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Abstract

Background

Overexpression of IL-23 in adult mice by means of hydrodynamic tail vein injection of IL-23

minicircles has been reported to result in spondyloarthritis-like disease. The impact of

genetic background and sex on the disease phenotype in this model has not been

investigated.

Methods

We compared male B10.RIII mice with male C57BL/6 mice, and male with female B10.RIII

mice after hydrodynamic injection of IL-23 enhanced episomal vector (EEV) at 8–12 weeks

of age. We monitored clinical arthritis scores, paw swelling, and body weight. Animals were

euthanized after two weeks and tissues were harvested for histology, flow cytometry and

gene expression analysis. Serum cytokine levels were determined by ELISA.

Findings

Male B10.RIII mice developed arthritis in the forepaws and feet within 6 days after IL-23

EEV injection; they also exhibited psoriasis-like skin disease, colitis, weight loss, and osteo-

penia. In contrast to previous reports, we did not observe spondylitis or uveitis. Male C57BL/

6 mice injected with IL-23 EEV had serum IL-23 levels comparable with B10.RIII mice and

developed skin inflammation, colitis, weight loss, and osteopenia but failed to develop arthri-

tis. Female B10.RIII mice had more severe arthritis than male B10.RIII mice but did not lose

weight.

Conclusions

The phenotype of IL-23 induced disease in mice is controlled by genetic background and

sex of the animals. The development of extra-articular manifestations but absence of arthri-

tis in C57BL/6 mice suggests that organ-specificity of IL-23 driven inflammation is
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genetically determined. The mechanisms behind the strain-specific differences and the sex-

ual dimorphism observed in this study may be relevant for human spondyloarthritis and war-

rant further exploration.

Introduction

Spondyloarthritis (SpA) is a family of inflammatory rheumatic diseases including ankylosing

spondylitis (AS) and psoriatic arthritis (PsA). 0.5–1.5% of the adult population in the United

States have SpA [1]. Enthesitis, inflammation at the attachment sites of tendons and ligaments

to bone, is thought to be the key process driving inflammation in the spine and peripheral

joints in SpA [2]. Inflammation and tissue damage may also occur outside of the musculoskel-

etal system. Commonly affected organs are the skin (psoriasis), eye (uveitis) and gut (inflam-

matory bowel disease) [3]. Except for AS, which is more common in males (male:female ratio

2–3:1), SpA is equally common in men and women. However, extra-articular manifestations,

such as psoriasis, colitis, and enthesitis occur at a higher frequency in females with AS, and

females with AS or PsA tend to have higher disease activity [4, 5]. The mechanisms behind the

sexual dimorphism in SpA are incompletely understood.

Multiple lines of evidence including genome-wide association studies, animal models, and

therapeutic clinical trials, support a critical role for the IL-23/IL-17A pathway in the pathogen-

esis of SpA [6–8]. For instance, polymorphisms in multiple genes involved in IL-23 receptor

signaling such as IL12B, IL23R, JAK2 and TYK2 have been shown to be associated with AS,

and polymorphisms in the IL23R gene are associated with PsA [9, 10]. IL-23 is produced by

myeloid cells, such as dendritic cells and macrophages, and acts on Th17 cells and a variety of

innate lymphocytes to produce IL-17A, IL-17F, IL-22 and GM-CSF, all of which have been

implicated in the pathogenesis of SpA [11–13]. Monoclonal antibodies targeting IL-23 have

been approved for the treatment of psoriasis, PsA and inflammatory bowel disease but failed

in clinical trials in AS [6, 14–16]. A mechanistic explanation for these discrepant results is cur-

rently lacking.

To study disease mechanisms downstream of IL-23, Sherlock et al. hydrodynamically

injected adult mice with IL-23 minicircles. The resulting arthritis could be partially blocked

with monoclonal antibodies against IL-17A and IL-22 and appeared to involve an enthesis-res-

ident IL-23 receptor expressing CD3+CD4−CD8− T cell population, which produced IL-17A

and IL-22 when stimulated with IL-23 in vitro [17]. Other investigators showed subsequently

that these enthesis-resident double-negative T cells were predominantly γδ T cells [18, 19].

Antibody-mediated depletion of γδ T cells ameliorated the arthritis phenotype [19]. The devel-

opment of psoriasis-like skin disease after hydrodynamic injection of IL-23 minicircles has

been reported by several groups [17, 20, 21]. Other extra-articular SpA phenotypes have been

studied less thoroughly. One group reported uveitis in IL-23 minicircle-injected mice [18]. In

two studies that focused on intestinal disease, gut inflammation was seen in one bot not the

other [22, 23]. None of these studies analyzed strain or sex dependent phenotypic variation.

Preliminary experiments in our lab confirmed that B10.RIII mice hydrodynamically

injected with IL-23 enhanced episomal vector (EEV), which very efficiently drives hepatic IL-

23 production, develop arthritis. However, we noticed phenotypic differences compared with

previous publications. Moreover, we found that C57BL/6 (B6) mice, the most widely used

inbred strain and genetic background for many transgenic and gene knockout models includ-

ing IL23R-GFP reporter mice [24], were protected from arthritis development.
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The goals of this study were to describe the disease phenotype in susceptible B10.RIII mice

injected with IL-23 EEV in our laboratory, compare the disease phenotype in male B10.RIII

and B6 mice injected with IL-23 EEV and, in line with the National Institutes of Health (NIH)

requirement to consider sex as a biological variable [25], compare the disease phenotype in

male and female B10.RIII animals.

Materials and methods

Mice

B10.RIII-H2r H2-T18b/(71NS)SnJ mice (abbreviated B10.RIII, Jax #000457) and C57BL/6J

(abbreviated B6, Jax #000664) mice were originally obtained from the Jackson Laboratory and

maintained in a specific pathogen-free animal facility at Brigham and Women’s Hospital. For

all experiments, 8–12 week-old male (body weight 21.6–33.0 g) or female (body weight 17.9–

26.0 g) mice were used. Mice were housed under standard 12-hour light/12-hour dark condi-

tions in individually ventilated cages, up to 5 mice per cage, with water and chow (5058 Pico-

Lab Rodent Diet 20) available ad libitum. Littermates were used whenever possible and

randomly assigned to experimental and control groups. Data were pooled from multiple inde-

pendent experiments. All experimental procedures involving animals were approved by the

IACUC of Brigham and Women’s Hospital and performed in accordance with federal and

institutional guidelines and regulations.

IL-23 EEV injection and disease monitoring

IL-23 EEV (EEV651A-1, System Biosciences) were hydrodynamically injected in a volume of

sterile HBSS (Invitrogen) corresponding to 10% of the animal’s body weight [17]. Sample size

was calculated (UCSF Sample Size Calculators, https://sample-size.net/sample-size-means/)

using the paw swelling of IL-23 EEV injected male B10.RIII mice as input. Mice with failed

hydrodynamic injection (<75% of target volume injected) were excluded from the experiment.

