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Objective. Interleukin-23 (IL-23) is a crucial cytokine implicated in chronic inflammation and autoimmunity, associ-
ated with various diseases such as psoriasis, psoriatic arthritis, and systemic lupus erythematosus (SLE). This study
aimed to create and characterize a transgenic mouse model overexpressing human IL-23A (TghIL-23A), providing a
valuable tool for investigating the pathogenic role of human IL-23A and evaluating the efficacy of anti–human IL-23A
therapeutics.

Methods. TghIL-23A mice were generated via microinjection of CBA × C57BL/6 zygotes with a fragment of the
human IL23A gene, flanked by its 50-regulatory sequences and the 30 untranslated region of human β-globin. The
TghIL-23A pathology was assessed through hematologic and biochemic analyses, cytokine and antinuclear antibody
detection, and histopathologic examination of skin and renal tissues. The response to the anti–human IL-23A thera-
peutic agent guselkumab was evaluated in groups of eight mixed-sex mice receiving subcutaneous treatment twice
weekly for 10 weeks using clinical, biomarker, and histopathologic readouts.

Results. TghIL-23A mice exhibited interactions between human IL-23A and mouse IL-23/IL-12p40 and developed
a chronic multiorgan autoimmune disease marked by proteinuria, anti–double-stranded DNA antibodies, severe
inflammatory lesions in the skin, and milder phenotypes in the kidneys and lungs. The TghIL-23A pathologic features
exhibited significant similarities to those observed in human patients with SLE, and they were reversed following
guselkumab treatment.

Conclusion. We have generated and characterized a novel genetic mouse model of SLE, providing proof-
of-concept for the etiopathogenic role of human IL-23A. This new model has a normal life span and integrates several
characteristics of the human disease’s complexity and chronicity, making it an attractive preclinical tool for studying
IL-23–dependent pathogenic mechanisms and assessing the efficacy of anti–human IL-23A or modeled disease-
related therapeutics.

INTRODUCTION

Interleukin-23 (IL-23) is a member of the IL-12 cytokine

family, composed of the IL-23A (IL-23p19) and the IL-12/23B

(IL-12/23p40) subunits.1 It is primarily secreted by activated mac-

rophages, dendritic cells, keratinocytes, and other antigen-

presenting cells, as well as by T lymphocytes and natural killer

cells in peripheral tissues, such as the skin, intestinal mucosa,

joints, and lungs.2–4 Although the IL-23/IL-17 axis has a well-

documented protective role against bacterial and fungal

infections,5 its dysregulation can lead to chronic inflammation

and autoimmunity, contributing to the development of several dis-

eases, such as psoriasis, psoriatic arthritis, inflammatory bowel

disease, rheumatoid arthritis, multiple sclerosis, and others.5

Because of its significant involvement in various pathogenic con-

ditions, IL-23 has emerged as a promising therapeutic target for
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chronic inflammatory and autoimmune diseases. Guselkumab, a
monoclonal antibody for the treatment of moderate to severe pla-
que psoriasis, targeting IL-23A, and ustekinumab, a monoclonal
antibody for the treatment of Crohn disease, ulcerative colitis, pla-
que psoriasis, and psoriatic arthritis targeting the common p40
subunit of IL-12 and IL-23, are two of the currently approved
biologics that target IL-23, whereas additional biologics targeting
IL-23 are also under development.

One autoimmune disease in which IL-23 has recently been
shown, both in human patients and mouse models, to play a cru-
cial pathogenic role is systemic lupus erythematosus (SLE).
Patients with SLE exhibit elevated IL-23 levels in their serum and
plasma, along with increased IL-23 receptor (IL-23R) expression
on T cells.6–10 Conversely, IL-23R deficiency has been found to
protect the B6/lpr lupus-prone mouse model from lupus
development,11 and treatment of the MRL/lpr genetic mouse
model of lupus with anti–IL-23A antibodies has been shown to
ameliorate lupus symptoms.12

SLE is an autoimmune disease characterized by the loss of
tolerance against nuclear autoantigens, resulting in complement
and cytokine activation and the production of high levels of anti–
single-stranded and anti–double-stranded autoantibodies.13–16

The disease is characterized by the presence of circulating
immune complexes that deposit in tissues, leading to multiorgan
damage, with kidneys and skin being primarily affected.15,17–19

Mouse models that replicate key features of SLE pathology have
greatly contributed to the study of SLE etiopathogenesis and the
identification and validation of potential therapeutic targets.

