of CD19-expressing B cells in pancreatic sections revealed a 

significant reduction of CD4 and CD8 T cells in relation to B cells (CD19+ cells) in islets (Figure 5C-E). 

 

3.6. T cells and interferon-γ are dispensable for LPS-induced CXCL10 production in islets  

Inflammatory Th1 and Tc1 cells are potent producers of IFNγ, and the prominent CXCL10 expression 

seen in islets of new-onset T1D and in animal models [36] likely reflects the effects of infiltrating T 

cells on CXCL10. To address if T cells and IFNγ are an absolute requirement for CXCL10 production in 

islets, we tested CXCL10 production in islets either devoid of T cells or non-responsive to IFNγ. LPS 

induced CXCL10 secretion in islets from RAG1-deficient NOD mice at a concentration as low as in wild-

type islets. At higher LPS-concentrations, CXCL10 secretion increased comparably to wild-type islets 

(Figure 6A). Similarly, LPS was able to induce CXCL10 secretion in islets isolated from IFNGR-KO NOD 

mice. As expected, IFN-γ did not stimulate or augment LPS-stimulated CXCL10 secretion in these islets 

(Figure 6B).  

 

3.7. Type I interferons mediate IFNγ-independent induction of CXCL10 by LPS in islets  

Among other proinflammatory mediators, type I interferons induce Cxcl10 transcripts in EndoC-βH1 

beta cells [41]. The CXCL10 promoter contains a functional interferon-sensitive response element 

(ISRE) [42], and in murine macrophages, induction of Cxcl10 by LPS involves IFNβ activity [43]. 

Accordingly, we injected LPS into the peritoneal cavity of IFNAR-KO and IFNGR-KO NOD mice, as well 

as NOD mice deficient for three interferon receptors: IFNAR, IFNGR and the interferonλ -receptor 

(IFNLR). Although CXCL10 expression increased in response to LPS in islets of both IFNAR-KO and 

IFNGR-KO mice, mice deficient for both IFNAR and IFNGR, as well as IFNLR (“Triple KO mice”), showed 

little if any response to LPS. This was consistent with both type I and type II interferon–induced 
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mechanisms being activated by LPS in vivo (Figure 6C). Thus, IFNAR and IFNGR are mutually redundant 

and can substitute for each other for CXCL10 induction in vivo. These may involve systemic effects on, 

for example, NK cells making IFNγ in response to LPS [44].  In cultured islets, unlike islets from IFNGR-

KO mice, islets from IFNAR-KO mice showed relatively little to no CXCL10 production in response to 

LPS, indicating that induction of CXCL10-production in islets in response to LPS requires type I 

interferon signaling.  In the presence of the small amount of IFNγ, IFNAR-KO NOD islets responded to 

LPS similarly to wild-type NOD islets suggesting synergy between LPS and type II interferon to induce 

CXCL10 production in islets (Figure 6D).   

 

3.8. Induction of CXCL10 by LPS involves islet macrophages 

During the development of islet-autoimmunity, islets become progressively infiltrated by a variety of 

lymphoid and myeloid cells, along with a subtype of macrophages expressing inflammatory markers 

and Cxcl10 [38]. These cells may represent resident macrophages activated in the islets following the 

accumulation of inflammatory cells [27, 45].  However, resident macrophages may also respond to 

innate immune stimuli, including LPS, in islets under steady state conditions [27]. The CXCL10 

promoter contains a functional nuclear factor kappa B (NF-κB) element [46], which may allow induced 

expression of CXCL10 by proinflammatory cytokines, such as TNF, produced by resident macrophages. 

Intriguingly, depletion of resident macrophages by clodronate abolished CXCL10 induction in cultured 

islets by LPS (Figure 6E), suggesting that CXCL10 induction by LPS requires resident macrophages. 

