TRANSLATIONAL AND

BJBMS RESEARCH ARTICLE CLINICAL RESEARCH

Altered molecular pathways and prognostic markers in
active systemic juvenile idiopathic arthritis: Integrated
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ABSTRACT

Systemic juvenile idiopathic arthritis (SJIA) is a severe childhood-onset inflammatory disease characterized by arthritis accompanied by systemic
auto-inflammation and extra-articular symptoms. While recent advances have unraveled a range of risk factors, the pathomechanisms involved
in SJIA and potential prognostic markers for treatment success remain partly unknown. In this study, we included 70 active SJIA and 55 healthy
control patients from the National Center for Biotechnology Information to analyze for differentially expressed genes (DEGs) using R. Functional
enrichment analysis, protein-protein interaction (PPI), and gene module construction were performed for DEGs and hub gene set. We addition-
ally examined immune system cell composition with CIBERSORT and predicted prognostic markers and potential treatment drugs for SJIA.
In total, 94 upregulated and 24 downregulated DEGs were identified. Two specific modules of interest and eight hub genes (ARG1, DEFA4, HP,
MMP8, MMP9, MPO, OLFM4, and PGLYRP1) were screened out. Functional enrichment analysis suggested that complex neutrophil-related
functions play a decisive role in the disease pathogenesis. CIBERSORT indicated neutrophils, Mo macrophages, CD8+ T cells, and naive B cells to
be relevant drivers of disease progression. In addition, we identified 7PM2 and GZM2B as potential prognostic markers for treatment response to

canakinumab. Moreover, sulindac sulfide, (-)-catechin, and phenanthridinone were identified as promising treatment agents. This study provides

anew insight into molecular and cellular pathogenesis of active SJIA and highlights potential targets for further research.
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INTRODUCTION

Systemic juvenile idiopathic arthritis (SJIA) is a child-
hood-onset inflammatory disease that is characterized by
arthritis accompanied by systemic auto-inflammation and
extra-articular symptoms. Disease burden is often high and
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therapeutic options limited, making diseases treatment highly
challenging for patients and physicians alike. While recent
advances have unraveled a range of risk factors, the patho-
mechanisms involved in SJIA remain complex and partly
unknown [1,2].

Besides arthritis, SJIA is characterized by quotidian fever
of 239°C that persists for longer than 2 weeks, evanescent
erythematous skin rashes, and at least one of the following
clinical features: Lymphadenopathy, pericarditis, pleuritis, or
hepatosplenomegaly [3]. In addition, approximately 10% of all
patients are prone to developing macrophage activation syn-
drome (MAS), a life-threatening complication [4,5].

Disease activity in affected patients can vary greatly and
may range from clinically inactive to high disease activity [6,7].
Recent advances have identified prominent pro-inflaimmatory
activation independent of disease activity [6]. In particular,
patients present with leukocytosis, thrombocytosis, and highly
elevated erythrocyte sedimentation rate and C-reactive pro-
tein concentration. In contrast to other subtypes of juvenile
idiopathic arthritis, dysregulation of the innate immune sys-
tem plays a significant role in disease progression [8]. In SJIA,
toll-like receptor (TLR) signaling pathways mediate aberrant
activation of phagocytes including monocytes, macrophages,
and neutrophils [9]. These key players in the innate immune
system are responsible for the subsequent release of pivotal
pro-inflammatory cytokines [9]. In particular, expression of
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interleukin-1f, interleukin-6, and interleukin-18 was found to
be significantly elevated in SJIA, leading to current targeted
treatment approaches with biologicals such as anakinra or
tocilizumab [10,11]. However, high rates of refractory and
recurrent disease suggest other pathways to be involved in
SUA [4].

The use of traditional methods such as polymerase chain
reaction, immunohistochemistry, and flow cytometry for
immune system composition is not optimal for high through-
put. Microarray technology, a powerful strategy to test
expression of thousands of genes simultaneously, has widely
gained attention for the profiling of differentially expressed
genes (DEGs). Bioinformatic analysis on transcription level is
capable of defining hub genes, significant signaling pathways,
and immune composition patterns. Comprehensive evalua-
tion of the involved immune cells may offer new treatment
approaches for affected patients.