Among the commonly used mouse models for studying
lupus pathology and for the preclinical evaluation of therapeutics,
the (NZB × NZW)F1 model exhibits severe lupus-like phenotypes,
including splenomegaly, elevated levels of circulating antinuclear
antibodies, immune complex–mediated nephritis leading to renal
failure, and premature death.13,20–22 The MRL/lpr mouse model,
homozygous for the lymphoproliferation spontaneous mutation
(Faslpr), shows defective immune cell apoptosis, leading to the
accumulation of double negative autoreactive (CD4−CD8−)
B220+ T cells, the production of anti–double-stranded DNA
(anti-dsDNA) autoantibodies, and the development of renal and
skin pathologies.20–22 The BXSB/Yaa mouse model, a recombi-
nant inbred strain, develops lymphoid hyperplasia, nephritis, high
serum titers of antinuclear antibodies, and high serum retroviral
glycoprotein 70 titers.20 Additionally, several mouse models
based on single-gene knockouts or transgenic expression of spe-
cific genes exhibit lupus-like phenotypes, providing insights into
the involvement of these genes and functional pathways in SLE
mechanisms.23 Ultimately, although mice spontaneously devel-
oping a disease similar to human SLE do not fully recapitulate
the complexity of human lupus pathology, they have been an
important asset for elucidating the pathogenesis of this disease.
Considering the accumulating evidence on the pathogenic role
of IL-23, we generated transgenic mice expressing dysregulated

human IL-23A (TghIL-23A mice). We demonstrate that TghIL-
23A mice develop phenotypes that replicate major clinical, immu-
nologic, and molecular features of human SLE, making them a
valid novel mouse model of lupus and a valuable preclinical tool
for studying IL-23–dependent pathogenic mechanisms and eval-
uating therapeutics.

MATERIAL AND METHODS

Generation of TghIL-23A mice. A 2,825 bp genomic
DNA fragment containing 986 bp of the human IL23A 50 regula-
tory sequences and the complete intron-exon sequences up to
the stop codon was amplified by polymerase chain reaction
(PCR) from the bacterial artificial chromosome CTD-3110H14,
and it was further cloned upstream of a 779-bp long DNA frag-
ment containing the 30 untranslated and polyadenylation
sequences of the human β-globin gene.24 This transgene was
microinjected in (CBA × C57BL/6)F2 mouse zygotes and the
transgene carriers were identified by PCR using the following
primers: F, GTCTTTGCCCATGGAGCAGC, and R, GCCCTTCA-
TAATATCCCCCA. Pronuclear injection of the transgene into fertil-
ized (C57BL/6J × CBA/J)F2 oocytes was performed in the
Biomedical Sciences Research Center (BSRC) Alexander Fleming
Transgenesis Facility.

Mice and in vivo studies. Wild type, TghIL-23A,
TghIL-23A/IL-12B−/−,25 and TghIL-23A/RAG-1−/−26 mice were
bred and maintained in a mixed CBA × C57BL/6J genetic back-
ground in the animal facilities of Biomedcode Hellas S.A. and
BSRC Alexander Fleming under specific pathogen-free condi-
tions. Animals were housed in standard plastic cages with wood
chip bedding under an inverted 12:12-hour light/dark cycle at a
constant temperature of 22 ± 2�C and relative humidity of approx-
imately 60%. Standard diet and water were provided ad libitum.

For in vivo studies, 10-week-old mice were distributed to
sex-balanced groups of 8 to 10 animals and were treated subcu-
taneously twice weekly for 10 weeks with either saline or different
doses of guselkumab (Tremfya; Janssen-Cilag International NV).
Mice were monitored regularly to record their weight and skin clin-
ical scores, whereas ear thickness was measured at the comple-
tion of the in vivo part of the study. All animal experimentation was
approved by the BSRC Alexander Fleming Institutional Commit-
tee of Protocol Evaluation in conjunction with the Veterinary Ser-
vice Management of the Hellenic Republic Prefecture of Attica
according to all current European and national legislation and
was performed in accordance with relevant guidelines and regula-
tions (approved protocol no. 466365/25.05.22).