While islets devoid of macrophages made very little CXCL0 in response to LPS or TNF (Figure 6E), IFNγ 

in combination with LPS was able to induce a low yet appreciable level of CXCL10 production in wild-

type but not IFNGR-KO islets (Figure 6E). This is consistent with islet endocrine cells producing CXCL10, 

which may accelerate immune cell infiltration into the islets once IFNγ is already available in the islets.    
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3.9. LPS activates broad cytokine and interferon signaling in islet beta cells   

CXCL10 is made in NIT cells in response to cytokines [19], but it remains unclear if primary beta cells 

produce CXCL10 and in response to LPS. RNA sequence analysis of beta cells purified from dispersed 

islets of NOD mice following their stimulation with LPS showed immune activity on a broad scale 

(Figure 7). A total of 657 genes (> 2-fold increase) were differentially expressed in LPS-treated beta 

cells, whereas 256 genes were differentially expressed in β-cells cultured without LPS (Figure 7A). The 

genes upregulated by LPS included those related to molecular pathways for cytokine signaling, TNF 

signaling and interferon signaling, as well as MHC class I antigen processing/presentation and TLR4-

activated signaling (Figure 7A, B). As would be expected based on the results described above, Cxcl10 

expression was increased in response to LPS (Figure 7A, C, D). Moreover, expression of both type I and 

type II interferon-receptors was upregulated in LPS-stimulated beta cells along with differential 

expression of genes within the TNF-signaling pathway (Figure 7B, C).   

 

4. Discussion 

The association of CXCL10 expression with the development of insulitis is widely documented in T1D 

[36]. In distressed islets of the diabetic pancreas, CXCL10 expression is detectable at relatively high 

levels [14], while little if any CXCL10 is detectable in islets of healthy individuals [14, 36]. Similarly, 

CXCL10 expression is barely detectable in young NOD mice with healthy islets, but increases as insulitis 

progresses during the pre-diabetic stage [15]. In the spontaneously diabetic BB rat model, CXCL10 

expression in the islets also develops along with the development of islet autoimmunity. Of note, 

reprogramming gut microbiota development by weaning to casein hydrolysate diet reduced CXCL10 

expression in diabetes-prone rats [20].  
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In this study, we report that gut dysbiosis accelerates insulitis and diabetes development in NOD mice, 

and identified CXCL10 induction in islets as the mechanism mediating this effect. We show that CXCL10 

induction is dependent on TLR-4 signaling and that it associates with elevated serum levels of 

lipopolysaccharide-binding protein (LBP) and haptoglobin, which reflect absorption of LPS and other 

microbe-derived molecules and increased gut permeability. We also found it possible to inhibit 

dysbiosis-accelerated insulitis by neutralizing CXCL10 in mice. We show that LPS induces CXCL10 

production in healthy islets in a manner in which IFNγ-signaling is redundant to type I interferon 

signaling. In light of our observation that LPS induces CXCL10, it is noteworthy that TLR4-/- NOD mice 

show accelerated diabetes incidence [47, 48]. However, TLR4 deficiency in NOD mice associated with 

dysregulated metabolism in the form of insulin resistance, abnormalities of energy metabolism and 

reduction of circulating short-chain fatty acids, all of which impact on blood glucose levels [48]. TLR4-

signaling also regulates microbiota composition [49] and B-cell activation [50], thus indicating broader 

function for TLR4 in diabetes development than merely the induction of proinflammatory cytokines 

and CXCL10 expression. Pathobionts such as C.rodentium and R. gnavus may impact on diabetes 

development not only by increasing absorption of bacterial lipopolysaccharides from the intestine but 

also by metabolites produced by these and other bacteria.   

Gut dysbiosis relates to a state of dysregulation in overall microbial composition or in colonization of 

the intestine with microbes determined as symbionts or pathobionts. Dysbiosis relates also to harmful 

changes in gut physiology including an increase in inflammatory activity.  We modeled gut dysbiosis 

in mice using R. gnavus, which is a normal constituent of human microbiota but considered a 

pathobiont [29] and with C. rodentium.  C. rodentium is considered a mouse pathogen [30], but in our 

colonies of wild-type mice, it induces an asymptomatic or very mild infection [32], and simultaneously, 

it alters microbiota composition [37]. C. rodentium–infection accelerates insulitis in NOD mice [51], 