In this study, we analyzed immune cell composition,
key genes, pathways, and protein-protein interactions in
active SJIA by utilizing a bioinformatic analysis method.
Subsequently, we analyzed potential drugs as new treatment
approaches based on identified DEGs.

MATERIALS AND METHODS

Microarray data

All primary data analyzed in this study were accessed from
public data repositories. Dataset GSE17590 and GSE80060
were downloaded from Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/) of the National
Center for Biotechnology Information. The datasets consist of
gene expression data of whole peripheral blood samples from
44 patients diagnosed with active SJIA (placebo treated), from
43 healthy control patients, and from 77 patients treated with
canakinumab [12,13]. Active SJIA was defined by a juvenile
arthritis disease activity score (JADAS) above 8.5, laboratory
parameters (C-reactive protein and erythrocyte sediment
rate), and overt disease symptoms. Besides, we also obtained
GSE112057, a RNA-sequencing high-throughput dataset, as a
verification cohort with a total of 38 patients (26 active SJIA
patients and 12 healthy controls) [14].

Primary data processing and identification of
DEGs

Raw data from GSE17590 and GSE80060 were loaded into
R software (R Development Core Team; version: 3.6.3). After
combining the expression matrices of these two datasets, the
interbatch difference was removed using the “sva’ package [15].
Results before and after batch effect removal were plotted
using a two-dimensional PCA cluster graph. “limma’” package
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was employed to identify differences in DEGs in SJIA and
in healthy controls [16]. Cutoff values for DEGs were set as
adjusted p < 0.05 and [log2 fold change (FC)| >1.5. DEGs were
visualized as heatmap and volcano plots using R packages
“pheatmap” and “ggplot2” [17,18].

Functional and pathway enrichment analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis for
DEGs were performed using the “clusterprofiler” package to
determine alterations of enriched pathways [19]. Functional
enrichment is identified by comparing genes with a predefined
group of genes that share localization, pathways, functions, or
other features. GO term enrichment analysis was conducted
for three sub-ontologies: Cellular component (CC), molecular
function (MF), and biological process (BP). P < 0.05 was con-
sidered statistically significant.

Protein-protein interaction (PPI) network analysis
and hub gene identification

PPI network analysis was conducted using the Search Tool
for the Retrieval of Interacting Genes (STRING) online data-
base (STRING, http://string-db.org). An interaction score over
0.4 (medium confidence) was set as threshold value. The PPI
network was visualized by employing the “Molecular Complex
Detection (MCODE)" plugin in Cytoscape software (ver-
sion 3.8.2). For detection of typical gene modules, default param-
eters were set to degree cutoff = 2, node score cutoft = 0.2, k-core
= 2, and max. depth = 100. For modules of interest, a score >4
was set as the cutoff threshold. Subsequently, the 10 genes with
the highest degree of connectivity were selected. In addition, we
selected the 10 highest ranking genes with the MCC algorithm
using the ‘cytohubba” plug-in. These two sets of genes were then
intersected to generate a list of hub genes. Expression profiles
of hub genes were verified in the GSE112057 cohort using the
“limma’” package. Modules and hub genes went through GO and
KEGG pathway analysis to predict pathological impact.

Prognostic markers screened with DEGs

To predict prognosis of active SJIA with DEGs, we
established a logistic regression model based on data from
77 patients in GSE80060. These patients diagnosed with
active SJIA were all treated with canakinumab, a neutraliz-
ing monoclonal antibody (mAb) against IL-1beta. Clinical
response to treatment was evaluated using the American
College of Rheumatology (ACR) response criteria [20] at day
15 after initiation of mADb therapy. In our study, we defined an
improvement >50% as the cutoff for a “good” versus “poor”
response. We allocated all DEGs into least absolute shrinkage
and selection operator (LASSO) regression using package
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“‘glmnet” [21] to perform a feature selection process to deter-
mine the most suitable prognostic markers and compared the
expression level of each gene with two different responses.
Binary logistic regression model analysis was employed after
selecting a set of genes. Subsequently, the receiver operating
characteristics (ROC) curve was used to examine the predic-
tive value of selected genes.

