Journal of Autoimmunity 143 (2024) 103167

Contents lists available at ScienceDirect P
AUTOIMMUNITY

............... oo

Journal of Autoimmunity

journal homepage: www.elsevier.com/locate/jautimm

ELSEVIER

l.)
IL-23 induces CLEC5A™ IL-17A" neutrophils and elicit skin inflammation | %&&

associated with psoriatic arthritis

Hiroki Furuya®', Cuong Thach Nguyen ™', Trevor Chan ““, Alina I. Marusina®,
Alexander A. Merleev ¢, Maria de la Luz Garcia-Hernandez ®, Shie-Liang Hsieh f

George C. Tsokos ", Christopher T. Ritchlin é, Ilias Tagkopoulos “", Emanual Maverakis ,
Iannis E. Adamopoulos "

2 Department of Rheumatology and Clinical Immunology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, USA
Y Division of Rheumatology, Allergy and Clinical Immunology, University of California, Davis, USA

¢ Department of Computer Science, University of California, Davis, CA, USA

4 Genome Center, University of California, Davis, CA, USA

€ Department of Dermatology, University of California, Davis, Sacramento, USA

f Genomics Research Center, Academia Sinica, Nankang, Taipei, Taiwan

8 Division of Allergy, Immunology & Rheumatology, University of Rochester Medical School, NY, USA

b Process Integration and Predictive Analytics, PIPA LLC, CA, USA

ARTICLE INFO ABSTRACT

Keywords: IL-23-activation of IL-17 producing T cells is involved in many rheumatic diseases. Herein, we investigate the
Arthritis role of IL-23 in the activation of myeloid cell subsets that contribute to skin inflammation in mice and man. IL-23
Psoriatic

gene transfer in WT, IL-23R®F" reporter mice and subsequent analysis with spectral cytometry show that IL-23

regulates early innate immune events by inducing the expansion of a myeloid MDL1"CD11b*Ly6G" popula-
tion that dictates epidermal hyperplasia, acanthosis, and parakeratosis; hallmark pathologic features of psoriasis.
Genetic ablation of MDL-1, a major PU.1 transcriptional target during myeloid differentiation exclusively
expressed in myeloid cells, completely prevents IL-23-pathology. Moreover, we show that IL-23-induced myeloid
subsets are also capable of producing IL-17A and IL-23R "TMDL1" cells are present in the involved skin of psoriasis
patients and gene expression correlations between IL-23 and MDL-1 have been validated in multiple patient
cohorts. Collectively, our data demonstrate a novel role of IL-23 in MDL-1-myelopoiesis that is responsible for
skin inflammation and related pathologies. Our data open a new avenue of investigations regarding the role of IL-
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23 in the activation of myeloid immunoreceptors and their role in autoimmunity.

1. Introduction

IL-23 is a pleiotropic cytokine which is involved in many autoim-
mune diseases including psoriasis and psoriatic arthritis [1,2]. IL-23 is
critical for a plethora of immune responses, including the differentia-
tion, survival, and expansion of Th17, y8 T cells and neutrophils [3,4].
Although the effects of IL-23 in the lymphoid cells have been extensively
studied in relation to IL-17A production, less is known regarding the
effects of IL-23 on myeloid cells. Despite multiple studies demonstrating
the importance of IL-23 and its effector signaling in myelopoiesis and the
recruitment and activation of neutrophils, the exact cellular and

molecular pathways that govern pathogenesis remain elusive [4-8].
We have previously demonstrated that IL-23 induces myelopoiesis in
the bone marrow and induces Myeloid DAP12-associated lectin 1 (MDL-
1) which is associated with osteoclast activation and arthritis [9-11].
MDL-1 also known as CLEC5A is a C-type lectin, (herein referred to as
MDL-1) is exclusively expressed on myeloid cells and is a major PU.1
transcriptional target during myeloid differentiation regulating a num-
ber of myeloid-dependent immune and inflammatory responses
including differentiation, activation and cell recruitment during
inflammation [9,12-15]. Flaviviruses and Listeria monocytogenes stimu-
late MDL-1 to induce proinflammatory cytokine production [16,17],
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canonical inflammasome activation and neutrophil extracellular trap
(NET) formation [18,19], while MDL-1 deficiency impairs the devel-
opment of intestinal y& T cells after L. monocytogenes infection [19].
MDL-1 is a key regulator of synovial injury and bone erosion during
autoimmune joint inflammation [9] and dengue virus infection [20].
Furthermore, MDL-1" immature myeloid cells are responsive for
ConA-induced liver inflammation [21]. All these observations suggest
that MDL-1 plays a critical role in septic and aseptic inflammatory
reactions.