For each comparison, n = 9–15 mice/group were analyzed pooled from 2–3 experiments. In

most experiments, we administered 500 ng IL-23 EEV per mouse based on preliminary experi-

ments. In a separate dose titration experiment, mice received 500 ng, 50 ng, or 5 ng IL-23

EEV. We monitored the mice for the development of disease every other day, typically in the

morning. Each paw was graded for clinical arthritis as follows: 0, normal; 1, minor swelling/

erythema; 2, moderate swelling/erythema; or 3, severe swelling/erythema involving the entire

paw. Scores from the four paws were summed for a total score from 0 to 12. Paw thickness was

measured using calipers. Paw swelling was calculated as the thickness of each paw minus its

thickness at baseline, summed for the four paws of each mouse. Disease monitoring was per-

formed by a single observer blinded for group. Animals were euthanized after two weeks by

carbon dioxide asphyxiation followed by cervical dislocation. Serum was prepared from heart

blood. Spleen and colon weight were recorded. Tissue specimens for gene expression analysis

were harvested into RNAlater (Thermo Fisher Scientific).

Histology

Tissue specimens for histological analysis were fixed in 10% neutral buffered formalin (Sigma)

at 4˚C for 24 hours. Joint and spine samples were decalcified in 96% formic acid (Electron

Microscopy Sciences). Paraffin-embedded sections were stained with hematoxylin and eosin

(H&E). Images were captured using a Leica DFC450 digital microscope camera and analyzed

with LAS X software (Leica Microsystems). Histology images are representative of at least 4

mice per experimental group with 2 slides per mouse examined.
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Splenocyte isolation

Single cell suspensions from the spleen were prepared by filtering the disaggregated organ

through a 70 μm cell strainer. Cells were further purified with red blood cell lysis buffer (0.15

M NH4Cl, 1 mM KHCO3, both from Sigma) to eliminate red blood cells. An automated cell

counter (Countess, Invitrogen) was used with trypan blue staining to enumerate viable cells.

Flow cytometry

Surface marker staining was performed in 96-well plates, 2x106 cells per well. First, the cells

were stained with fixable viability dye (FVD-450 UV, Thermo Fisher Scientific) in HBSS for 15

minutes. Then the cells were incubated with Fc block (Biolegend) for 10 minutes at room tem-

perature to prevent non-specific antibody binding to Fc receptors. Antibodies for surface

markers (Table 1) were added in staining buffer (HBSS with 2 mM EDTA (Boston Biopro-

ducts) and 0.5% bovine serum albumin (Sigma)) for 30 minutes at 4˚C. After washing with

staining buffer, the cells were fixed with IC Fixation Buffer (Thermo Fisher Scientific) for 30

minutes at room temperature. An LSRFortessa flow cytometer (BD Biosciences) was used for

data collection and FlowJo Software was used for analysis. n = 5–6 mice/group.

RNA preparation

Total RNA was prepared using RNeasy mini columns (Qiagen). For RNA preparation from

joints and skin, the manufacturer’s protocol was modified as follows: First, the tissue was

added to Buffer RLT in Navy Rino Bead Lysis tubes (Next Advance) and homogenized in a

bullet blender (Next Advance) for 5–10 minutes at 4˚C. The tissue homogenate was cleared by

centrifugation, mixed with RNase-free water and proteinase K (100 μg/mL, Sigma) and incu-

bated for 10 minutes at 55˚C. All subsequent steps were performed according to the RNeasy

mini protocol.

cDNA reverse transcription

The High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) was used

according to manufacturer’s instructions.

Table 1. Surface marker antibodies for flow cytometry.

Marker Fluorochrome Clone Company

Viability dye FVD-450 (UV) - - Thermo Fisher Scientific

CD45 BUV496 30-F11 BD Biosciences

CD4 BV421 GK1.5 Biolegend

CD8 BV510 53–6.7 Biolegend

γδ TCR BV605 GL3 Biolegend

CD44 BV650 IM7 Biolegend

CD11b BV711 M1/70 Biolegend

IA/IE BV786 M5/114.15.2 Biolegend

Ly6G PerCP-Cy5.5 1A8 Biolegend

CD11c PE N418 Biolegend

αβ TCR PE-Dazzle H57-597 Biolegend

CD19 PE-Cy5 HIB-19 Biolegend

CD3 PE-Cy7 17A2 Biolegend

Ly6C APC-Cy7 HK1.4 Biolegend

https://doi.org/10.1371/journal.pone.0247149.t001
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qPCR

cDNA was quantified by real-time PCR using the SYBR green method with 2x SYBR Green

PCR Master Mix (Thermo Fisher Scientific) and a StepOnePlus™ Real-Time PCR System

(Thermo Fisher Scientific). qPCR primers are listed in Table 2. qPCR assays were run in dupli-

cate. Melting curves were analyzed to confirm specificity of the PCR. For each sample, the

expression value for a gene of interest was first normalized for Hprt using the ddCt method

and then divided by the mean of the control group to derive a relative gene expression value.

n = 5–11 mice/group.

ELISA

To measure serum IL-23 and IL-17A, Thermo Fisher Scientific ELISA kits were used accord-

ing to manufacturer’s instructions (Invitrogen IL-23 mouse ELISA, #88723088, lot 183776001;

Invitrogen IL-17A (homodimer) mouse ELISA, #88737188, lot 216866003). n = 5–11 mice/

group.

Micro-computed tomography (μCT)

Femurs were scanned using a μCT 35 (Scanco Medical AG). Scans were performed in 70% eth-

anol using a voxel size of 7 μm, X-ray tube potential of 55 kVp, intensity of 0.145 Ma, and inte-

gration time of 600 ms. A region beginning 0.35 mm proximal to the growth plate and

extending 1 mm proximally was selected for trabecular bone analysis. A second region 0.6 mm

in length and centered at the midpoint of the femur was used to calculate cortical bone param-

eters. The region of interest was thresholded using a global threshold that set the bone/marrow

cutoff at 352.3 mg HA/cm3 for trabecular bone and 589.4 mg HA/cm3 for cortical bone. 3D

microstructural properties of bone were calculated using software supplied by the manufac-

turer. n = 4–7 mice/group.

Statistics

Graphing and statistical analysis were done with GraphPad Prism 8 software. The unpaired t-

test was used to compare two experimental groups. Experiments with more than two groups

were analyzed by one-way ANOVA followed by post hoc Tukey’s, with significance set at

p< 0.05. Graphs show data points for individual mice and bars for mean ± standard deviation

(SD) of the group.

Table 2. Primers for qPCR.

Target Primer Sequence Source

Il1b F GCAACTGTTCCTGAACTCAACT PrimerBank [26]

R ATCTTTTGGGGTCCGTCAACT NM_008361

Il17a F CAGCAGCGATCATCCCTCAAAG [27]

R CAGGACCAGGATCTCTTGCTG

Il22 F TCAGCTCCTGTCACATCAGCGGT PrimerBlast [28]

R TTCCCCAATCGCCTTGATCTCTCCA NM_016971

Tnf F CCCTCACACTCAGATCATCTTCT PrimerBank

R GCTACGACGTGGGCTACAG NM_013693

Hprt F GTTAAGCAGTACAGCCCCAAA [29]

R AGGGCATATCCAACAACAAAC

https://doi.org/10.1371/journal.pone.0247149.t002
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Results

Hydrodynamic injection of IL-23 EEV in B10.RIII mice induces arthritis,

colitis, and psoriasis-like skin disease

We hydrodynamically injected adult male B10.RIII mice with IL-23 EEV on day 0 and moni-

tored disease development over 2 weeks. Control mice did not receive an injection. Clinical

arthritis scores, paw swelling, and body weight were measured every other day. On day 14, the

animals were euthanized, spleen and colon were weighed, and tissues were harvested for his-

tology or further in vitro analysis. The general outline of this experiment is shown in Fig 1A

and was used throughout this study.