Assessment of immune cells

CIBERSORT (http://cibersort.stanford.edu) is an online
tool to distinguish 22 different immune cell types and their
respective composition in samples using a deconvolution algo-
rithm. Gene expression data were uploaded to CIBERSORT
with LM22 to generate a data matrix. Subsequently, “ggplot2”
and “pheatmap” packages were employed to visualize the
composition of immune cells. Correlation coefhicients were
calculated using Pearson correlation analysis and plotted as
a heatmap using the “corrplot” package [22]. Immune cells
with highest [log2FC| values were selected, correlation with
hub genes calculated using Pearson correlation analysis, and
results visualized in R software.

Prediction of potential new drugs

Online database Connectivity Map (CMap; http://www.
broadinstitute.org/cmap/) was employed to screen for poten-
tial drugs based on the specific gene expression signature.
Over- and underexpressed DEGs were uploaded to CMap
to obtain a table of predicted agents including enrichment
scores. Enrichment scores (ES) ranged from -1 to 1. Drugs
with negative enrichment scores have the potential capabil-
ity to repress pathologically active pathways in SJTA. All drugs
with an enrichment score below -0.8 were assessed. P < 0.05
was considered statistically significant.

RESULTS

Identification of DEGs

The workflows of this study are shown in Figure 1A. We
recorded age-matched (median age, SJIA: 9.5, control: 9.0)
and gender-matched (female, SJTA: 55%, control: 56%) patients
from the two datasets. To gain an overview of altered gene
expression of active SJIA, we first identified relevant DEGs.
After normalization and removal of batch differences between
dataset GSE17590 and GSE8o060 (Supplemental Figure 1), we
identified a total of 118 DEGs including 94 upregulated and
24 downregulated genes (Figure 1B, Supplemental Table 1). In
particular, expression of CD177, OLFM4, ARHGEFi12, MMPS,
PLODz2, CEACAM6, and CEACAMS was highly upregulated
(P < o0.001, Figure 1C). In contrast, TCL1A, ALOXi5, and HLA-
DQB were downregulated the most (P < 0.001).
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Functional and pathway enrichment analysis

Based on the identified DEGs, GO and KEGG analyses
were employed to assess the relevant biological functions and
pathways. Using GO analysis, the top five terms with highest
gene ratio in each sub-ontology were identified (Table 1 and
Figure 2A). For biological processes, “neutrophil degranula-
tion,” “neutrophil activation involved in immune response;
“neutrophil activation,” “neutrophil-mediated immunity, and
“leukocyte migration” were ranked highest. For cellular com-
ponents, gene ratio was highest in “specific granule;” “secretory
granule lumen,” “cytoplasmic vesicle lumen,” “vesicle lumen,
and “tertiary granule” For molecular function, “serine-type
endopeptidase activity, “serine-type peptidase activity, “serine
hydrolase activity, “glycosaminoglycan binding,” and “protein
kinase regulator activity” Five statistically significant KEGG
pathways were identified, among which the Janus kinase/signal
transduction and activator of transcription (JAK-STAT) signal-
ing pathway had the highest gene ratio (Table 1 and Figure 2B).

Identification of PPI modules and hub genes

PPl analysis was used to decode the underlying interactions
between proteins and the molecular pathogenesis. We obtained
a PPI network with a total of 117 nodes with 199 edges from
the STRING database and Cytoscape software (Figure 3A).
While each node represents one gene, the edges represent
an interaction between two genes. In total, five modules were
identified using MCODE (Table 2). The two modules with an
MCODE score >4 (module A and B) were analyzed further
(Figure 3B-C). The genes associated with these two modules
were all upregulated compared to the healthy controls. After
intersecting the gene sets generated using the plug-in “cyto-
hubba,” we found a hub gene set of eight upregulated genes
including ARG, DEFA4, HP, MMP8, MMPg, MPO, OLFMa,
and PGLYRP: (Table 2). No downregulated genes were found.
The GSE112057 dataset was used to confirm these findings
(Supplemental Figure 2). Equally, the same eight genes were
significantly upregulated in SJIA patients (Table 3).