Skin clinical score and cytokine and autoantibody
detection. The TghIL-23A skin phenotype was assessed based
on a scoring scale adapted from the study by Yang et al,27 with
clinical scores representing the sum of three individual scores
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assessing (1) the extent of periocular fur loss (0 [normal], 0.5
[mild], and 1 [severe]); (2) the extent of fur thinning and skin red-
ness of the abdominal area (0 [normal], 0.5 [mild], and 1 [severe]);
and (3) the severity of the ventral neck and thorax area pathology
(0 [normal], 0.5 [mild lesions in the neck area], 1 [mild to moderate
lesions extending toward the thorax], and 2 [severe extended skin
lesions with serous exudates and crusts]). Ear thickness was
measured using an electronic caliper. Cytokines were measured
in skin tissue lysates using the LEGENDplex Mouse Inflammation
Panel (13-plex) according to the manufacturer’s instructions.
Serum levels of anti-dsDNA, anti–single-stranded DNA (anti-
ssDNA), anti-SSA/Ro52 antibodies, and total IgG were assessed
by enzyme-linked immunosorbent assay (ELISA) (Alpha Diagnos-
tic International, 5120; Alpha Diagnostic International, 5320;
Alpha Diagnostic International, 5730; and Abcam, ab157719,
respectively) according to the manufacturer’s instructions. Serum
from an MRL/lprmouse with severe proteinuria (Hooke Laborato-
ries, cat No. LZ-0201) was used as positive control for anti-
dsDNA and anti-SSA/Ro52 ELISA.

Hematologic and urine analysis and flow cytometry
of skin samples. Red blood cell (RBC) counts, hematocrit
(HCT) levels, and hemoglobin levels were measured using the
BC-5000 Vet Hematology Analyzer (Mindray Animal Medical).
Urine protein concentrations were assessed using either the
AU480 Clinical Chemistry Analyzer (Beckman Coulter) or the Mul-
tistix 10 SG (Series 2300; Siemens). Skin samples collected from
the ventral neck area of four to five mice were minced in Hank’s
balanced solution (HBSS) and incubated at 4�C overnight with
1.5 mg/mL of dispase II (Roche; 04942078001). The next day,
samples were incubated at 37�C with 1 mg/mL of collagenase
IV (C5138; Sigma-Aldrich) and 10% fetal bovine serum (FBS) for
1.5 hours while shaking. Following this incubation, the samples
were vortexed, filtered through a 70-μm cell strainer, washed with
HBSS plus 10% FBS, and centrifuged at 1,200 revolutions per
minute. The cell pellet was resuspended in a fluorescence-
activated cell sorting (FACS) buffer, and 1.5 × 106 cells per sam-
ple were stained with the viability dye Zombie-NIR (Biolegend)
and with specific antibodies for the detection of CD4, CD8,
B220, CD11b, Ly-6G, F4/80, and SinglecF (BioLegend); finally,
the samples were analyzed by flow cytometry using BD FACS-
Canto II and BD FACSDiva software (BD Biosciences).

Histopathology and immunohistochemistry. Tissue
paraffin sections were stained with hematoxylin and eosin (H&E)
for histopathologic evaluation or with biotinylated anti–mouse-
IgG (BA-9200; Vector Laboratories) for the detection of immune
complex deposits and anti–human IL-23A (AM20386PU-N; Ori-
Gene) for the detection of human IL-23A protein in various tis-
sues. Skin and ear histopathologic evaluation was performed in
a masked manner using a scoring scale adapted from the study
by Yang et al.27 Scores are the sum of the individual scores of

epidermis and dermis pathology. Epidermis pathology is
characterized by hyperkeratosis or orthokeratosis and acanthosis
leading to tissue destruction and necrosis assessed in a scale
from 0 to 4, and dermis pathology includes immune cell infiltration
in the different dermis layers assessed in a scale ranging from 0 to
3. Lung histopathologic evaluation was also performed in a
masked manner using a scoring scale adapted from the study
by Bell et al.28 Scores are the sum of the individual scores of peri-
bronchial and perivascular inflammation (scale 0–3) along with
interstitial inflammation (scale 0–3).