Fig 1. Male B10.RIII mice develop arthritis after hydrodynamic injection of IL-23 EEV. (A) Experimental layout for IL-23 EEV-induced arthritis

experiments. (B) 8–12 week-old male B10.RIII mice received 500 ng IL-23 EEV on day 0 via hydrodynamic tail vein injection; control mice received no

injection (n = 12–15 mice/group). Clinical score (mean ± SD). Paw swelling (mean ± SD). Body weight (mean ± SD). (C) Serum IL-23 concentrations on

day 14 were determined by ELISA (n = 9–11 mice/group). (D) Representative H&E stained sections of day 14 wrists from control and IL-23 EEV injected

mice, scale bar 250 μm. (E) Gene expression analysis in the wrists on day 14 (n = 5–6 mice/group). qPCR data for individual samples were first

normalized by Hprt expression and then divided by the mean of the uninjected control group. P values on day 14 were determined by unpaired t-test.

https://doi.org/10.1371/journal.pone.0247149.g001

PLOS ONE Genetic background and sex in IL-23 induced spondyloarthritis

PLOS ONE | https://doi.org/10.1371/journal.pone.0247149 May 13, 2021 6 / 19

https://doi.org/10.1371/journal.pone.0247149.g001
https://doi.org/10.1371/journal.pone.0247149


Upon injection of male B10.RIII mice with 500 ng IL-23 EEV, all animals developed clinical

arthritis within 6 days (Fig 1B) with diffuse swelling of the forepaws, mid feet and ankles. IL-23

EEV injected mice also lost ~15% of their baseline body weight over 2 weeks (Fig 1B). This

weight loss was the determining factor for choosing day 14 as study endpoint. Weight loss has

not previously been reported in IL-23 EEV injected mice.

Serum IL-23 levels were significantly elevated in IL-23 EEV injected mice and below the

level of detection in uninjected controls (Fig 1C). Representative H&E stained sections demon-

strate a dense inflammatory infiltrate in the wrist of the IL-23 EEV injected mice compared to

healthy controls (Fig 1D). Consistent with the observed clinical and histopathological arthritis

phenotype, we found increased expression levels of Tnf, Il1b and the IL-23 target genes Il17a
and Il22 in the joints of IL-23 EEV injected mice (Fig 1E).

We also observed a statistically significant increase in colon weight compared to control

mice (Fig 2A) suggesting the development of colitis. This was confirmed histologically. Com-

pared to uninjected controls, H&E stained colon sections from IL-23 EEV injected mice dem-

onstrated epithelial hyperplasia with crypt elongation, erosions of the epithelial surface and a

mixed inflammatory infiltrate in the lamina propria (Fig 2B). Gene expression analysis by

qPCR showed elevated expression of Tnf, Il1b, Il17a, and Il22 in the colon of IL-23 EEV

injected mice (Fig 2C). Consistent with previous reports [17–20] we observed erythema and

scaling of the skin of the ears and paws. H&E stained ear sections showed hyperplasia of the

epithelial layer, thickening and inflammatory infiltration of the dermis (Fig 2D). Gene expres-

sion analysis in paw skin demonstrated increased expression of Tnf, Il1b, Il17a, and Il22 in

mice injected with IL-23 EEV (Fig 2E), consistent with the psoriasis-like changes seen on his-

tology of the ears. Contrary to previous reports [17, 18], we did not find spinal inflammation

on lumbar spine sections (Fig 2F) or evidence for uveitis on ciliary body sections (Fig 2G) after

IL-23 EEV injection. Together these data demonstrate that IL-23 overexpression in B10.RIII

mice in our laboratory results in the development of arthritis, colitis, psoriasis-like skin disease

but not spondylitis or uveitis.

IL-23 EEV injected mice had enlarged spleens compared with uninjected control animals

(Fig 3A). Flow cytometric analysis of splenocytes (Fig 3B and S1 Fig) demonstrated a signifi-

cant influx of neutrophils, dendritic cells, and macrophages in the spleens of the IL-23 EEV

injected mice, whereas the absolute numbers of B and T cells were not significantly different.

Overexpression of IL-23 fails to induce arthritis in B6 mice, while extra-

articular manifestations of IL-23-induced disease are present

In contrast to B10.RIII mice, male B6 mice injected with 500 ng IL-23 EEV did not develop

clinical arthritis (Fig 4A). In fact, paw thickness of IL-23 EEV injected B6 mice decreased

slightly over the 2-week period compared to controls. This was likely the result of weight loss

(~15% over 2 weeks) and associated depletion of body fat in mice injected with IL-23 EEV,

which was equally observed in B10.RIII and B6 mice (Fig 4A). B10.RIII and B6 mice had com-

parable serum levels of IL-23 and IL-17A on day 14 (Fig 4B). H&E stained sections of wrists

confirmed the absence of arthritis in IL-23 EEV injected B6 mice compared to the susceptible

B10.RIII strain (Fig 4C), and there was no significant induction of Tnf, Il1b, Il17a or Il22 in the

wrists of IL-23 EEV injected B6 mice (Fig 4D).

IL-23 EEV injected B6 mice developed colitis (Fig 5A–5C) and psoriasis-like skin disease

(Fig 5D and 5E), although these changes was less severe than in B10.RIII mice. Spleen enlarge-

ment after IL-23 EEV injection was also present but less severe in B6 mice compared with B10.

RIII EEV mice (Fig 6A). Comparative flow cytometric analysis (Fig 6B) showed that the influx
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Fig 2. Male B10.RIII mice injected with IL-23 EEV develop colitis and psoriasis-like skin disease but not spondylitis or uveitis. (A) Colon weight of the animals

in the experiment shown in Fig 1. (B) Representative H&E stained colon sections from control and IL-23 EEV injected mice, scale bar 50 μm. (C) Expression of Tnf,
Il1b, Il17a, and Il22 in the colon was analyzed by qPCR (n = 5–6 mice/group). (D) Representative H&E stained sections of day 14 ears from control and IL-23 EEV
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of myeloid cells after IL-23 EEV injection was less pronounced in B6 mice whereas lymphoid

cell populations did not differ significantly.

The femurs of B10.RIII and B6 mice were analyzed by μCT two weeks after IL-23 EEV

injection for inflammation-induced bone loss. Both strains had significantly less trabecular

and cortical bone in their femurs after IL-23 EEV injection compared with uninjected litter-

mates (Fig 7A). Representative images are shown in Fig 7B and 7C. Total mineral density did

not change after IL-23 EEV injection. Additional μCT parameters are available for reference in

S2 Fig. Taken together these data demonstrate strain dependence of some IL-23 EEV induced

phenotypes but not others. While male B6 mice did not develop arthritis despite similar serum

IL-23 and IL-17A levels, other disease manifestations (weight loss, colitis, psoriasis-like skin

disease, bone loss) were observed in both strains.