Herein, we show that genetic ablation of MDL-1 prevents IL-23-
induced skin inflammation demonstrating the importance of myelo-
poiesis in IL-23-induced pathology. Our data show that MDL-1 is critical
for the development and maturation of promyelocytes to IL-17A™ neu-
trophils in the skin that regulate skin pathology. Collectively our data
demonstrate MDL-1 as a transcriptional target in IL-23-induced skin
pathology that can be exploited for therapeutic intervention.

2. Material and methods
2.1. Study design

C57BL/6 mice were purchased from Jackson Laboratories. IL-
23RC*P+/+ and MdI-1~/~ mice were obtained from Dr. Kuchroo (Harvard
Medical School) and Dr. Hsieh (National Yang-Ming University,
Taiwan), respectively as previously described [16,22]. For each exper-
iment, at least two experimental replicates were performed. Mice were
selected and assigned to their groups based on their body weights at the
time each experiment started. Sex- and age-matched mice (8-12 weeks)
were used for all experiments under specific pathogen-free conditions.

2.2. Reagents

DyLight 650-Phalloidin was purchased from Thermo Fisher Scienti-
fic, and IL-23 ELISA kit was purchased from eBioscience. Monoclonal
antibodies of anti-Ly6G (1A8), MDL-1 (226402) and anti-ydTCR (GL3)
were purchased from R&D Systems, CD11b (M1/70) from ebioscience,
and GFP conjugated FITC (FM264G), CD3e (145-2C1), CXC3R1
(SA011F11), B220 (RA3-6B2), Ter119 (TER-119), CSF1R (AFS98), Ly6C
(HK1.4), CD61 (2C9.G2), CD45 (30-F11) Ly6G (1A8), CD11b (M1/70)
and IL-17A (1A8) from BioLegend.

2.3. Purification of GFP and IL-23 minicircle (MC) DNA and
hydrodynamic gene delivery

Minicircle-RSV.Flag.mIL23.elasti.bpA or RSV.eGFP.bpA (IL-23MC)
was produced as previously described, and Episomal DNA minicircle
(MC) were prepared using EndoFree Megaprep plasmid purification kit
(Qiagen) [11]. Fifteen micrograms of IL-23 or GFP MC DNA was injected
hydrodynamically via tail vein delivery. We analyzed serum 1-day post
gene transfer with an IL-23 ELISA, and collected bone marrow (BM),
dorsal skin and ears for analysis on indicated days post gene transfer.

2.4. Spectral flow cytometry and high-dimensional analysis

Murine dorsal skin was minced and incubated with 1 U/ml of Dispase
for 2 h at 37 °C, followed by addition of collagenase D for 30 min. BM
cells were flushed out with PBS. Red blood cells were lysed with BD
Pharm Lyse (BD Biosciences). Cells were pre-incubated with anti-CD16/
32 (BD Biosciences) and then incubated with appropriate antibodies and
analyzed on a CytoFLEX LX (Beckman Coulter). The data were analyzed
using FlowJo (BD Biosciences). AccuCheck counting beads (Life Tech-
nologies) were used to determine absolute cell number. BM cells were
analyzed on Cytek  Aurora cytometer and among
B220 CD3Ter119 CSFI1R™ cells, clustering algorithm was conducted
by FlowSOM based on the marker expression of CD11b, Ly6G, Ly6C,
CD45, CX3CR1, MDL1 and CD61. As this method is highly sensitive and

Journal of Autoimmunity 143 (2024) 103167

vulnerable to batch effect, FlowSOM were conducted on single experi-
ment using to avoid confounding bias [23]. The FlowSOM clusters was
also displayed on top of the t-SNE axes to visualize each cluster.

2.5. RNA isolation and real-time PCR

RNA was isolated from mouse tissues using the RNeasy kit (Qiagen)
including a DNase I digest step. Quality of RNA was analyzed with a
Nanodrop spectrophotometer (Thermo Fisher Scientific). cDNA was
prepared using iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR was
performed using iTaq Universal SYBR Green Supermix (Bio-Rad) as
previously described [24]. Relative expression of target genes was per-
formed using the 24T method and normalized with internal GAPDH
control. Relative expression of target genes was performed using the
244CT method and normalized with internal GAPDH control as previ-
ously described [11].