and we found that C. rodentium as well as R. gnavus accelerated insulitis and promoted CXCL10 

expression in islets of young NOD mice. Intriguingly, increased zonulin levels caused by impaired gut 

barrier function have been reported in individuals who later developed T1D [52, 53]. Despite such 
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observations, there are few insights into the underlying mechanisms associated with T1D 

autoimmunity. In experimental systems, evidence exists to link impaired barrier function to 

autoimmunity in pancreatic islets. Accordingly, experimental disturbances impairing intestinal barrier 

function increased activation of islet-antigen specific T cells in pancreatic lymph nodes in the BDC2.5 

mouse model, as well as CD4 and CD8 T cells in the low-dose streptozotocin model [54, 55].  

We used antigen-MHC tetramers to track naturally occurring insulin- and IGRP-reactive T cells in NOD 

mice to study the effects of pathogen-associated dysbiosis in the activation of autoreactive T cells in 

pancreatic lymph nodes in wild-type mice. By dissecting stages of T-cell activation in pancreatic lymph 

nodes, we confirm an increase in CXCR3 expression in IGRP-reactive T cells, and identify this to take 

place when they have turned positive for CD44 and negative for CD69 expression, i.e. at the stage 

when they prepare for their egress from pancreatic lymph nodes. Based on the RIP-LCMV model, the 

impact of the CXCR3/CXCL10 axis in autoimmune diabetes appeared first decisive [18, 19], but in a 

more recent study, the 1F11 antibody [56], used also in this present study, offered only marginal 

protection against diabetes development. In the model of cyclophosphamide-accelerated diabetes in 

NOD mice, the role of CXCL10 in T-cell chemo-attraction appeared redundant, although CXCL10 

neutralization by antibody treatment inhibited diabetes development [57]. Rather than inhibiting 

lymphocyte accumulation, the treatment promoted beta cell regeneration, a phenomenon 

subsequently linked to detrimental effects of CXCL10 expression upon viability of beta cells [58]. The 

necessity of the CXCR3/CXCL10 axis in diabetes development was also challenged by a study reporting 

accelerated insulitis and diabetes development in NOD mice made congenic for a null-mutation in 

CXCR3 [59]. However, the absence of CXCR3 can induce other effects in addition to disrupting CXCL10-

based recruitment to the islets and, as a genetic modification, is likely to interfere with developmental 

aspects of the immune system involved in T1D autoimmunity, leading to different outcomes. This is 

similar to the differences reported between TLR4-deficient NOD mice and NOD mice subjected to 

treatment with a TLR4 antagonist [47, 60]. 
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Despite some variable results obtained with anti-CXCL10 antibody treatment, studies using the RIP-

LCMV model and hyperglycemia reversal model with anti-CD3-treatment of diabetic NOD mice report 

clear therapeutic effects after neutralization of CXCL10 [61]. In the present study, we tested the 

therapeutic effect of CXCL10 neutralization on early T-cell recruitment in NOD mice with gut dysbiosis 

and focused on CXCL10 expression in their islets. Although not completely prevented, insulitis was 

inhibited significantly by neutralization of CXCL10.  Importantly, neutralization of CXCL10 had a 

selective effect on recruitment of T cells (both CD4 and CD8 subsets), while it allowed B-cell 

recruitment to continue. Although B-cells do not express CXCL10, it is possible that the selective 

inhibition of T-cell recruitment may also indirectly alter the composition of numerous B-cell subsets 

present in islets[38]. The present study nevertheless corroborates a functional role for CXCL10 in T-

cell recruitment in islets and provides relevance for anti-CXCL10 therapies as a potential intervention 

strategy to halt progression of T-cell recruitment arising from gut microbiota interactions with host 

immune system [9, 62] including LPS [63].   