Functional enrichment analysis demonstrated these eight
hub genes to be mainly involved in neutrophil function, serine
peptidase pathways, and misregulation in cancer (Figure 3D).
Module A was particularly related to neutrophil function with
agene ratio of 1.0 (Figure 3B). Of note, the whole DEG profile,
module A, and hub gene set were consistently related to neu-
trophil function. In contrast, module B was associated with
hemostatic and secretory functions (Figure 3C).

Screening and testing markers with prognostic value

Using ACR criteria, 44 patients with “good” and 33 patients
with “poor” response to treatment were identified. We input
all 118 DEGs into the LASSO regression algorithm and used
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FIGURE 1. Data retrieving concept and DEG screening. (A) Flow diagram of employed bioinformatic analysis including data retriev-
ing, processing, analyzing, and validation. (B) Heatmap of 118 DEGs for SJIA patients and healthy individuals. (C) Volcano plot of
gene expression profile comparing SJIA patients and healthy individuals. Genes with highest |log2FC| values are highlighted in
green. GEO: Gene expression omnibus; DEG: Differentially expressed gene; PPI: Protein-protein interaction; SJIA: Systemic juve-

nile idiopathic arthritis; FC: Fold change.
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GZMB, F5,BMX,and ARHGEFi2. Using abinary logistic regres-

the minimum value of lambda (lambda.min) as the cut-
sion model, significant correlation to treatment response was

off (Figure 4A). A total of seven genes were screened out as

potential prognostic markers, including T7PMz, PRSS33, LTBP1, only found for TPMz (P = 0.019; coefficient = -3.56; Figure 4B).
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FIGURE 3. PPI network. (A) Overview of PPl network of DEGs in SJIA patients and healthy controls. Color darkness intensity
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TABLE 1. Top 10 enriched terms in each sub-ontology of GO/

KEGG analysis of DEGs

TABLE 2. Properties and node IDs of modules identified by PPI
network analysis

Ontology  Description Generatio  p.adjust Module  Score  Nodes Edges NodeIDs
BP Neutrophil degranulation 0.2182 <0.0001 A 7467 16 56 GPR84, CRISP3, CD177, CLEC4D,
BP Neutrophil activation involved in 02182 <0.0001 OLRI, MCEMPI, FCAR,
immune response CEACAMS, MMP9, PGLYRP1,
D, D,
BP Neutrophil activation 02182 <0.0001 OLFM4, TNFAIP6, MPO, AZUL,
. . . . MMPS8, DEFA4
BP Neutrophil-mediated immunity 0.2182 <0.0001
o ’ B 4.000 4 6 MMRNI, PROSI, THBSI, F5

BP Leukocyte migration 0.1091 0.0106 ) R

) C 3333 4 5 LTE PRTN3, ARG1, HP
CC Specific granule 0.1429 <0.0001

] . D 3333 4 5 EGE NFIA, OLIG2, SLCI1A3
CcC Tertiary granule 0.1339 <0.0001 .

‘ E 3.000 3 3 CA1, OSBP2, GYPB

CcC Secretory granule lumen 0.1429 <0.0001
cC Cytoplasmic vesicle lumen 0.1429 <0.0001 PPI: Protein-protein interaction
CcC Vesicle lumen 0.1429 <0.0001 ) . . . .
ME Serine-type endopeptidase activity 00841 00002 Five of the analyzed genes showed differential expression levels
MEF Serine-type peptidase activity 00841 0.0002 for “good” and “poor” clinical outcome (Figure 4C). ROC anal-
MF Serine hydrolase activity 0.0841 0.0002 ysis for these genes suggested a good predictive value of TPM2
ME Endopeptidase activity 0.0841 0.0283 for short-term prognosis with an area under the curve (AUC)
MF Glycosaminoglycan bindi 0.0748 0.0056 . S
! ! )Cosamm% ycfm inaing 7 of 0.803 and GZMB with an AUC of 0.824. A combination of
KEGG JAK-STAT signaling pathway 0.1167 0.0305 ] )
KEGG Phagosome 0.1000 00367 GZMB and TPMz2 improved AUC to 0.846 (Figure 4D).
KEGG Staphylococcus aureus infection 0.0833 0.0367
KEGG Hematopoietic cell lineage 0.0833 0.0367 Proportion of immune cells and correlation
KEGG Inflammatory bowel disease 0.0667 0.0448