Overexpression of IL-23 results in more severe arthritis in female B10.RIII

mice compared to male B10.RIII mice

Male and female B10.RIII mice injected with IL-23 EEV developed clinical arthritis with 100%

penetrance regardless of sex (Fig 8A). Clinical arthritis scores and paw swelling were signifi-

cantly higher in female than male B10.RIII mice injected with IL-23 EEV (Fig 8A). Interest-

ingly, female B10.RIII mice injected with IL-23 EEV did not lose weight over the course of the

two-week experiment (Fig 8A), and serum IL-23 levels were significantly lower in females than

males despite receiving the same dose of IL-23 EEV (Fig 8B).

H&E stained sections showed inflammatory cells infiltration in the wrists of both male and

female mice on day 14 after IL-23 EEV injection with higher levels of Tnf but not Il1b, IL17a

injected mice, scale bar 50 μm. (E) Expression for Tnf, Il1b, Il17a, and Il22 in skin from the forepaws was analyzed by qPCR. P values were determined by unpaired

t-test. (F) Representative H&E stained sections of day 14 lumbar spine from control and IL-23 EEV injected mice, scale bar 100 μm. (G) Representative H&E

stained sections of day 14 eyes from control and IL-23 EEV injected mice, scale bar 125 μm.

https://doi.org/10.1371/journal.pone.0247149.g002

Fig 3. Systemic overexpression of IL-23 results in expansion of myeloid cells in the spleen. (A) Spleen weight of the mice from the experiment in

Fig 1. (B) For a subset of animals, single cell suspensions were prepared from the spleen and analyzed by flow cytometry, n = 5 mice/group. P values

were determined by unpaired t-test.

https://doi.org/10.1371/journal.pone.0247149.g003
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or Il22 in the female wrists compared to male wrists (Fig 8C and 8D). Female mice displayed a

comparable increase in colon weight suggesting a similar degree of colitis relative to male mice

after IL-23 EEV injection (Fig 8E and 8F).

Female mice had significantly larger spleens associated with a more pronounced influx of

myeloid cells, compared to male mice on day 14 after IL-23 EEV injection (Fig 9A and 9B).

Collectively, these data show that IL-23 overexpression results in distinct phenotypic differ-

ences between male and female B10.RIII mice; female mice had more severe arthritis and did

not lose weight despite similar colitis severity.

Fig 4. Male B6 do not develop arthritis after hydrodynamic injection of IL-23 EEV. 8–12 week-old male B10.RIII and C57BL/6 mice received 500 ng IL-23 EEV on

day 0 via hydrodynamic tail vein injection; control mice received no injection (n = 12–15 mice/group). (A) Clinical score (mean ± SD). Paw swelling (mean ± SD). Body

weight (mean ± SD). (B) Serum IL-23 and IL-17A concentrations on day 14 were determined by ELISA. (C) Representative H&E stained sections of day 14 wrists from

IL-23 EEV injected B10.RIII and B6 mice, scale bar 250 μm. (D) Gene expression analysis in the wrists on day 14 (n = 5–6 mice/group). qPCR data for individual samples

were first normalized by Hprt expression and then divided by the mean of all (B10.RIII and B6) uninjected control mice. P values were determined by unpaired t-test.

https://doi.org/10.1371/journal.pone.0247149.g004
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Overexpression of IL-23 by injection of 50 ng IL-23 EEV results in similar

clinical scores and less weight loss than in mice injected with 500 ng

Lastly, we hydrodynamically injected adult male B10.RIII mice with 5, 50, or 500 ng of IL-23

EEV to determine the impact of EEV dose on disease severity. Arthritis development after

injection of 50 and 500 ng of IL-23 EEV was comparable but recipients of the 50 ng dose lost

significantly less body weight over 14 days (S3A Fig). All 3 doses resulted in significant

Fig 5. Male B6 mice develop colitis and mild psoriasis-like skin disease after hydrodynamic injection of IL-23 EEV. Data are from the animals in the experiment

shown in Fig 4. (A) Colon weight on day 14. (B) Representative H&E stained sections of day 14 colon from IL-23 EEV injected B10.RIII and B6 mice, scale bar 50 μm.

(C) Gene expression for Tnf, Il1b, Il17a, and Il22 in the colon was analyzed by qPCR. (D) Representative H&E stained sections of day 14 ears from IL-23 EEV injected

B10.RIII and B6 mice, scale bar 50 μm. (E) Gene expression for Tnf, Il1b, Il17a, and Il22 in forepaw skin was analyzed by qPCR.

https://doi.org/10.1371/journal.pone.0247149.g005
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induction of serum IL-23 with a linear relationship between minicircle dose and IL-23 serum

level (S3B Fig). However, mice injected with 5 ng did not develop arthritis, weight loss, colitis

or spleen enlargement (S3A–S3D Fig) suggesting the existence of a threshold level of serum

IL-23 that is required for the development of IL-23 EEV induced disease. These results indicate

that an IL-23 minicircle dose of 50 ng in male B10.RIII mice is optimal resulting in arthritis

development without the severe weight loss observed with a 500 ng dose. This will permit

studying the musculoskeletal phenotypes in IL-23 EEV injected mice in longer-term

experiments.

Discussion

We report here that IL-23-induced disease in B10.RIII mice in our laboratory is characterized

by peripheral arthritis, psoriasis-like skin disease, colitis, weight loss, osteopenia and absence

of spondylitis and uveitis. Male B6 mice injected with IL-23 EEV did not develop arthritis

despite comparable serum IL-23 and IL-17A levels, degree of weight loss, and osteopenia with

B10.RIII mice. Some of the IL-23-induced phenotypes in B10.RIII mice exhibited sexual

dimorphism in that female B10.RIII mice had more severe arthritis than males but did not lose

weight.

The rapid disease onset of arthritis and development of psoriasis-like skin changes in B10.

RIII mice injected with IL-23 EEV is consistent with prior studies [17–19, 30]. However, we

did not see spondylitis or uveitis which had been observed by others [17, 18]. On the other

hand, B10.RIII mice in our lab developed colitis and lost weight with higher doses of IL-23

EEV, which had not been seen previously. Two studies investigated gastrointestinal pheno-

types in IL-23 minicircle injected B6 mice: Paustian et al. reported IL-23 induced small bowel

inflammation whereas Chan et al. stated the absence of inflammation in thew small intestine

[22, 23]. The reasons for these discrepancies between studies are not clear. One potential

Fig 6. Male B6 mice accumulate significantly fewer myeloid cells than B10.RIII mice in the spleen after hydrodynamic injection of IL-23 EEV. (A) Spleen weight

of the mice from the experiment in Fig 4. (B) For a subset of animals, single cell suspensions were prepared from the spleens and analyzed by flow cytometry, n = 5

mice/group. P values were determined by unpaired t-test.

https://doi.org/10.1371/journal.pone.0247149.g006
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explanation involves differences in the intestinal microbiota between animal facilities [31]. It is

also possible that difference in the IL-23 expression vector contribute to the observed pheno-

typic differences. We used the IL-23 enhanced episomal vector from System Biosciences. Oth-

ers have used IL-23 minicircles from the same vendor or prepared IL-23 minicircles

themselves. The EEV vector is extremely efficient, leading to arthritis induction with as little as