2.6. RNAseq and RNAseq meta-analysis

RNA was isolated from murine ears of WT or Mdl-1~/~ mice injected
with GFP MC either IL-23 MC. The 3'Tag RNA-Seq run was performed on
an Illumina HiSeq 4000 and generated an average of 600,000 reads per
sample. RNA-Seq reads for the 9 individual samples including three
groups: control (WT + GFP MC), treatment (WT + IL-23 MC), and
mutant (Mdl-1~/~ + IL-23 MC) and three replicates each) were inde-
pendently aligned to the mouse genome (ref. ID: GRCh38.p6) using the
STAR v2.7.0a alignment software with the corresponding Ensembl
reference genome. The read results from alignment are shown in Sup-
plemental Table 1. The featureCounts package and edgeR package were
used to count the mapped reads and for subsequent differential
expression analysis. After excluding genes with low expression (less than
three mapped reads), the data were normalized using the Trimmed
Means of M values (TMM) method. A negative binomial distribution was
used to model the variance of the read counts per gene. DEGs are defined
by a fold change >2.0 or <0.5 and g-value (FDR-adjusted p-value) <
0.05. A gene-set enrichment analysis using gProfiler, in which we
identified and examined the top 10 gene ontology processes for both
upregulated and downregulated DEGs separately. A protein-protein
interaction network was generated in which genes from interested
gene groups were shown relative to detected gene clusters. The KEGG
database was used in conjunction with R’s GOChord package to identify
relevant pathways activated by genes in our interested gene groups. The
RNA-Seq data is deposited in the NCBI's Gene Expression Omnibus
(GEO) database and are accessible through GEO Series under the
accession number GSE133830.

For human RNA-Seq meta-analysis, RNA-Seq FASTQ files of psoriasis
lesional skin were downloaded from the NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/Traces/sra). Four total datasets (Sup-
plemental Table 5) were used. All statistical analysis was done using R
software. Correlation analyses of gene expressions were performed on
read counts of each identified gene normalized with DESeq2 package.
Values were subsequently log transformed and winsorized. Spearman’s
correlation coefficients (rs) were calculated in R using the cor.test
function, which was also used to estimate P values of the correlations by
algorithm AS 89. Meta-analyses were conducted to assess findings across
the multiple datasets using R package “metafor”. A weighted random-
effects model was used to estimate a summary effect size. Restricted
maximum-likelihood estimator was selected to estimate between-study
variance. Weighted estimation with inverse-variance weights was used
to fit the model.

2.7. H&E and immunohistochemistry
Murine skin and ears were fixed in 10 % formalin in PBS and paraffin

embedded for sectioning (6 pm). Tissue sections were stained with he-
matoxylin and eosin Y (Sigma). Photos were visualized and analyzed by
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Fig. 1. IL-23-induced skin pathology depends on IL-23R signaling and correlates with increased number of epidermal MDL-1" cells. (a) Photographs of murine ears
21 days post IL-23 MC gene transfer showing the development of silvery white scales in WT mice compared to GFP MC and/or IL-23R®"**/*, (b) H&E staining of
murine ears showing epidermal hyperplasia and number of infiltrated cells. Arrow indicates neutrophil exudates (Munro’s microabscess). (Images are representative
of three independent experiments and 9-11 mice per each group. Scale bars, 100 pm). (¢) Quantification of epidermal thickness (pm) and (d) infiltrated cell number.
(e) Gene expression analysis of inflammatory markers showing an elevation of K16, S100a7, S100a8, S100a9, Cxcl-1, and Cxcl-2 in the ears of IL-23 MC gene transfer
WT mice and/or IL-23R%***/* mice compared to GFP MC (control). (f) H&E and immunofluorescence images of staining with DAPI (blue), MDL-1-PE (red), LY6G-
FITC (green) and DAPI (blue), MDL-1-FITC (green), IL-23R-PE (red) showing an increase of epidermal MDL-1"IL-23R™ neutrophils (orange) in the ears of IL-23 MC
gene transfer mice compared to GFP MC (control) mice. Scale bars, 100 pm. (g) Flow cytometric analysis of murine dorsal skin post IL-23 MC gene transfer, showing
an expansion of (h) CD11b"CD45™ cells and (i) CD11b"CD45"Ly6G™, cells compared to GFP MC (control) mice. (j) Gene expression analysis of murine ear post IL-23
gene transfer showing an elevation of Cd11b, Cd14, Mdl-1, and Mpo compared to GFP MC (control) and or IL-23R®***/* mice. Data represent mean + SEM of three
i‘ndependent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney.

Olympus BX61 microscope and BZ-II Analyzer software. Analysis and
quantification were performed using ImageJ software. Histology sec-
tions were stained for immunofluorescence as previously described [25]
and visualized using a confocal microscope (Nikon C1).

Skin biopsies were fixed in 10 % formalin for 48-h and paraffin
embedded for sectioning (4 pm) for either: 1) Hematoxylin and Eosin
(H&E) or 2) Chloroacetate Esterase. The stained sections were digitized
using a slide imaging system (Olympus VS120). For immunofluores-
cence, sections were blocked and stained with goat anti-IL-17 (AF-317-
NA, R&D systems), mouse anti-CD66b (NB100-77808SS. Novus Bi-
ologicals), and rabbit anti-MRP8 (SA100A8), (EPR3554, Ab92331.
Abcam) antibodies. Primary antibodies were detected with AF568
donkey anti-goat IgG (A11057. ThermoFisher), AF488 donkey anti-
rabbit and AF647 donkey anti-mouse (715-606-150, Jackson Immu-
noResearch Laboratories). Representative images were taken with a
Zeiss Axio Microscope and recorded with AxioCam MRM.