RNA isolation, PCR analysis, and statistical analysis.
Tissue RNA was isolated with Trizol (15596026; ThermoFisher
Scientific) and reverse transcribed with Moloney murine leukemia
virus reverse transcriptase (M1705; Promega). The expression of
human IL-23A messenger RNA and β2-microglobulin (β2m) was
assessed by PCR using specific primers (hIL-23AF:
GTCTTTGCCCATGGAGCAGC; hIL-23AR: GCCCTTCATAATA
TCCCCCA; mβ2mF: TTCTGGTGCTTGTCTCACTGA; and
mβ2mR: CAGTATGTTCGGCTTCCCATTC). Data are presented
as mean ± SEM, and Student’s t-test was used for the evaluation
of statistical significance, with P values < 0.05 being considered
statistically significant. More specifically, normality and lognormal-
ity tests were performed using the Kolmogorov-Smirnov test, the
Shapiro-Wilk test, and the D’Agostino and Pearson normal
Gaussian distribution. If sample values passed all three tests, the
unpaired parametric Student’s t-test was chosen. If not, the non-
parametric Mann-Whitney U test was used. Analysis was per-
formed using Prism V.10 (GraphPad).

RESULTS

Generation of TghIL-23A mice. To examine the patho-
genic role of IL-23A, we generated TghIL-23A mice. The trans-
gene used contained a fragment of the human IL-23A gene
locus composed of 50 regulatory sequences sufficient to confer
regulated transcription29 of the complete intron-exon sequences
that followed. The fragment was cloned upstream of a nonregu-
lated 30 untranslated region to enable the abolishment of the post-
transcriptional regulation of IL-23A and its altered expression,
aiming to increase the risk of development of a pathogenic condi-
tion30 (Figure 1A). The TghIL-23A mice generated were main-
tained in CBA × C57BL/6 background, and the expression of
the human IL-23A transgene was confirmed by PCR in the skin,
lymph nodes, spleen, lungs, and kidneys (Figure 1 Β). The human
IL-23A protein was also detected by immunohistochemistry in the
skin, showing a diffuse positive staining in the dermis, in the cor-
tex of the lymph nodes, in the red pulp of the spleen, in the peri-
bronchial and perivascular areas as well as the interstitium of the
lungs and in the glomeruli of the kidneys (Figure 1C).
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Human IL-23A expression leads to a spontaneous
and progressive skin pathology with immune system
involvement. TghIL-23A mice are fertile, have a normal life
span, and exhibit normal body weight gain until the age of
7 months, when they start to show a progressive body weight
loss (Supplementary Fig 1), with no significant difference in overall

survival up to an observation period of 40 weeks. At four weeks of
age, the TghIL-23A mice start developing clinical symptoms of
skin pathology, which first manifest as fur thinning in the periocular
and abdominal areas (Figure 2A, panels i and iv). As the disease
progresses, the clinical symptoms become more severe and
include the thickening of the ear pinna (Figure 2A, panels v and

Figure 1. Generation of TghIL-23A mice and hIL-23A expression. (A) Schematic representation of the hIL-23A transgene. (B) hIL-23A mRNA
detected by PCR and (C) hIL-23A protein detected by immunohistochemistry in the skin, cervical lymph nodes, spleen, lung, and kidney of
TghIL-23A mice. Scale bars = 200 μm and 100 μm. β2m, β2-microglobulin; hβ-globin, human beta-globin; hIL-23A, human interleukin-23A; LN,
lymph node; mRNA, messenger RNA; PCR, polymerase chain reaction; Tg, transgenic; TghIL-23A, transgenic human interleukin-23A; UTR,
untranslated region; WT, wild type. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.42830/abstract.
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vi) as well as the extensive loss of fur and the appearance of skin
lesions with serous exudate production and crust formation in
the rostrum and the ventral neck and/or upper thorax (Figure 2A,
panels ii and iii).

The progression of the clinical phenotype was assessed
using a scoring scale of four points, taking into account the fea-
tures of the pathology developing in the periocular, abdominal,
ventral neck, and thorax areas. By the age of 10 weeks, all the ani-
mals developed mild skin pathology that reached a maximum
score by 30 weeks of age (Figure 2B). The clinical signs also
included the involvement of the immune compartment, as indi-
cated by the hyperplastic phenotype observed in the draining
lymph nodes of the affected ventral neck area (Figure 2C) as well
as the greatly enlarged spleens of 5- to 7-month-old mice
(Figure 2D).

Mice expressing human IL-23A develop
autoimmune lupus pathology. To further assess the clinical
profile of the TghIL-23A mice, we performed hematologic and
biochemic analysis of the blood and urine of 20- to >35-week-
old mice. Analysis of the blood of 20-week-old TghIL-23A mice
showed significantly reduced RBC counts as well as reduced

HCT and hemoglobin levels, indicating an anemic phenotype
(Figure 3A). Moreover, urine analysis showed that the TghIL-23A
mice exhibited proteinuria indicated by the increased albumin to
creatinine ratio, suggesting mild renal dysfunction (Figure 3B).