50 ng of EEV plasmid. Differences in promoter sequence and kinetics of IL-23 induction may

Fig 7. Both B10.RIII and B6 mice lose trabecular and cortical bone after IL-23 EEV injection. (A) μCT trabecular and cortical bone

parameters from femurs of control and IL-23 EEV injected B10.RIII and B6 14 days after IL-23 EEV injection (n = 4–7 mice/group). Trabecular

bone volume/total volume (Tb. BV/TV), trabecular bone total mineral density (Tb. TMD), cortical thickness (Ct. Th), and cortical total mineral

density (Ct. TMD). P values were determined by unpaired t-test. (B) Representative μCT images of trabecular bone and (C) representative μCT

images of cortical bone from control and IL-23 EEV injected B10.RIII and B6 mice.

https://doi.org/10.1371/journal.pone.0247149.g007
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play a role in determining the disease phenotype. We found that weight loss was correlated

with serum IL-23 levels (and EEV dose) and could reflect effects on IL-23 receptor expressing

lymphocytes in adipose tissue that only become apparent with higher levels of serum IL-23

[32].

Fig 8. Female B10.RIII mice develop more severe arthritis than males but do not lose weight after hydrodynamic injection of IL-23 EEV. 8–12 week-old

male and female B10.RIII mice received 500 ng IL-23 EEV on day 0 via hydrodynamic tail vein injection; control mice received no injection (n = 14 mice in IL-

23 EEV injected groups, n = 5 mice in control groups). (A) Clinical score (mean ± SD). Paw swelling (mean ± SD). Body weight (mean ± SD). (B) Serum IL-23

on day 14 was determined by ELISA. (C) Representative H&E stained sections of day 14 wrists, scale bar 250 μm. (D) Gene expression analysis in the wrists on

day 14 (n = 9–11 mice/group). qPCR data for individual samples were first normalized by Hprt expression and then divided by the mean of the IL-23 EEV

injected males. P values were determined by unpaired t-test. (E) Colon weight on day 14. (F) Representative H&E stained colon sections from male and female

B10.RIII IL-23 EEV injected mice, scale bar 50 μm.

https://doi.org/10.1371/journal.pone.0247149.g008
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Strain dependence of arthritis phenotypes has been reported for many mouse arthritis

models. B10.RIII mice are highly susceptible to collagen induced arthritis (CIA). The B10.RIII

strain is congenic for the RIII-derived H-2r region, a variant of the mouse MHC that is permis-

sive for productive immunization with a variety of type 2 collagens [33]. However, B10.RIII

mice are also highly susceptible to collagen antibody-induced arthritis (CAIA) which bypasses

the adaptive immune response required for the formation of pathogenic collagen-specific anti-

bodies and reads out “down-stream” effector mechanisms [34, 35] while the RIII strain, which

has the same H-2r haplotype as B10.RIII is not susceptible to CAIA [34]. This suggests that the

region(s) determining differential arthritis susceptibility between B10.RIII (H-2r) and B6 (H-

2b) mice in the IL-23 model could be anywhere in the genome.

One potential lead to understanding the differential susceptibility to IL-23 induced arthritis

could be the observed splenomegaly driven by an expansion of neutrophils, dendritic cells,

and macrophages in mice injected with IL-23 EEV. There was a correlation between the sever-

ity of splenomegaly and arthritis development both in the comparison of male B10.RIII and B6

mice and of male and female B10.RIII mice injected with IL-23 EEV. This is consistent with

previous reports describing that in IL-23–induced arthritis, the expansion and activity of mye-

loid cells was crucial for arthritis development. Adamopoulos et al. depleted myeloid cells with

clodronate, significantly decreasing disease severity and paw swelling [30]. The same group

identified that spleen neutrophil counts were increased in mice injected with IL-23 minicircles.

When treated with anti-γδTCR antibodies, there was no significant neutrophil expansion in

the spleen which correlated with reduced arthritis severity [19].

The NIH considers sex as a biological variable to be critical for validation and generalizabil-

ity of research findings [25]. We observed that overexpression of IL-23 resulted in more severe

arthritis in female B10.RIII mice compared to male B10.RIII mice. Increased susceptibility to

inflammation does not appear to be an inherent feature of female B10.RIII mice as a study in

Fig 9. Female B10.RIII mice exhibit greater expansion of myeloid cells in the spleen after hydrodynamic injection of IL-23 EEV. (A) Spleen weight of the

mice from the experiment in Fig 8. (B) For a subset of animals, single cell suspensions were prepared from the spleens and analyzed by flow cytometry, n = 4–5

mice/group. P values were determined by unpaired t-test.

https://doi.org/10.1371/journal.pone.0247149.g009
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OVA-induced allergic airway inflammation found no difference between male and female

B10.RIII mice [36]. A potential area for investigation is that females have significantly more

adipose tissue than males, and adipose tissue macrophages have been found to be a potent

source of inflammatory cytokines [37].

A limitation of this study is that the mechanisms regulating the strain and sex-specific dif-

ferences in arthritis susceptibility remain unclear. The absence of arthritis in B6 mice injected

with IL-23 EEV reduces the utility of this model for mechanistic studies as most genetically

modified mice have been generated on a B6 genetic background. However, a strength of our

study is the delineation of highly robust and reproducible phenotypes which provides opportu-

nities for further explorations of SpA pathogenesis including the impact of genetic polymor-

phisms, intestinal microbiota and sex. Moreover, compared with CAIA or the K/BxN serum

transfer model the IL-23 EEV model is relatively cheap.

In summary, hydrodynamic injection of IL-23 EEV in B10.RIII mice is a robust, time-effi-

cient and economical model for the study of SpA pathogenesis. The differential susceptibility

of B6 mice with regard to the development of arthritis and extra-articular manifestations sug-

gests organ-specific genetic control mechanisms of IL-23 driven inflammation. The mecha-

nisms behind these differences and the sexual dimorphism observed in this study may be

relevant to the understanding of human SpA and warrant further investigation.

Supporting information

S1 Fig. Gating strategy for flow-cytometric analysis of single cell suspensions. Cell analysis

was performed on BD LSRFortessa. Gating was performed using FlowJo software.

(TIF)

S2 Fig. Additional μCT bone parameters. μCT trabecular bone parameters from femurs of

control and IL-23 EEV injected B10.RIII and B6 14 days after IL-23 EEV injection (n = 4–7

mice/group). Trabecular number (Tb. N), trabecular spacing (Tb. Sp), connective density

(Conn.Dn), and trabecular thickness (Tb.Th). P values were determined by unpaired t-test.

(TIF)

S3 Fig. IL-23 EEV in vivo dose titration. 8–12 week-old male mice received 5, 50, or 500 ng

IL-23 EEV on day 0 via hydrodynamic tail vein injection; control mice received no injection

(n = 7–8 mice/group). (A) Clinical score (mean ± SD), paw swelling (mean ± SD), body weight

(mean ± SD). (B) Serum IL-23 on day 14 was determined by ELISA. (C) Spleen weight, colon

weight. Dotted lines represent the mean weights for control mice. (D) Gene expression analy-

sis in the wrists on day 14. qPCR data for individual samples were first normalized by Hprt
expression and then divided by the mean of the uninjected control group.