2.8. LPS stimulation of bone marrow myeloid cells

BM myeloid cells were magnetically sorted twice using CD11b
MicroBeads (130-126-725, Miltenyi Biotec). Sorted myeloid cells were
stimulated with vehicle or 100 ng/ml LPS for 4 h and RNA were
extracted for subsequent qRT-PCR as previously described [26].

2.9. Patient selection

Two healthy volunteers, six patients with PsA and nine patients with
PsO who were previously untreated and sex-matched were recruited in
this study. The clinical characteristic of patients with PSA are as follows:
(Mean + SEM; Age = 54.2 + 7.17 years; DAPSA = 45.3 4+ 9.39; PASI =
7.92 + 1.77). The clinical characteristics of patients with PsO are as
follows: (Mean + SEM; Age = 58.0 & 6.42 years; PASI = 2.72 + 0.73).

2.10. Statistical analysis

Statistical differences were analyzed by Mann-Whitney test. All re-
sults are representative of at least 3 independent experiments, unless
otherwise stated. Statistically significant differences were considered as
P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). Data represent mean +
SEM (standard error of the mean) of three independent experiments.

2.11. Study approval

All animal protocols (protocol #20010 and #20845) were approved
by Institutional Animal Care and Use Committee, BIDMC/Harvard
University. Human studies were reviewed and approved by BIDMC and
University of Rochester, Institutional Review Boards. Written informed
consent was received from each participant prior to collection of pso-
riatic skin biopsies.

3. Results
3.1. IL-23-mediated skin pathology induces IL-23r"MDL-1" myeloid cells

In order to investigate the effects of IL-23 in the skin we performed
IL-23 gene transfer in C57BL/6 mice. (Supplemental Fig. 1a and b). IL-23
gene transfer induced erythema with silvery white scales in ears 21 days
post IL-23 MC injection (Fig. 1a). Histological examination revealed a
significant epidermal hyperplasia, and thickness of epidermis (Fig. 1b
and c), accompanied by an increased inflammatory infiltrate with a
distinct formation of neutrophil exudates (Munro’s microabscesses)
(Fig. 1b-d). Similar pathology to the ears was observed in the murine
dorsal skin (data not shown) whereas neither control, (GFP MC), nor IL-
23R+ mice (IL-23R%F/* is a non-functional IL-23R) showed any
pathology (Fig. la-d). The observed pathology correlated with an
elevated pattern in genes associated with keratinocyte proliferation and
skin inflammation including K16, S100a7, S100a8, S100a9, Cxcl-1, Cxcl-
2, Tnf, 1I-17, I-17ra, 1I-23r, and 1I-22 in ears, compared with control (GFP
MC) and IL-23RS™P+/* mice (Fig. 1e and Supplemental Fig. 1c). The
elevated pattern in genes associated with keratinocyte proliferation and
skin inflammation was also observed in the murine dorsal skin compared
with control (GFP MC) and IL-23RCFP*+/* mice (Supplemental Fig. 1d).
Furthermore, immunofluorescence staining demonstrated the presence
of epidermal MDL-1"LY6G" neutrophils and MDL1"IL-23R ™" cells in IL-
23 MC gene transfer mice, whereas this population was undetected in
GFP MC controls (Fig. 1f). Consistent with the histological phenotype,
we found an expansion of the CD11b"CD45" myeloid cell population
(Mean + SEM; WT + GFP MC = 0.54 % + 0.14; WT + IL-23 MC = 7.01
% = 2.09) that included CD11b"Ly6G" neutrophils (WT + GFP MC =
14.47 % + 3.11 and WT + IL-23 MC = 68.67 % + 7.79), by flow cyto-
metric analysis in the skin post IL-23 gene transfer (Fig. 1g—i). In keeping
with these observations, an elevation of myeloid cells markers Cd11b,
Cd14, MdI-1, and Mpo confirmed the myeloid expansion in the skin of IL-
23 MC gene transfer mice compared to the control (GFP MC) and/or IL-
23REFPH* mice (Fig. 1j).