Macrophages are the only leukocytes present in islets at birth and persisting in the islets as NOD mice 

age [38, 64]. A subset likely arises from these resident macrophages and expresses a number of 

proinflammatory transcripts including chemokines Cxcl9 and Cxcl10 [27, 38]. Systemic administration 

of a small amount (100 ng) of LPS induces Cxcl10 transcripts both in wild-type and Rag1-/- NOD mice 

[27], indicating that T cells are not an absolute prerequisite for induction of Cxcl10 in islet-resident 

macrophages. We found that even a low concentration of LPS, corresponding to levels measured 

during metabolic endotoxemia [65], induced CXCL10 production in cultured islets of Rag1-/- and also 

of IFNγr -/- NOD mice; thus dissociating CXCL10 production in islets from the necessity of IFNγ and T 

cells. In cultured murine macrophages, Cxcl10 transcripts are induced by LPS even at a relatively 

minute concentration (0.1 ng/ml) [44], indicating that CXCL10 expression in islets may be stimulated 

by LPS at levels well comparable to metabolic endotoxemia [65]. Consistent with the notion that islet-

resident macrophages and macrophages in barrier tissues are adapted to sense microbial products 
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such as bacterial lipopolysaccharides in blood [27], we found that chemical depletion of macrophages 

in islets before stimulation with LPS strongly inhibited CXCL10 production.  

Although depletion of macrophages impacted strongly on CXCL10 production in islets, CXCL10 can be 

induced in various non-immune cell types including keratinocytes, fibroblasts, astrocytes and 

endothelial cells [66]. Positive staining of endocrine cells islets for CXCL10 in immunohistochemistry 

of human and rodent islets [11, 14] suggests that endocrine cells may also produce CXCL10. NIT-1 cells 

produce CXCL10 transcripts in response to cytokine stimulation [19], but the potential of islet beta 

cells to produce CXCL10 and to respond to LPS was not previously addressed. In addition to 

macrophages [27], beta cells also express toll-like receptors including TLR4 [67], and as documented 

earlier [26], islet cells upregulate TLRs in response to LPS.  We addressed the biological significance of 

TLR4 expression in beta cells by studying the transcriptome of beta cells purified from LPS-stimulated 

islets, and found upregulation of Cxcl10 and other genes associated with the TLR4-signaling pathway. 

LPS also upregulated genes for inflammatory responses, including signaling pathways for type I 

interferon and TNF, along with upregulated genes for antigen processing and presentation of MHC 

class I molecules. Of the interferon-regulated transcription factors (IRF), LPS induced expression of 

Irf1, Irf7 and Irf9 in beta cells. In particular, IRF7 is implicated in mediating endotoxin-induced type I 

interferon production in macrophages [68]. The strong induction of IRF7 in beta cells may augment 

activation of the type I interferon signaling pathway in beta cells, conventionally attributed to 

infiltrating macrophages [69]. Activation of these identified pathways in beta cells may thus facilitate 

both the entry of autoimmune T cells in islets and the direct recognition of beta cells by autoimmune 

CD8 T cells. This suggests that LPS can prime also beta cells themselves for their eventual destruction. 

Of the type I interferons, IFNβ can be induced by LPS [70, 71], whereas there is no evidence of IFNα 

being induced by LPS. The lack of CXCL10 production in islets of Ifnar-/- mice following LPS stimulation 

indicates that IFNβ is the likely key to type I-interferon-mediated LPS effect in islets, because Ifnar-/- 

mice used in this study lack IFNAR1, which is required for signaling of both IFNA and IFNβ interferons 
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[72].  The ability of LPS to induce IFNβrelies on the MyD88-independent pathway of TLR4 signaling, 

and IRF3 is the key transcription factor mediating type I interferon production in response to LPS  [73]. 

IRF7 may play a role downstream of IFNAR, as IFNβ induction in response to LPS abolished in Ifnar1-

deficient murine macrophages, reportedly deficient also of IRF7 [68, 69].  Moreover, CXCL10 

production in response to TNF strongly inhibited following macrophage depletion in islets. The CXCL10 

promoter also contains a functional nuclear factor kappa B (NF-κB) element [46], which probably 

allows CXCL10 to be induced effectively in islet macrophages activated by a variety of TRAF-containing 

TNFSFR-receptors in addition to interferon receptors. 