(TIF)

Author Contributions

Conceptualization: Joerg Ermann.

Data curation: Emma K. Haley, Mederbek Matmusaev, Joerg Ermann.

Funding acquisition: Joerg Ermann.

Investigation: Emma K. Haley, Mederbek Matmusaev, Imtiyaz N. Hossain, Sean Davin,

Tammy M. Martin, Joerg Ermann.

Supervision: Joerg Ermann.

Writing – original draft: Emma K. Haley, Joerg Ermann.

PLOS ONE Genetic background and sex in IL-23 induced spondyloarthritis

PLOS ONE | https://doi.org/10.1371/journal.pone.0247149 May 13, 2021 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247149.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247149.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247149.s003
https://doi.org/10.1371/journal.pone.0247149


Writing – review & editing: Emma K. Haley, Mederbek Matmusaev, Imtiyaz N. Hossain,

Sean Davin, Tammy M. Martin, Joerg Ermann.

References

1. Stolwijk C, Boonen A, van Tubergen A, Reveille JD. Epidemiology of spondyloarthritis. Rheum Dis Clin

North Am. 2012; 38(3):441–76. Epub 2012/10/23. https://doi.org/10.1016/j.rdc.2012.09.003 PMID:

23083748; PubMed Central PMCID: PMC4470267.

2. Schett G, Lories RJ, D’Agostino MA, Elewaut D, Kirkham B, Soriano ER, et al. Enthesitis: from patho-

physiology to treatment. Nat Rev Rheumatol. 2017; 13(12):731–41. Epub 2017/11/22. https://doi.org/

10.1038/nrrheum.2017.188 PMID: 29158573.

3. Stolwijk C, Essers I, van Tubergen A, Boonen A, Bazelier MT, De Bruin ML, et al. The epidemiology of

extra-articular manifestations in ankylosing spondylitis: a population-based matched cohort study. Ann

Rheum Dis. 2015; 74(7):1373–8. Epub 2014/03/25. https://doi.org/10.1136/annrheumdis-2014-205253

PMID: 24658834.

4. Rusman T, van Vollenhoven RF, van der Horst-Bruinsma IE. Gender Differences in Axial Spondyloar-

thritis: Women Are Not So Lucky. Curr Rheumatol Rep. 2018; 20(6):35. Epub 2018/05/14. https://doi.

org/10.1007/s11926-018-0744-2 PMID: 29754330; PubMed Central PMCID: PMC5949138.

5. Nas K, Capkin E, Dagli AZ, Cevik R, Kilic E, Kilic G, et al. Gender specific differences in patients with

psoriatic arthritis. Mod Rheumatol. 2017; 27(2):345–9. Epub 2016/07/15. https://doi.org/10.1080/

14397595.2016.1193105 PMID: 27415964.

6. Siebert S, McGucken A, McInnes IB. The IL-23/IL-17A axis in spondyloarthritis: therapeutics informing

pathogenesis? Curr Opin Rheumatol. 2020; 32(4):349–56. Epub 2020/05/16. https://doi.org/10.1097/

BOR.0000000000000719 PMID: 32412997.

7. Smith JA, Colbert RA. Review: The interleukin-23/interleukin-17 axis in spondyloarthritis pathogenesis:

Th17 and beyond. Arthritis Rheumatol. 2014; 66(2):231–41. Epub 2014/02/08. https://doi.org/10.1002/

art.38291 PMID: 24504793; PubMed Central PMCID: PMC4058712.

8. Ermann J. Pathogenesis of Axial Spondyloarthritis—Sources and Current State of Knowledge. Rheum

Dis Clin North Am. 2020; 46(2):193–206. Epub 2020/04/29. https://doi.org/10.1016/j.rdc.2020.01.016

PMID: 32340695.

9. Ellinghaus D, Jostins L, Spain SL, Cortes A, Bethune J, Han B, et al. Analysis of five chronic inflamma-

tory diseases identifies 27 new associations and highlights disease-specific patterns at shared loci. Nat

Genet. 2016; 48(5):510–8. Epub 2016/03/15. https://doi.org/10.1038/ng.3528 PMID: 26974007;

PubMed Central PMCID: PMC4848113.

10. Stuart PE, Nair RP, Tsoi LC, Tejasvi T, Das S, Kang HM, et al. Genome-wide Association Analysis of

Psoriatic Arthritis and Cutaneous Psoriasis Reveals Differences in Their Genetic Architecture. Am J

Hum Genet. 2015; 97(6):816–36. Epub 2015/12/03. https://doi.org/10.1016/j.ajhg.2015.10.019 PMID:

26626624; PubMed Central PMCID: PMC4678416.

11. Taams LS, Steel KJA, Srenathan U, Burns LA, Kirkham BW. IL-17 in the immunopathogenesis of spon-

dyloarthritis. Nat Rev Rheumatol. 2018; 14(8):453–66. Epub 2018/07/15. https://doi.org/10.1038/

s41584-018-0044-2 PMID: 30006601.

12. El-Zayadi AA, Jones EA, Churchman SM, Baboolal TG, Cuthbert RJ, El-Jawhari JJ, et al. Interleukin-22

drives the proliferation, migration and osteogenic differentiation of mesenchymal stem cells: a novel

cytokine that could contribute to new bone formation in spondyloarthropathies. Rheumatology (Oxford).

2017; 56(3):488–93. Epub 2016/12/13. https://doi.org/10.1093/rheumatology/kew384 PMID:

27940584.

13. Al-Mossawi MH, Chen L, Fang H, Ridley A, de Wit J, Yager N, et al. Unique transcriptome signatures

and GM-CSF expression in lymphocytes from patients with spondyloarthritis. Nat Commun. 2017; 8

(1):1510. Epub 2017/11/17. https://doi.org/10.1038/s41467-017-01771-2 PMID: 29142230; PubMed

Central PMCID: PMC5688161.

14. Jefremow A, Neurath MF. All are Equal, Some are More Equal: Targeting IL 12 and 23 in IBD—A Clini-

cal Perspective. Immunotargets Ther. 2020; 9:289–97. Epub 2020/12/05. https://doi.org/10.2147/ITT.

S282466 PMID: 33274187; PubMed Central PMCID: PMC7705252.

15. Baeten D, Ostergaard M, Wei JC, Sieper J, Jarvinen P, Tam LS, et al. Risankizumab, an IL-23 inhibitor,

for ankylosing spondylitis: results of a randomised, double-blind, placebo-controlled, proof-of-concept,

dose-finding phase 2 study. Ann Rheum Dis. 2018; 77(9):1295–302. Epub 2018/06/28. https://doi.org/

10.1136/annrheumdis-2018-213328 PMID: 29945918; PubMed Central PMCID: PMC6104676.