The finding of anemia, which is a common sign of chronic
inflammatory conditions, such as autoimmune pathologies and
proteinuria, that implicates impaired renal function, suggested
that the TghIL-23A phenotype could possibly be linked with auto-
immunity. To explore this possibility, we assessed key features of
autoimmunity, including the presence of circulating autoanti-
bodies as well as the T cell and B cell involvement. We therefore
screened serum samples of wild-type and TghIL-23A mice at dif-
ferent ages for the detection of antinuclear antibodies and total
immunoglobulin levels. The serum samples of TghIL-23A mice
from 10 weeks of age tested positive for both anti-ssDNA
(Supplementary Fig 2A) and anti-dsDNA antibodies (Figure 3C).
Furthermore, low levels of anti-SSA/Ro52 in serum samples of
TghIL-23A mice were detected at the age of 20 weeks and were
further increased at the age of 36 weeks, albeit without reaching
statistical significance (Supplementary Fig 2B). IgG levels were
significantly increased in circulation (Figure 3D), and IgG was
deposited in the renal glomeruli, where increased numbers of

Figure 2. Clinical featuresof dermatitis, splenomegaly, and lymphadenopathy in theTghIL-23Amice. (A)Macroscopic imagesof 30-week-oldTghIL-23A
andWT littermatemicedepictingclinical featuresof fur thinningandskin lesions in the ventral–thoracic (i–iii) andperiocular areas (iv) aswell as in theearsof the
Tgmice (v–vi). (B)Clinical assessmentandear thicknessmeasurementsshowanage-dependent increasedseverityof theTghIL-23Askinpathology (n=6–8
mice per group). The assessment of the LNandspleen toBW ratios show thedevelopment of a TghIL-23Aage-dependent (C) lymphadenopathy (n = 3–17
micepergroup)and (D)splenomegaly (n=3–9micepergroup).Dataarepresentedasmean ± SEM; *P < 0.05; **P < 0.005; ***P < 0.0002; ****P < 0.0001.
BW,bodyweight; hIL-23A, human interleukin-23A; LN, lymphnode; Tg, transgenic; TghIL-23A, transgenic human interleukin-23A;WT,wild type.Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42830/abstract.
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mesangial cells were also detected (Figure 3E). Crossing the
TghIL-23A mice to RAG-1−/− mice resulted in complete abolish-
ment of the skin pathology and the proteinuria (Figure 3F), con-
firming the critical involvement of B and T lymphocytes.

Crossing the TghIL-23A mice with the IL-12B–deficient mice
(TghIL-23A/IL-12B−/−) resulted in significant decreases of circu-
lating anti-dsDNA antibodies (Supplementary Fig 3A) and
decreased proteinuria (Supplementary Fig 3B) in 20-week-old
mice. These data suggest that the pathology is driven by an IL-
23 dimer, composed of a human IL-23A and a mouse IL-12B
subunit. The simultaneous manifestation of inflammation in the
skin, the impaired renal function, and anemia together with
the presence of antinuclear antibodies and the dependency of

the pathology on T cells and B cells as well as on the expression
of the IL-12B subunit support that TghIL-23A mice reproduce
key features of systemic lupus autoimmunity15,31–33 that are
IL-23 dependent.

TghIL-23A mice develop cutaneous lupus with
pulmonary manifestations. We next studied in greater detail
the skin pathology and its connection with the autoimmune lupus
developing in these mice. Histopathologic analysis of H&E-
stained sections of the affected skin of 20- to 30-week-old
TghIL-23A mice revealed the presence of vacuolar interface der-
matitis (Figure 4A, panel i), acanthosis of the epidermis with elon-
gated rete ridges and orthokeratosis (Figure 4A, panel ii),