Although several mechanisms have been identified related to how gut microbiota and gut dysbiosis 

may intersect with islet-autoimmunity [74], the present study is perhaps the first to identify a 

sequence of innate immune mechanisms by which gut dysbiosis may make islets vulnerable to 

destruction by islet-autoantigen specific T cells. Our results pinpoint circulating endotoxin as an 

effector molecule that can induce production of CXCL10 chemokine by both islet macrophages and 

beta cells, and a type I interferon, IFNβ, being the mediator of this downstream endotoxin effect. The 

subsequent increase in local CXCL10 within the islets enhances the recruitment of T cells imprinted in 

PLN with CXCR3. T-cell activation in NOD mice has been shown to be preceded by a phase of type I 

interferon signature in islets [17]. Our study indicates that this may derive from dysbiosis-related 

endotoxemia, either alone or in synergy with other potential type I interferon-inducers to attract the 

earliest T cells in islets.   
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Figure Legends 

Figure 1: Dysbiosis increases gut leakiness in NOD mice and promotes CXCL10 expression in pancreatic 

islets. Haptoglobin (A) and LBP (B) levels in serum, and (C, D) CXCL10 expression in islets 

(Green=CXCL10) 7 days after dysbiosis induction with C. rodentium or R. gnavus. (E, F) Level of insulitis 

14 days after dysbiosis induction. (G) Acceleration of diabetes development following dysbiosis 

induction with C. rodentium (n=21 per group). Each data point represents one mouse. Data are from 

three independent experiments, all mice were female NOD mice. In G, the difference in cumulative 

diabetes incidence is significant at week 14 and non-significant at week 19. Unpaired two-sided 

Student’s t-test, p*<0,05; p**<0,01; p***<0,001. See also Figure S1. 

 

Figure 2. Induction of CXCL10 by LPS in vivo and in vitro without and with IFNγ. (A) CXCL10 expression 

in islets after intraperitoneal injection of LPS (30 µg). (B) Induction of CXCL10 in C57BL/6 mice by 

intraperitoneal LPS. (C) In vitro LPS stimulation of cultured islets from young NOD donor mice with or 

without IFNγ (Mean + SEM). (D) Dose-response of CXCL10-induction by LPS in cultured islets.  In A-B, 

each data point represents one mouse. In A-C, data are from three independent experiments, and in 

D, from additional 4 independent experiments. In (A) p-values were calculated by one-way ANOVA 

with Dunnett’s multiple comparison. In (B) p-values were calculated by one-way ANOVA with Tukey’s 

multiple comparison and in (C, D), with unpaired two-sided Student’s t-test, p*<0,05; p**<0,01; 

p***<0,001; p****<0,0001 

Figure 3. CXCL10 induction by dysbiosis depends on TLR4. (A) Daily treatment with TLR4 blocker TAK-

242 inhibits CXCL10 induction in the islets of C. rodentium-treated NOD mice. (B) Administration of C. 

rodentium to TLR4-KO mice compared to untreated TLR-KO mice and wild-type C57BL/6 mice. (C) 

CXCL10 expression in islets of TLR-KO mice following direct injection of LPS (30µg i.p.). Each data point 

represents one mouse. Data are from three independent experiments. In (A, B), p-values were 
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calculated with one-way ANOVA with Tukey’s multiple comparison, and in (C), with unpaired two-

sided Student’s t-test, p*<0,05; p***<0,001;  p****<0,0001. 

Figure 4. Dysbiosis promotes activation of islet-specific T cells and their CXCR3 expression. Flow 

cytometry analysis of PLN-derived CD45+/TCRβ+/CD8+ cells specific for Insulin (A) and IGRP (B) 

tetramer without and after C. rodentium –treatment (for representative dot-plots, see Suppl. Figures; 

dotted line represents LO91-99 control –tetramer level). (C, D) Expression of CXCR3 on IGRP-tetramer 

positive and negative CD8+ cells in the PLN. (E) Representative dot plots of activation markers CD44 

and CD69 in CD8 cells in the PLN. (F) Activated CD44+/CD69- IGRP-reactive 8.3 T cells in the PLN after 

C. rodentium -treatment compared to control group. (G) Expression of CXCR3 in 8.3 T cells according 

to their expression of CD44 and CD69 in the PLN. (H) CXCR3 expression in activated (CD44+/CD69-) 

cells in the PLN as compared to the brachial lymph node (BLN). Each data point represents one mouse. 