PLOS ONE Genetic background and sex in IL-23 induced spondyloarthritis

PLOS ONE | https://doi.org/10.1371/journal.pone.0247149 May 13, 2021 17 / 19

https://doi.org/10.1016/j.rdc.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23083748
https://doi.org/10.1038/nrrheum.2017.188
https://doi.org/10.1038/nrrheum.2017.188
http://www.ncbi.nlm.nih.gov/pubmed/29158573
https://doi.org/10.1136/annrheumdis-2014-205253
http://www.ncbi.nlm.nih.gov/pubmed/24658834
https://doi.org/10.1007/s11926-018-0744-2
https://doi.org/10.1007/s11926-018-0744-2
http://www.ncbi.nlm.nih.gov/pubmed/29754330
https://doi.org/10.1080/14397595.2016.1193105
https://doi.org/10.1080/14397595.2016.1193105
http://www.ncbi.nlm.nih.gov/pubmed/27415964
https://doi.org/10.1097/BOR.0000000000000719
https://doi.org/10.1097/BOR.0000000000000719
http://www.ncbi.nlm.nih.gov/pubmed/32412997
https://doi.org/10.1002/art.38291
https://doi.org/10.1002/art.38291
http://www.ncbi.nlm.nih.gov/pubmed/24504793
https://doi.org/10.1016/j.rdc.2020.01.016
http://www.ncbi.nlm.nih.gov/pubmed/32340695
https://doi.org/10.1038/ng.3528
http://www.ncbi.nlm.nih.gov/pubmed/26974007
https://doi.org/10.1016/j.ajhg.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26626624
https://doi.org/10.1038/s41584-018-0044-2
https://doi.org/10.1038/s41584-018-0044-2
http://www.ncbi.nlm.nih.gov/pubmed/30006601
https://doi.org/10.1093/rheumatology/kew384
http://www.ncbi.nlm.nih.gov/pubmed/27940584
https://doi.org/10.1038/s41467-017-01771-2
http://www.ncbi.nlm.nih.gov/pubmed/29142230
https://doi.org/10.2147/ITT.S282466
https://doi.org/10.2147/ITT.S282466
http://www.ncbi.nlm.nih.gov/pubmed/33274187
https://doi.org/10.1136/annrheumdis-2018-213328
https://doi.org/10.1136/annrheumdis-2018-213328
http://www.ncbi.nlm.nih.gov/pubmed/29945918
https://doi.org/10.1371/journal.pone.0247149


16. Deodhar A, Gensler LS, Sieper J, Clark M, Calderon C, Wang Y, et al. Three Multicenter, Randomized,

Double-Blind, Placebo-Controlled Studies Evaluating the Efficacy and Safety of Ustekinumab in Axial

Spondyloarthritis. Arthritis Rheumatol. 2019; 71(2):258–70. Epub 2018/09/19. https://doi.org/10.1002/

art.40728 PMID: 30225992.

17. Sherlock JP, Joyce-Shaikh B, Turner SP, Chao CC, Sathe M, Grein J, et al. IL-23 induces spondyloar-

thropathy by acting on ROR-gammat+ CD3+CD4-CD8- entheseal resident T cells. Nat Med. 2012; 18

(7):1069–76. Epub 2012/07/10. https://doi.org/10.1038/nm.2817 PMID: 22772566.

18. Reinhardt A, Yevsa T, Worbs T, Lienenklaus S, Sandrock I, Oberdorfer L, et al. Interleukin-23-Depen-

dent gamma/delta T Cells Produce Interleukin-17 and Accumulate in the Enthesis, Aortic Valve, and Cil-

iary Body in Mice. Arthritis Rheumatol. 2016; 68(10):2476–86. Epub 2016/04/26. https://doi.org/10.

1002/art.39732 PMID: 27111864.

19. Bouchareychas L, Grossinger EM, Kang M, Adamopoulos IE. gammadeltaTCR regulates production of

interleukin-27 by neutrophils and attenuates inflammatory arthritis. Sci Rep. 2018; 8(1):7590. Epub

2018/05/17. https://doi.org/10.1038/s41598-018-25988-3 PMID: 29765156; PubMed Central PMCID:

PMC5954154.

20. Leys L, Wang Y, Paulsboe S, Edelmayer R, Salte K, Wetter J, et al. Characterization of psoriasiform

dermatitis induced by systemic injection of interleukin-23 minicircles in mice. J Dermatol. 2019; 46

(6):482–97. Epub 2019/05/08. https://doi.org/10.1111/1346-8138.14899 PMID: 31062408.

21. Shi Z, Garcia-Melchor E, Wu X, Yu S, Nguyen M, Rowland DJ, et al. Differential Requirement for CCR6

in IL-23-Mediated Skin and Joint Inflammation. J Invest Dermatol. 2020; 140(12):2386–97. Epub 2020/

04/28. https://doi.org/10.1016/j.jid.2020.03.965 PMID: 32339538.

22. Chan IH, Jain R, Tessmer MS, Gorman D, Mangadu R, Sathe M, et al. Interleukin-23 is sufficient to

induce rapid de novo gut tumorigenesis, independent of carcinogens, through activation of innate lym-

phoid cells. Mucosal Immunol. 2014; 7(4):842–56. Epub 2013/11/28. https://doi.org/10.1038/mi.2013.

101 PMID: 24280935.

23. Paustian AMS, Paez-Cortez J, Bryant S, Westmoreland S, Waegell W, Kingsbury G. Continuous IL-23

stimulation drives ILC3 depletion in the upper GI tract and, in combination with TNFalpha, induces

robust activation and a phenotypic switch of ILC3. PLoS One. 2017; 12(8):e0182841. Epub 2017/08/10.

https://doi.org/10.1371/journal.pone.0182841 PMID: 28792532; PubMed Central PMCID:

PMC5549730.

24. Awasthi A, Riol-Blanco L, Jager A, Korn T, Pot C, Galileos G, et al. Cutting edge: IL-23 receptor gfp

reporter mice reveal distinct populations of IL-17-producing cells. J Immunol. 2009; 182(10):5904–8.

Epub 2009/05/06. https://doi.org/10.4049/jimmunol.0900732 PMID: 19414740; PubMed Central

PMCID: PMC2702203.

25. Miller LR, Marks C, Becker JB, Hurn PD, Chen WJ, Woodruff T, et al. Considering sex as a biological

variable in preclinical research. FASEB J. 2017; 31(1):29–34. Epub 2016/09/30. https://doi.org/10.

1096/fj.201600781R PMID: 27682203; PubMed Central PMCID: PMC6191005.

26. Wang X, Spandidos A, Wang H, Seed B. PrimerBank: a PCR primer database for quantitative gene

expression analysis, 2012 update. Nucleic Acids Res. 2012; 40(Database issue):D1144–9. Epub 2011/

11/17. https://doi.org/10.1093/nar/gkr1013 PMID: 22086960; PubMed Central PMCID: PMC3245149.

27. Lazarevic V, Chen X, Shim JH, Hwang ES, Jang E, Bolm AN, et al. T-bet represses T(H)17 differentia-

tion by preventing Runx1-mediated activation of the gene encoding RORgammat. Nat Immunol. 2011;

12(1):96–104. Epub 2010/12/15. https://doi.org/10.1038/ni.1969 PMID: 21151104; PubMed Central

PMCID: PMC3077962.