Figure 3. TghIL-23A mice develop an autoimmune lupus-like pathology. Twenty-week-old TghIL-23A mice show (A) signs of anemia evident by
the reduced RBC counts, HCT levels, and HGB levels (n = 4–12 mice per group); (B) mild proteinuria evident by the increased ratio of albumin/
creatinine urine levels (n = 4–12 mice per group); (C) increased circulating levels of anti-dsDNA antibodies (n = 4–16 mice per group); and
(D) total IgG (n = 3–6 mice per group) and (E) mild mesangial hypercellularity and IgG deposits in their glomeruli. Scale bar = 20 μm. (F) The
TghIL-23A clinical pathology features of 20-week-old mice are abolished following their crossing to RAG-1−/−mice (n = 4–10mice per group). Data
are presented as mean ± SEM; *P < 0.05; **P < 0.005; ***P < 0.0002; ****P < 0.0001. anti-dsDNA, anti–double-stranded DNA; HCT, hematocrit;
H&E, hematoxylin and eosin; HGB, hemoglobin; RBC, red blood cell; Tg, transgenic; TghIL-23A, transgenic human interleukin-23A; WT, wild type.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42830/abstract.

CHRISTODOULOU-VAFEIADOU ET AL1090

 23265205, 2024, 7, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/art.42830 by C

ochrane G
reece, W

iley O
nline L

ibrary on [26/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://onlinelibrary.wiley.com/doi/10.1002/art.42830/abstract


Figure 4. Histopathologic analysis of the cutaneous and lung manifestations of the TghIL-23A pathology (A) H&E-stained paraffin sections
showing (i) vacuolar interface dermatitis; (ii) orthokeratosis (O), acanthosis (A), and rete ridges formation (R); (iii) and epidermolysis as well as accu-
mulation of inflammatory cells (PMNs); and (iv) ulcerations and necrosis (U/N) in the skin of TghIL-23A mice. Scale bar = 100 μm. These pathologic
features become progressively more severe in older mice (graph) (n = 2–13 mice per group). (B) The affected skin of 20-week-old TghIL-23A mice
also exhibit increased levels of inflammatory cytokines (n = 4 mice per group), (C) lymphoid and myeloid infiltrates (n = 4–5 mice per group), and
(D) IgG deposits. Scale bar = 200 μm. (E) representative H&E-stained lung paraffin sections showing evidence of interstitial and peribronchial lung
inflammation in 20-week-old TghIL-23A mice that are also assessed for their severity histopathologically (graph) (n = 4–5 mice per group). Scale
bar = 50 μm. Data are presented as mean ± SEM; *P < 0.03; **P < 0.0095; ***P = 0.0001; ****P < 0.0001. H&E, hematoxylin and eosin; IFNγ,
interferon-γ; IL, interleukin; MCP-1, monocyte chemotactic protein 1; TghIL-23A, transgenic human interleukin-23A; TNFα, tumor necrosis factor
α; WT, wild type. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42830/abstract.
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epidermolysis (Figure 4A, panel iii), accumulation of inflammatory
cells (polymorphonuclear cells [PMNs]), and ulcerations and
necrosis in the dermis (Figure 4A, panel iv). Similar (but slightly
milder in severity) pathologic features were observed in the ears
of these mice that showed hyperkeratosis, acanthosis, and accu-
mulation of inflammatory cells (PMNs) in the subepidermal layer
(Supplementary Fig 4A).

The severity and progression of the skin pathology was mon-
itored using a scoring scale of seven points assessing histopatho-
logic features present in the epidermis and dermis layers of the
affected skin. In all the TghIL-23A animals examined, mild skin
and ear histologic features were detected by the age of 10 weeks,
whereas scores reached maximum severity by the age of
40 weeks (Figure 4A and Supplementary Fig 4B). Interestingly,
similar to what we observed with the clinical features, the histo-
pathologic features in the skin were also abolished when the
TghIL-23A mice were crossed with RAG-1−/− mice and with
IL-12B−/− mice (Supplementary Fig 5A and B), highlighting again
the dependency on the IL-23 pathogenic pathway and the
adaptive immune response.

Cytokine and chemokine multiplex analysis revealed that the
local skin inflammatory milieu contained increased levels of multi-
ple inflammatory molecules, such as IL-23, tumor necrosis factor
α (TNFα), interferon-γ (IFNγ), IL-17A, monocyte chemotactic pro-
tein 1 (MCP-1), and IL-1b (Figure 4B). FACS analysis indicated
the accumulation of inflammatory cells in the affected skin, which
included primarily CD4+ and CD8+ T cells, B220+ B cells, and
F4/80+ macrophages, neutrophils, and eosinophils (Figure 4C).
In accordance with the accumulation of B cells in the skin of
TghIL-23A mice, extensive IgG deposits were detected in the
upper dermis area (Figure 4D) but not in the dermal or epidermal
interface, as often observed in human patients.