Data are from 3-4 independent experiments. Unpaired two-sided Student’s t-test, p*<0,05; 

p***<0,001; p****<0,0001 (B,D,F) and one-way ANOVA with Tukey’s multiple comparison (G). IGRP-

reactive T cells in transgenic 8.3NOD mice were gated as CD45+/TCRβ+/CD8+ cells (E,F). See also 

Figure S3. 

 

Figure 5. CXCL10 mediates insulitis development and T-cell trafficking to pancreatic islets during 

dysbiosis. (A, B) Level of insulitis in NOD mice dysbiotic after C. rodentium-treatment and the effect of 

anti-CXCL10 antibody (1F11) on insulitis. (C) Representative staining of CD4 and CD8 T cells, and of 

CD19 B cells in islets compared to CD45+ cells. Intensity of CD4 (D) and CD8 (E) cell-staining in islets 

relative to staining of CD19 cells. Each data point represents one mouse. Pancreas sections were 

stained with a cocktail of all 4 antibodies, and the quantifications of CD4 and CD8 in relation to CD19 

were done for the same set of islets.  Intensities were quantitated using ImageJ software and 

expressed as arbitrary units (AU). A minimum of 20 islets were analyzed in each mouse. Data are from 

two independent experiments. Unpaired two-sided Student’s t-test, p*<0,05; p***<0,001 
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Figure 6. Induction of CXCL10 in pancreatic islets lacking T cells or IFNγ- or type I IFN-receptor signaling, 

the effect of myeloid-cell depletion by clodronate, and the effect of interferon receptors in CXC10 

induction in islets in vivo in wild-type and receptor-deficient NOD mice. (A) CXCL10 production in RAG-

KO islets, and (B) in IFNGR-KO islets after stimulation with LPS and IFNγ. (C) CXCL10 expression in islets 

in mice deficient of IFNGR- or IFNAR1-receptor or three receptors (including IFNL-receptor; “triple 

KO”) following LPS injection. (D) Effect of IFNAR1-deficiency on CXCL10 induction in islets treated with 

LPS and IFNγ. (E) Effect of myeloid-cell depletion by clodronate on induction of CXCL10 by LPS, TNF 

and IFNγ in wild type (left) and IFNGR-KO islets (right). Data are from three (A,B,D) and two (E) 

independent experiments of islets from 9 (A,B,D) and 5 (E) individual mice in each genotype (Mean ± 

SEM). In (E), islets were pretreated with clodronate (clod) or left untreated (nil) before stimulations 

with LPS (10 ng/ml) and/or indicated cytokine. Unpaired two-sided Student’s t-test, p*<0,05; 

p**<0,01; p***<0,001; p****<0,0001. In (C), data are from 3 independent experiments, each data 

point representing one mouse. LPS was given in a dose of 30 µg.  In (C, E) p-values were calculated 

with one-way ANOVA with Dunnett’s multiple comparison. 

 

Figure 7.  Transcriptome analysis of β-cells isolated from whole islets cultured with or without LPS for 

48 hours (n=5 independent samples/group). (A) Volcano plot showing genes highly expressed after 

culturing in media with LPS (red, log2 fold change>0) or without LPS (blue, log2 fold change<0). The 

top 30 differentially expressed genes (based on adjusted p value) and Cxcl10 are labeled. (B) Gene 

ontology pathway analysis of genes upregulated in LPS-treated β-cells compared to control β-cells. 