3.2. IL-23 induces the expansion of MDL-1" cell subsets in the bone
marrow and skin

We and others have previously demonstrated that IL-23 induces
myelopoiesis in the bone marrow which leads to T-cell independent IL-
17A expression and skin inflammation, however the exact mechanisms
remain elusive [11,25,27,28]. To identify the effect of IL-23 in myeloid
cells, we performed spectral cytometry on bone marrow cells isolated 6
days post IL-23 gene transfer using an extensive panel of myeloid spe-
cific antibodies (Fig. 2a). We focused our analysis on myeloid precursors
by gating on the B220, CD3, Ter119 negative and c-fms positive popu-
lation (Fig. 2b). Among this myeloid population, we integrated the data
of GFP and IL-23 gene transfer and conducted an unsupervised clus-
tering algorithm with a combination of tSNE and FlowSOM (flow
cytometry data analysis using self-organizing maps) showing 10 distinct
populations (Fig. 2c and d). The clustering was based on the expression
level of CD11b, Ly6G, Ly6C, CD45, CX3CR1 (C-X3-C Motif Chemokine
Receptor 1), MDL1 and CD61 (B3-integrin) (Fig. 2d). Our data
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Fig. 2. IL-23 induces the expansion of MDL-1" cell subsets in the bone marrow that migrate to the skin. (a) Schematic presentation of GFP/IL-23 gene transfer model
in WT mice. (b) Representative Fig. of integrated flow cytometry data showing the gating strategy of lineage CSF1R™ cell used for unsupervised clustering with (c)
tSNE plot and (d) FlowSOM based on seven surface molecules, showing distinct clusters. (e) Cell clusters post-GFP/IL-23 gene transfer visualized in tSNE plot. (f)
Representative flow cytometry and (g) quantitative data of bone marrow derived MDL-17CD11b" and MDL-1"CD11b*Ly6G™ 6 days post-IL-23 gene transfer. (h)
Representative flow cytometry (i) and quantitative data of skin derived MDL-17CD11b", MDL-1"CD11b " Ly6G *and MDL-1*1L-17"CD11b*Ly6G " 21 days post-IL-23
gene transfer. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney.
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Fig. 3. IL-23 induced epidermal hyperplasia is prevented with genetic ablation of MDL-1 receptor. (a) Representative flow cytometry and (b) quantitative data of
bone marrow derived MDL-1"Ly6G" cells and (c) Gene expression analysis of 116, S100a7, Cxcll, Cxcl2 and I123r of total bone marrow cells 48 h post-IL-23 gene
transfer in WT and/or Mdl-1~/~ compared to GFP (control) mice. (d) Photographs of murine ears 21 days post IL-23 gene transfer showing the development of silvery
white scales in WT and/or Mdl-1~/~ compared to GFP MC (control) mice. (e) H&E staining showing epidermal hyperplasia and inflammatory infiltrate in the murine
ear. (Images are representative of three independent experiments and 9-11 mice per each group. Scale bars, 100 pm). (f) Quantification of epidermal thickness (ym)
and (g) infiltrated cells per mm? (h) Gene expression analysis of Il1b, Tnf and II6 in the ears of IL-23 gene transfer WT and/or Mdl-1~/~ compared to GFP MC
(control) mice. (i) Gene expression analysis of Il1b in sorted CD11b" bone marrow cells in the presence or absence of LPS stimulation. Data represent mean + SEM of

three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney.

demonstrate that IL-23 induced a dynamic change in the myeloid pop-
ulations by dissecting the origin of the t-SNE mapping (Fig. 2e), and
particularly induced an expansion of MDL-1" cells in the bone marrow
(MDL-1"CD11b" and MDL-1"CD11b"Ly6G" cells) (Fig. 2f, Supple-
mental Fig. 2a). Our quantitative analysis using percentages and abso-
lute cell counts demonstrated that there was a significant increase of
MDL-1"CD11b" and MDL-1"CD11b"Ly6G™ cells (Fig. 2g). Next, we
“followed” the inflammation for 21 days and detected the same
MDL-1*CD11b*Ly6G* neutrophils in the inflamed ear skin, which were
more profoundly expanded compared to the bone marrow (Fig. 2h).
Again, quantitative analysis using percentages and absolute cell counts
demonstrated that IL-23 induced an increase of MDL-1"CD11b Ly6G™
neutrophils in the skin compared to GFP controls (Fig. 2i). Importantly,
we determined that IL-23 induced IL-17A in this MDL-1TCD11b " Ly6G™
neutrophil subset compared to the GFP controls (Mean + SEM; WT +
GFP MC = 0.46 % =+ 0.10; WT + IL-23 MC = 9.12 % + 0.77) (Fig. 2h and
i). Collectively, our data indicate that IL-23 induces MDL-1TCD11b™"
cells in the bone marrow that could migrate to the skin and are capable
of producing IL-17A.