Because lupus can affect multiple organs, we performed his-
topathologic analysis of H&E-stained sections of the ileum, colon,
heart, and lungs, organs that are known to be affected by lupus,
and of these, only the lungs showed interstitial and peribronchial
inflammation (Figure 4E and Supplementary Fig 6). The percent-
age of TghIL-23A mice with pathologic findings in their lungs
increased in older mice. At 10 weeks of age, only 33% of the mice
showed lung inflammation, whereas 57% of mice at 20 weeks of
age and 73% of mice at 30 weeks of age were affected in their
lungs (Figure 4E). Interestingly, the skin histopathologic findings
and the local inflammatory milieu together with the pathologic
manifestations in the lungs bear similarities to most of the patho-
logic features observed in human patients with cutaneous
lupus.19,32,34–37

Human IL-23A blockade acts therapeutically and
ameliorates TghIL-23A cutaneous lupus. The response
and dependency of the TghIL-23A lupus pathology on the
expression of the human IL-23A subunit was further studied by
treating the mice with guselkumab, a monoclonal antibody that

specifically targets and blocks this subunit. Age- and sex-
matched groups of TghIL-23A mice with similar body weights,
skin pathology, and proteinuria were treated for 10 weeks, start-
ing from 10 weeks of age, with either 5 or 15 mg/kg of guselku-
mab, which was administered subcutaneously twice weekly.
Clinical monitoring indicated that both doses of guselkumab
could significantly reduce the severity of the skin pathology,
whereas only the highest dose could significantly reduce the ear
thickness (Figure 5A). Nevertheless, skin and ear histopathologic
scores were significantly reduced by both doses (Figure 5B).

Similarly, treatment with the highest dose of guselkumab
restored the size of the draining lymph nodes and the spleens of
the TghIL-23A mice to normal levels (Figure 5C) and returned
the urine protein to wild-type levels (Figure 5D), whereas
both the 5 and 15 mg/kg doses of guselkumab also efficiently
reduced the levels of circulating IgG (Figure 5E). Finally, treatment
with guselkumab efficiently reduced the percentage of
IgG-positive glomeruli in the kidneys of TghIL-23A mice. More
specifically, although untreated transgenic mice presented with
76% IgG-positive glomeruli, following treatment with 5 of mg/kg
guselkumab only 34% of the glomeruli stained positive for IgG
and following treatment with 15 of mg/kg guselkumab this per-
centage dropped to 20% (Figure 5F).

DISCUSSION

The TghIL-23A mice were generated with the aim of devel-
oping a novel mouse model to study the role of deregulated
human IL-23A expression in pathogenesis. The implication of
IL-23A deregulation in pathogenic mechanisms has been previ-
ously supported by the phenotypes developed in mice lacking
the RNA-binding protein tristetrapolin (TTP), a posttranscriptional
regulator of both TNFα and IL-23A. TTP knockout mice sponta-
neously develop systemic autoimmunity, with features of arthritis,
cardiac valvulitis, dermatitis, and renal pathology, accompanied
by high titers of anti-dsDNA and anti-ssDNA autoantibodies.38–40

40 Because transgenic mice expressing deregulated human TNF
were shown to develop arthritis and cardiac valvulitis,41 we ques-
tioned whether the deregulated expression of human IL-23A
could similarly lead to the development of the remaining pheno-
types occurring in the TTP−/− mice.