The enrichment plot shows selected KEGG and REAC pathways with -log10 adjusted p value. (C) 

Heatmap of 35 selected genes upregulated in LPS-treated β-cells and have a role in cytokine-signaling 

pathways as defined by the KEGG and REEAC pathways shown in (B). (D) Real-time PCR expression of 

Cxcl10 in untreated and LPS-stimulated β-cells. dCT represents the differential between Cxcl10 and 

housekeeping gene (β-actin) in amplification cycle values giving threshold positivity (BMDM = bone-
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marrow derived macrophages). Each data point represents β-cells from an individual Rag-deficient 

NOD mouse sorted in two independent experiments. Unpaired two-sided Student’s t-test, 

p****<0,0001. 
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Figures 

Figure 1 

 

 

 

Figure 1: Dysbiosis increases gut leakiness in NOD mice and promotes CXCL10 expression in pancreatic 

islets. Haptoglobin (A) and LBP (B) levels in serum, and (C, D) CXCL10 expression in islets 

(Green=CXCL10) 7 days after dysbiosis induction with C. rodentium or R. gnavus. (E, F) Level of insulitis 

14 days after dysbiosis induction. (G) Acceleration of diabetes development following dysbiosis 

induction with C. rodentium (n=21 per group). Each data point represents one mouse. Data are from 

3 independent experiments.NOD mice were all females in each experiment In G, the difference in 

cumulative diabetes incidence is significant at week 14 (ns=non-significant). Unpaired two-sided 

Student’s t-test, p*<0,05; p**<0,01; p***<0,001. See also Figure S1. 

Figure 2 
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Figure 2. Induction of CXCL10 by LPS in vivo and in vitro without and with IFN-γ. (A) CXCL10 expression 

in islets after intraperitoneal injection of LPS (30 µg). (B) Induction of CXCL10 in C57BL/6 mice by 

intraperitoneal LPS. (C) In vitro LPS stimulation of cultured islets from young NOD donor mice with or 

without IFNγ (Mean + SEM). (D) Dose-response of CXCL10-induction by LPS in cultured islets.  In A-B, 

each data point represents one mouse. In A-C, data are from three independent experiments, and in 

D, from additional 4 independent experiments. In (A) p-values were calculated by one-way ANOVA 

with Dunnett’s multiple comparison. In (B) p-values were calculated by one-way ANOVA with Tukey’s 

multiple comparison and in (C, D), with unpaired two-sided Student’s t-test, p*<0,05; p**<0,01; 

p***<0,001; p****<0,0001 
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Figure 3. CXCL10 induction by dysbiosis depends on TLR4. (A) Daily treatment with TLR4 blocker TAK-

242 inhibits CXCL10 induction in the islets of C. rodentium-treated NOD mice. (B) Administration of C. 

rodentium to TLR4-KO mice compared to untreated TLR-KO mice and wild-type C57BL/6 mice. (C) 

CXCL10 expression in islets of TLR-KO mice following direct injection of LPS (30µg i.p.). Each data point 

represents one mouse. Data are from three independent experiments. In (A, B), p-values were 

calculated with one-way ANOVA with Tukey’s multiple comparison, and in (C), with unpaired two-

sided Student’s t-test, p*<0,05; p***<0,001; p****<0,0001. 
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Figure 4 

 

 
 

Figure 4. Dysbiosis promotes activation of islet-specific T cells and their CXCR3 expression. Flow 

cytometry analysis of PLN-derived CD45+/TCRβ+/CD8+ cells specific for Insulin (A) and IGRP (B) 

tetramer without and after C. rodentium –treatment (for representative dot-plots, see Suppl. Figures; 

dotted line represents LO91-99 control –tetramer level). (C, D) Expression of CXCR3 on IGRP-tetramer 

positive and negative CD8+ cells in the PLN. (E) Representative dot plots of activation markers CD44 

and CD69 in CD8 cells in the PLN. (F) Activated CD44+/CD69- IGRP-reactive 8.3 T cells in the PLN after 

C. rodentium -treatment compared to control group. (G) Expression of CXCR3 in 8.3 T cells according 

to their expression of CD44 and CD69 in the PLN. (H) CXCR3 expression in activated (CD44+/CD69-) 

cells in the PLN as compared to the brachial lymph node (BLN). Each data point represents one mouse. 