28. Sayers EW, Beck J, Brister JR, Bolton EE, Canese K, Comeau DC, et al. Database resources of the

National Center for Biotechnology Information. Nucleic Acids Res. 2020; 48(D1):D9–D16. Epub 2019/

10/12. https://doi.org/10.1093/nar/gkz899 PMID: 31602479; PubMed Central PMCID: PMC6943063.

29. Ermann J, Staton T, Glickman JN, de Waal Malefyt R, Glimcher LH. Nod/Ripk2 signaling in dendritic

cells activates IL-17A-secreting innate lymphoid cells and drives colitis in T-bet-/-.Rag2-/- (TRUC) mice.

Proc Natl Acad Sci U S A. 2014; 111(25):E2559–66. Epub 2014/06/14. https://doi.org/10.1073/pnas.

1408540111 PMID: 24927559; PubMed Central PMCID: PMC4078823.

30. Adamopoulos IE, Tessmer M, Chao CC, Adda S, Gorman D, Petro M, et al. IL-23 is critical for induction

of arthritis, osteoclast formation, and maintenance of bone mass. J Immunol. 2011; 187(2):951–9. Epub

2011/06/15. https://doi.org/10.4049/jimmunol.1003986 PMID: 21670317; PubMed Central PMCID:

PMC3896980.

31. Ermann J. Editorial: Of Mice and Mice: Understanding Conflicting Murine Experimental Data. Arthritis

Rheumatol. 2016; 68(8):1801–4. Epub 2016/04/10. https://doi.org/10.1002/art.39709 PMID: 27059525.

32. Kohlgruber AC, Gal-Oz ST, LaMarche NM, Shimazaki M, Duquette D, Nguyen HN, et al. gammadelta T

cells producing interleukin-17A regulate adipose regulatory T cell homeostasis and thermogenesis. Nat

PLOS ONE Genetic background and sex in IL-23 induced spondyloarthritis

PLOS ONE | https://doi.org/10.1371/journal.pone.0247149 May 13, 2021 18 / 19

https://doi.org/10.1002/art.40728
https://doi.org/10.1002/art.40728
http://www.ncbi.nlm.nih.gov/pubmed/30225992
https://doi.org/10.1038/nm.2817
http://www.ncbi.nlm.nih.gov/pubmed/22772566
https://doi.org/10.1002/art.39732
https://doi.org/10.1002/art.39732
http://www.ncbi.nlm.nih.gov/pubmed/27111864
https://doi.org/10.1038/s41598-018-25988-3
http://www.ncbi.nlm.nih.gov/pubmed/29765156
https://doi.org/10.1111/1346-8138.14899
http://www.ncbi.nlm.nih.gov/pubmed/31062408
https://doi.org/10.1016/j.jid.2020.03.965
http://www.ncbi.nlm.nih.gov/pubmed/32339538
https://doi.org/10.1038/mi.2013.101
https://doi.org/10.1038/mi.2013.101
http://www.ncbi.nlm.nih.gov/pubmed/24280935
https://doi.org/10.1371/journal.pone.0182841
http://www.ncbi.nlm.nih.gov/pubmed/28792532
https://doi.org/10.4049/jimmunol.0900732
http://www.ncbi.nlm.nih.gov/pubmed/19414740
https://doi.org/10.1096/fj.201600781R
https://doi.org/10.1096/fj.201600781R
http://www.ncbi.nlm.nih.gov/pubmed/27682203
https://doi.org/10.1093/nar/gkr1013
http://www.ncbi.nlm.nih.gov/pubmed/22086960
https://doi.org/10.1038/ni.1969
http://www.ncbi.nlm.nih.gov/pubmed/21151104
https://doi.org/10.1093/nar/gkz899
http://www.ncbi.nlm.nih.gov/pubmed/31602479
https://doi.org/10.1073/pnas.1408540111
https://doi.org/10.1073/pnas.1408540111
http://www.ncbi.nlm.nih.gov/pubmed/24927559
https://doi.org/10.4049/jimmunol.1003986
http://www.ncbi.nlm.nih.gov/pubmed/21670317
https://doi.org/10.1002/art.39709
http://www.ncbi.nlm.nih.gov/pubmed/27059525
https://doi.org/10.1371/journal.pone.0247149


Immunol. 2018; 19(5):464–74. Epub 2018/04/20. https://doi.org/10.1038/s41590-018-0094-2 PMID:

29670241.

33. Wooley PH, Luthra HS, Griffiths MM, Stuart JM, Huse A, David CS. Type II collagen-induced arthritis in

mice. IV. Variations in immunogenetic regulation provide evidence for multiple arthritogenic epitopes on

the collagen molecule. J Immunol. 1985; 135(4):2443–51. Epub 1985/10/01. PMID: 2411796.

34. Nandakumar KS, Svensson L, Holmdahl R. Collagen type II-specific monoclonal antibody-induced

arthritis in mice: description of the disease and the influence of age, sex, and genes. Am J Pathol. 2003;

163(5):1827–37. Epub 2003/10/28. https://doi.org/10.1016/S0002-9440(10)63542-0 PMID: 14578183;

PubMed Central PMCID: PMC1892447.

35. Nandakumar KS, Holmdahl R. A genetic contamination in MHC-congenic mouse strains reveals a locus

on chromosome 10 that determines autoimmunity and arthritis susceptibility. Eur J Immunol. 2005; 35

(4):1275–82. Epub 2005/03/12. https://doi.org/10.1002/eji.200425925 PMID: 15761851.

36. Matheu V, Barrios Y, Arnau MR, Navikas V, Issazadeh-Navikas S. Similar response in male and female

B10.RIII mice in a murine model of allergic airway inflammation. Inflamm Res. 2010; 59(4):263–9. Epub

2009/09/26. https://doi.org/10.1007/s00011-009-0094-7 PMID: 19779803.

37. Giles JT, Ferrante AW, Broderick R, Zartoshti A, Rose J, Downer K, et al. Adipose Tissue Macrophages

in Rheumatoid Arthritis: Prevalence, Disease-Related Indicators, and Associations With Cardiometa-

bolic Risk Factors. Arthritis Care Res (Hoboken). 2018; 70(2):175–84. Epub 2017/04/08. https://doi.org/

10.1002/acr.23253 PMID: 28388816.

PLOS ONE Genetic background and sex in IL-23 induced spondyloarthritis

PLOS ONE | https://doi.org/10.1371/journal.pone.0247149 May 13, 2021 19 / 19

https://doi.org/10.1038/s41590-018-0094-2
http://www.ncbi.nlm.nih.gov/pubmed/29670241
http://www.ncbi.nlm.nih.gov/pubmed/2411796
https://doi.org/10.1016/S0002-9440%2810%2963542-0
http://www.ncbi.nlm.nih.gov/pubmed/14578183
https://doi.org/10.1002/eji.200425925
http://www.ncbi.nlm.nih.gov/pubmed/15761851
https://doi.org/10.1007/s00011-009-0094-7
http://www.ncbi.nlm.nih.gov/pubmed/19779803
https://doi.org/10.1002/acr.23253
https://doi.org/10.1002/acr.23253
http://www.ncbi.nlm.nih.gov/pubmed/28388816
https://doi.org/10.1371/journal.pone.0247149