TghIL-23A mice were shown to exhibit an overt skin pheno-
type that included signs of alopecia, as well as the development
of erythema and eczematous lesions with histopathologic findings
of acanthosis and inflammatory cell infiltration, which are typical
signs of dermatitis. Cytokine analysis revealed the local upregula-
tion of IL-17A that is consistent with the expected activation of the
IL-23/IL-17 axis in these mice.42,43 Additionally, increased levels
of TNF, IL-1β, and IFNγ cytokines commonly associated with skin
inflammation were observed.42,44 Although the skin pathology
developing in TghIL-23A mice shares several similarities with
IL-23/IL-17–driven psoriasis,42 it also exhibits nontypical features
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Figure 5. Dose-dependent amelioration of the TghIL-23A lupus pathology following IL-23A blockade. Reduced skin (upper panel) and ear (lower
panel) (A) clinical and (B) histopathologic signs (n = 8–11 mice per group), (C) reduced LN/BW and spleen/BW ratios (n = 8–10 mice per group),
(D) urine protein levels (n = 5–10 mice per group), (E) IgG circulating levels (n = 5–6 mice per group), and (F) glomerular IgG deposits (n = 7–9 mice
per group) following a 10-week-long treatment of TghIL-23A mice with anti-human IL-23A (GUS). Scale bar = 20 μm. Data are presented as
mean ± SEM; *P < 0.04; **P < 0.0092; ***P = 0.0002; ****P < 0.0001. BW, body weight; GUS, guselkumab; IL-23A, interleukin-23A; LN, lymph
node; TghIL-23A, transgenic human interleukin-23A; WT, wild type.
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of psoriasis, such as vacuolar interface dermatitis, orthokeratosis,
epidermal thinning, epidermolysis, and the localized accumulation
of IgG deposits, features that resemble those observed in human
patients and mouse models of autoimmune skin disorders.27,37

Furthermore, the presence of B220+ cells infiltrating the
inflamed skin, as well as the enlarged local lymph nodes and
spleens, suggests the involvement of an autoimmune component
in the TghIL-23A driven pathology.

Several lines of evidence support the pathogenic involve-
ment of IL-23A in SLE. Specifically, high serum levels of IL-23
have been detected in patients with SLE, and IL-23R–deficient
lupus-prone mice (B6/lpr) are protected from lymphoproliferation,
anti-dsDNA antibody production, and nephritis.11,45 Additionally,
treatment of lupus-prone mice with anti-IL-23 antibodies has
been shown to ameliorate lupus nephritis.12

In agreement with the previously mentioned evidence, our
work revealed great similarities between the clinical and histo-
pathologic findings of TghIL-23A mice and those observed in
human patients with SLE.16,37 More specifically, the presence of
skin pathology, of inflammatory kidney infiltrates, and of interstitial
and/or peribronchial lung inflammation, as well as the increased
circulating levels of antinuclear autoantibodies and the local depo-
sition of immunoglobulins in tissues, are key SLE pathology fea-
tures. Importantly, these pathologic findings were shown to be T
and B cell dependent because they were all ameliorated in a
RAG-1−/− context, further confirming the involvement of an auto-
immune component in the pathology of TghIL-23A mice. IL-23A
may partner either with the IL-23/IL-12B subunit to form the
IL-23 cytokine or with the Epstein-Barr virus–induced gene 3 sub-
unit to form the IL-39 cytokine, both of which have been linked to
SLE pathogenesis.1,46 Our work revealed that the SLE-related
pathology of TghIL-23A mice was abolished when crossed
with IL-23/IL-12B–deficient mice, therefore confirming that
human IL-23A exerts its pathologic effect through dimerization
with IL-23/IL-12B and the formation of the IL-23 cytokine.

The TghIL-23A pathology closely resembles that of the
MRL/lpr mouse, one of the most commonly used models of
SLE, with shared similarities including the features of cutaneous
involvement, splenomegaly, lymphadenopathy, autoantibody for-
mation, and renal pathology. Nonetheless, the TghIL-23A model
is differentiated from the MRL/lpr model in that it exhibits lower
levels of autoantibodies (anti-SSA/Ro52 and anti-dsDNA)
(Supplementary Fig 7), slower-developing mild renal pathology,
and lack of early lethality, thus offering an extended time frame
for the study of the disease and its response to treatment. Addi-
tionally, the TghIL-23A model allows the direct evaluation of
human biologics targeting human IL-23A because we have
shown that treatment with the anti–human IL-23A–targeting bio-
logic guselkumab ameliorates the disease. Furthermore, this
could be a useful model for testing therapeutic approaches tar-
geting additional components of the IL-23 pathogenic pathway.
Overall, with the generation of the TghIL-23A mice, we show that

the human IL-23A subunit dimerizes with the mouse IL-23/IL-12B
subunit, leading to the development of a lupus-like multiorgan
autoimmune disease, characterized by autoantibody production
and the formation of inflammatory lesions primarily in the skin, kid-
neys, and lungs. This novel mouse model provides the proof-
of-concept for the etiopathogenic role of IL-23A in lupus and can
serve as a valuable tool for studying the mechanisms underlying
autoimmunity and for testing novel therapeutic approaches.
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