Data are from 3-4 independent experiments. Unpaired two-sided Student’s t-test, p*<0,05; 

p***<0,001; p****<0,0001 (B,D,F) and one-way ANOVA with Tukey’s multiple comparison (G). IGRP-

reactive T cells in transgenic 8.3NOD mice were gated as CD45+/TCRβ+/CD8+ cells (E,F). See also 

Figure S3. 



40 
 

 

Figure 5 

 

 
 

Figure 5. CXCL10 mediates insulitis development and T-cell trafficking to pancreatic islets during 

dysbiosis. (A, B) Level of insulitis in NOD mice dysbiotic after C. rodentium-treatment and the effect of 

anti-CXCL10 antibody (1F11) on insulitis. (C) Representative staining of CD4 and CD8 T cells, and of 

CD19 B cells in islets compared to CD45+ cells. Intensity of CD4 (D) and CD8 (E) cell-staining in islets 

relative to staining of CD19 cells. Each data point represents one mouse. Pancreas sections were 

stained with a cocktail of all 4 antibodies, and the quantifications of CD4 and CD8 in relation to CD19 

were done for the same set of islets.  Intensities were quantitated using ImageJ software and 

expressed as arbitrary units (AU). A minimum of 20 islets were analyzed in each mouse. Data are from 

two independent experiments. Unpaired two-sided Student’s t-test, p*<0,05; p***<0,001 
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Figure 6 

 

 
 

Figure 6. Induction of CXCL10 in pancreatic islets lacking T cells or IFNγ- or type I IFN-receptor signaling, 

the effect of myeloid-cell depletion by clodronate, and the effect of interferon receptors in CXC10 

induction in islets in vivo in wild-type and receptor-deficient NOD mice. (A) CXCL10 production in RAG-

KO islets, and (B) in IFNGR-KO islets after stimulation with LPS and IFNγ. (C) CXCL10 expression in islets 

in mice deficient of IFNγ- or IFNAR1-receptor or three receptors (including IFNL-receptor; “triple KO”) 

following LPS injection. (D) Effect of IFNAR1-deficiency on CXCL10 induction in islets treated with LPS 

and IFNγ. (E) Effect of myeloid-cell depletion by clodronate on induction of CXCL10 by LPS, TNF and 

IFNγ in wild type (left) and IFNGR-KO islets (right). Data are from three (A,B,D) and two (E) independent 

experiments of islets from 9 (A,B,D) and 5 (E) individual mice in each genotype (Mean ± SEM). In (E), 

islets were pretreated with clodronate (clod) or left untreated (nil) before stimulations with LPS (10 

ng/ml) and/or indicated cytokine. In (A, B) unpaired two-sided Student’s t-test, p*<0,05; p**<0,01; 

p***<0,001; p****<0,0001. In (C), data are from 3 independent experiments, each data point 

representing one mouse. LPS was given in a dose of 30 µg.  In (C-E) p-values were calculated with one-

way ANOVA with Dunnett’s multiple comparison. 
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Figure 7 

 

 
 

Figure 7.  Transcriptome analysis of β-cells isolated from whole islets cultured with or without LPS for 

48 hours (n=5 independent samples/group). (A) Volcano plot showing genes highly expressed after 

culturing in media with LPS (red, log2 fold change>0) or without LPS (blue, log2 fold change<0). The 

top 30 differentially expressed genes (based on adjusted p value) and Cxcl10 are labeled. (B) Gene 

ontology pathway analysis of genes upregulated in LPS-treated β-cells compared to control β-cells. 

The enrichment plot shows selected KEGG and REAC pathways with -log10 adjusted p value. (C) 

Heatmap of 35 selected genes upregulated in LPS-treated β-cells and have a role in cytokine-signaling 

pathways as defined by the KEGG and REEAC pathways shown in (B). (D) Real-time PCR expression of 

Cxcl10 in untreated and LPS-stimulated β-cells. dCT represents the differential between Cxcl10 and 

housekeeping gene (β-actin) in amplification cycle values giving threshold positivity (BMDM = bone-

marrow derived macrophages). Each data point represents β-cells from an individual Rag-deficient 

NOD mouse sorted in two independent experiments. Unpaired two-sided Student’s t-test, 

p****<0,0001. 