3.3. IL-23 induced epidermal hyperplasia is prevented with genetic
ablation of MDL-1

To further investigate the requirement of MDL-1 in IL-23 induced
skin pathology, we performed IL-23 MC in vivo gene transfer in WT and
Mdl-17/~ mice. We first confirmed that there was significantly low
number of MDL-1"Ly6G™ cells in bone marrow 2 days post IL-23 MC
gene transfer (Mean + SEM; WT + GFP MC = 24.97 % + 2.54; WT + IL-
23 MC = 28.18 % + 1.95; Mdl-1~/~ + IL-23 MC = 0.75 % + 0.02)
(Fig. 3a and b). By 21 days post IL-23 MC gene transfer, IL-23 induced
erythema with silvery white scales in ears which was not observed in
GFP controls, while they were attenuated in Mdl-1~/~ mice (Fig. 3c).
Consistently, histological analysis showed attenuated epidermal hyper-
plasia, epidermal thickness and infiltrated cells in Mdl-1~/~ (Fig. 3d-g).
Gene expression analysis in the inflamed skin showed that there was a
significant decrease in IL-1b in Mdl-1 =/~ mice (Fig. 3h). We confirmed
the functional significance of this observation with in vitro LPS activa-
tion assays in CD11b" bone marrow cells derived from WT and Mdl-1
and demonstrated significant differences in IL-1b, which was consistent
with previous reports [19] (Fig. 3i). As previous reports showed that
Mdl-1~/~ mice had an impaired number of y& T cells in a Listeria
infection model [19] we measured the frequency of bone marrow and
skin y8 T cells and/or IL-17A producing y8 T cells in WT and MdI-1 /=
mice, however, we did not detect any significant differences (Supple-
mental Fig. 3a and b). These data indicate that MDL-1 regulates the
expansion of IL-23R™ myeloid subsets critical for skin inflammation.

3.4. IL-23-induced skin transcriptome is consistent with inflammation and
neutrophil activation

To define the transcriptomic profile of IL-23-induced skin inflam-
mation regulated by MDL-1, we performed RNA-Seq analysis and
compared three groups 1) WT + IL-23 v. WT + GFP (control), 2) Mdl1 =/
~ +IL-23 v. WT + GFP (control), and 3) WT + IL-23 v. Mdl1 ™/~ + IL-23.
Sets of differentially expressed genes (DEGs) were defined on the basis of
standard thresholds i.e. a fold change >2.0 or <0.5 and q-value (FDR-
adjusted p-value) <0.05. We applied two complementary

dimensionality reduction techniques: principal component analysis
(PCA) and t-distributed stochastic neighbor embedding (t-SNE) which
illustrate potential clusters of neighboring samples and contain similar
gene expression patterns (Supplemental Fig. 4a and b). After observa-
tion of the expression values for genes in each group, we observed the
Pearson Correlation between all DEGs in hierarchically clustered heat-
maps (Supplemental Fig. 4c and d, Dataset S1). Due to the fact that
many PCC values were close to 1, we identified gene clusters in the heat-
map by more closely looking at PCC values greater than 0.97 (Supple-
mental Fig. 4e and f, Dataset S1), and found 12 clusters in up-regulated
genes and 15 clusters in down-regulated genes.

Differential expression analysis revealed 1171 (619 up-regulated and
552 down-regulated) DEGs in WT + IL-23 v. WT + GFP, 414 (303 up-
regulated and 111 down-regulated) DEGs in Mdll ™/~ + IL-23 v. WT
+ GFP, and 260 (122 up-regulated and 138 down-regulated) DEGs in
WT + IL-23 v. Mdl1~/~ + IL-23 (Fig. 4a and b). An intersection of DEGs
from WT + IL-23 v. WT + GFP and Mdl1~/~ + IL-23 v. WT + GFP
revealed a core set of 297 DEGs regulated by MDL-1 (Fig. 4a). The
number of DEGs between the comparison groups is illustrated in the
Venn diagram (Fig. 4a and b). To illustrate the differences and their
relations to the IL-23 MC-induced skin inflammation between the
groups, we performed cluster analysis of the entire sample and heat-
maps of DEGs between groups were generated (Fig. 4c and d). Our
data showed that IL-23 increased the expression of immune response
genes were associated with myelopoiesis, neutrophils, DAP12-pathway,
myeloid-T cell interactions (Fig. 4c) and skin inflammation (Fig. 4d). An
increased expression of those genes was not detected in MDL-1 deficient
mice, which were at similar levels to GFP control. Among the DEGs post
IL-23 gene transfer, we found several genes associated with psoriasis to
be highly elevated in WT but not in Mdl1 -/ including Ivl, Dmkn, Defb,
1lIer3, Slurp2, Ephx3, Cdsn, Vegfa and Nipal4 and Sult2bl previously
identified as critical markers associated with ichthyosis, an abnormal
scaling of the skin [29,30]. We found multiple genes associated with
neutrophil recruitment and infiltration (Plaur, Ptafr, Mmp8), neutrophil
chemotaxis and migration (Capn2, Ano4, Ccr7, Fam3b, Slpr4, Cxcll,
Cxcl2, Ccr4, Sell), and neutrophil activation (C5arl, Steapl, Fprl, Ser-
pinbla, Agp9, Mcemp1), and an increased expression of genes associated
with DAP12 and T cells (Tarm1, Trac, Chil4, Mal2, Spn, Scart, Lat, Rorc)
that again was not detected in Mdl1~/~ but were at similar levels to GFP
control. The overall biological processes commonly associated with
those genes are illustrated in a Chord plot (Fig. 4e). The top 10 DEGs
across all groups are summarized in supplementary tables (Supple-
mental Table 2-4).

3.5. Genetic ablation of MDL-1 protects against IL-23-induced expression
of neutrophil-associated genes, neutrophil chemotaxis, and neutrophil
proteases in the skin

Next, to identify biological processes involved in IL-23 induced skin
inflammation, we performed a gene-set enrichment analysis of biolog-
ical processes that are statistically enriched in the shared DEGs between
the WT -+ 1123 and Mdl-1~/~ + IL23 groups (Fig. 5a). The immune-
related biological processes were associated with hematopoietic differ-
entiation and hemopoiesis, neutrophil migration and chemotaxis, and
secretion transport protein as well as adaptive immunity. All of these
cellular processes were inhibited in the MDL-1 deficient mice which
showed an ameliorated phenotype. Next, we constructed a protein-
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Fig. 4. Myeloid activation in the IL-23 induced skin transcriptome (a, b) Venn diagrams showing the overlap of DEGs between WT + IL-23 v. WT + GFP and Mdl1~/
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Fig. 6. MDL-1 correlates with IL-23R and IL-23 in human PsA and PsO patients. (a) Representative images of H&E staining of human psoriatic skin showing the
presence of neutrophil exudates in the stratum corneum. (Arrows indicate Munro’s microabscesses). (b) Chloroacetate esterase staining showing the accumulation of
neutrophil polymorphs in the stratum corneum and dermis. (Arrows indicate chloroacetate esterase positive cells). Inmunofluorescent staining of human skin bi-
opsies of patients with (c¢) PsA and (d) psoriasis with DAPI (blue), anti-MDL-1 (green) and anti-IL-23R (red) indicating MDL-1 colocalization with IL-23R, (MDL-1"IL-
23R " cells) (orange) in the epidermal and dermal infiltrates. Images are representative of three experiments. Scale bar, 50 pm. (e) Gene expression correlations with
MDL-1 and IL-23. Linear regression lines are depicted as blue dashes. Spearman’s rank-order correlations (rs) are listed. Within these correlations none of the data
points were found to be overly influential (Cook’s distance for all data points was <1). Meta-analyses were conducted to evaluate these correlations across the four
independently acquired RNA-Seq datasets and the results are displayed as Forest plots. 95 % confidence intervals (CI), weighted averages and p values are shown.
There was no evidence (p = 0.87 and p = 0.75, respectively) of any substantial residual heterogeneity, i.e. there was no remaining variability in effect sizes that was
unexplained.
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Fig. 6. (continued).

protein interaction network for the target DEGs among WT + GFP v. WT
+ IL-23 v. Mdl-1™/~ + IL-23 (Fig. 5b). A tight association between
neutrophil genes, neutrophil chemotaxis and especially serine proteases
were linked with skin inflammation. Other DEGs such as DAP12, T cell,
cell survival, cytokines & chemokines, and cytoskeleton-associated
genes were also associated with skin inflammation in IL-23 gene trans-
fer but were not detected in the MDL-1 deficient mice (Fig. 5c).
Collectively these data suggest that MDL-1 is critical in the regulation of
neutrophil genes associated with skin inflammation.

3.6. MDL-1 correlates with IL-23R and IL-23 in multiple human PsA and
PsO patient cohorts

Next, we utilized human skin biopsies of PsA and PsO patients, and
demonstrated by H&E the presence of epidermal hyperplasia and

11

prominent neutrophil exudates (Munro’s microabscesses) in the stratum
corneum (Fig. 6a), a characteristic feature of psoriasis. Chloroacetate
esterase staining demonstrated the accumulation of neutrophil poly-
morphs in the stratum corneum and dermis (Fig. 6b). We also demon-
strated by immunofluorescence that a large number of the neutrophil
polymorphs were also CD66b™ and IL-17A™ cells and accumulated in the
stratum corneum and more prominently in the epidermis (Supplemental
Fig. 5a), and the presence of epidermal and dermal MDL1"IL-23R™ cells
in the human skin of patients with PsA (Fig. 6¢) and psoriasis (Fig. 6d).
Importantly, this population was also present in the uninvolved skin of
patients but undetected in the healthy control (Supplemental Fig. 5b and
c). We also performed gene expression correlations from 4 indepen-
dently acquired psoriasis RNA-Seq data sets (Supplemental Table 5)
[31-34].To understand the relationship between IL-23 and MDL-1,
meta-analyses were conducted to determine the weighted averages of
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their gene-gene correlations across all three RNA-Seq datasets. The
meta-analyses for IL-23 v. MDL-1 was positive (rs = 0.38 [0.22-0.54]
(Fig. 6e) and significant (P = 3.5E-06) with no evidence (P = 0.87) of
any substantial residual heterogeneity (i.e. there was no remaining
variability in effect sizes that was unexplained). As a negative control,
we used RUNX2 which in contrast, is not expressed in myeloid cells and
as expected, there was no detectable correlation between RUNX2 and
MDL-1 (rs = —0.13 [-0.60, 0.33]) (Supplemental Fig. 5d). Dash lines
depict linear regressions and Spearman’s rank-order correlations (r;) are
displayed in each graph.

4. Discussion

IL-23 regulates the development of myeloid and lymphoid immune
cells which in turn orchestrate a plethora of immune responses. The
implication of IL-23 signaling in psoriasis and psoriatic arthritis is well-
documented and corroborated by GWAS studies, however the exact
mechanisms that govern pathogenicity remain elusive [1]. The
involvement of IL-23 in the development of pathogenic IL-17A pro-
ducing T cells, has dominated the literature and overshadowed the
importance of myeloid cells which clinically characterize the disease,
not only by the distinctive Munro’s microabscesses (neutrophil exu-
dates) in the inflamed skin but also by the accumulation of neutrophils
in the joints, enthesis and nails [35-39]. In our model these neutrophil
exudates are secondary to an expansion of neutrophils in the bone
marrow. We have previously shown that adoptive transfer of murine
bone marrow neutrophils is sufficient to phenocopy disease [25] how-
ever the role of neutrophils in PsA are under investigation as recently
reviewed [40,41]. We have previously shown that both IL-23 and IL-17A
gene transfer induce myelopoiesis in the bone marrow and IL-17A
induce systemic neutrophil expansion and exhibit clinical manifesta-
tions of skin inflammation as commonly observed in psoriasis [11,25,
27]. Herein we demonstrate that IL-23-mediated myelopoiesis is
dependent on CLEC5A/MDL-1, a PU.1 transcriptional target during
myeloid differentiation that regulates activation and recruitment of
myeloid cells during inflammation [12-15]. We also show that activa-
tion of MDL-1 is specifically important in the maturation of IL-17A"
neutrophils, which have previously been described to be induced by
IL-23 and IL-6 during fungal infection [42], and observed in psoriatic
skin [43,44]. Notably the importance of IL-17A expression by neutro-
phils in psoriasis is under scrutiny, as other neutrophilic functions
including NETosis occur simultaneously with IL-17A secretion and have
also been implicated in skin inflammation and thus pathogenicity should
not be attributed to a single pathogenic characteristic [43]. Addition-
ally, transcriptomic analysis of the skin following IL-23 gene transfer
showed a marked increase in neutrophil serine proteases, KLK8, PRSS12,
PRSS16, SERPIN3AB, which were recently associated with PsA [45,46].
The pathogenic neutrophil-associated genes play far more critical roles
than IL-17A alone as shown by previous studies where local IL-17A in-
jections failed to induce skin inflammation [28] and adoptive transfer of
Ly6G" cells was sufficient to induce skin pathology in the absence of
exogenous IL-17A [25]. So collectively, regardless of the critical
importance of IL-17A our results are consistent with multiple studies
that have shown the dependence of skin inflammation on neutrophils
[25,47]. In fact, we and others have shown that myelopoiesis is a critical
event in autoimmune disorders [48-50]. Although we recently demon-
strated MDL-1-induced myelopoiesis has been previously been associ-
ated with osteoclastogenesis and bone destruction [51] this is the first
report to our knowledge that associates MDL-1 with skin inflammation.

In keeping with this notion, our observations of IL-23R "TMDL-1" cells
were corroborated in PsO and PsA human skin biopsies and the inter-
action of IL-23 with MDL- 1 in the psoriatic skin was further confirmed
across multiple patient cohorts (141 healthy controls VS 149 PsO pa-
tients). Although we did observe a significant correlation between IL-23
and MDL-1 in these patients the correlation coefficient (R value) was not
very high. This could very well be because the patient cohort included
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patients with modest to severe psoriasis whereas MDL-1 seems to play a
role in the early initiation phase of the disease. The role of bone marrow
myelopoiesis in the pathogenesis of PsA and the contribution of these
mechanisms in maintaining the chronicity of the disease remains to be
deciphered. We believe that these mechanisms may differ within the
patient population of PsA and hope that our data provide a mechanistic
explanation of bone marrow driven disease manifestations that can be of
benefit to all or to a subtype of patients. Collectively, our data demon-
strate that myelopoiesis is critical in the development of skin inflam-
mation and identify MDL-1 as a potential target for therapeutic
interventions.
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