BP: Biological process; CC: Cellular component; MF: Molecular func-
tion; KEGG: Kyoto Encyclopedia of Genes and Genomes
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Immune reactivity plays an essential role in SJIA.
Therefore, we investigated the constitution of the immune
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TABLE 3. Hub genes identified by PPl network analysis

Log b ppp

Gene Description FC value

ARG1 Arginase, liver 2.896 0.0001 0.0046
DEFA4  Defensin, alpha 4, corticostatin 3.175 0.0001 0.0065
HP Haptoglobin 2443 0.0009 0.0150
MMP8 Matrix metallopeptidase 8 3506 0.0003 0.0095
MMP9 Matrix metallopeptidase 9 2017 0.0003 0.0098
MPO Myeloperoxidase, nuclear gene 2.888 0.0002 0.0073

encoding mitochondrial protein
OLFM4  Olfactomedin 4 4472 0.0001 0.0053

PGLYRP1 Peptidoglycan recognition protein 1~ 1.558 0.0023  0.0250

PPI: Protein-protein interaction; FC: Fold change; FDR: False discovery
rate

TABLE 4. Characteristics of the most significant predicted
drugs for potential treatment of SJIA

Enrichment

Drug name p value Description
score

<0.0001 Nonsteroidal
anti-inflammatory drug;
anti-cancer activity;
apoptosis inducer;
anti-neoplastic agent

<0.0001 5-HT3 agonist; triggers
dopamine release in the
nucleus accumbens

sulindac sulfide -0.9750

phenyl biguanide -0.9630

-0.9570
-0.9030

(-)-catechin <0.0001 Natural phenol; antioxidant;
<0.0001  Sir2 inhibitor; platelet

aggregation inhibitor

splitomicin

methocarbamol -0.9010 0.0018  Centrally acting muscle
relaxant; inhibitor of
acetylcholinesterase

at synapses in the
autonomic nervous system,
neuromuscular junction,
and central nervous system
Gly-His-Lys -0.8610 0.0055  Aids wound healing;
modulator of lung tissue
destruction in chronic
obstructive pulmonary
disease

Poly (ADP-ribose)
polymerase

(PARP) inhibitor;

immunosuppressive activity

Phenanthridinone -0.8470 <0.0001

-0.8100 0.0025  Schistosomicide;
anti-schistosomal activity;
potential anti-neoplastic

agent

Hycanthone

SJIA: Systemic juvenile idiopathic arthritis

landscape surrounding the disease development. Relative
numbers of 22 types of immune cells were calculated using the
CIBERSORT algorithm (Figure 5A). Compared to the com-
position in healthy individuals, neutrophils, Mo macrophages,
and activated dendritic cells were upregulated, while the per-
centage of resting mast cells, M2 macrophages, naive B cells,
and CD8+ T cells was decreased (Figure 5C). Of these cells,
neutrophils were most prominently upregulated (P < 0.001)
and CD8+ T cells (P < 0.001) most severely downregulated.
Correlation coefticients for all 22 types of immune cells were
calculated and displayed as a heat map (Figure 5B). Activated
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mast cells and gamma delta T cells showed the strongest
positive correlation (r = 0.54, p < 0.001), while neutrophils
and CD8+ T cells were most negatively correlated (r = —0.72,
p <o0.001). Correlation analysis also demonstrated significantly
positive correlation for the proportion of neutrophils and Mo
macrophages with expression of all hub genes except MPO. In
addition, the percentage of CD8+ T cells and naive B cells was
significantly negatively correlated with expression of all hub
genes (Figure 5D).

Prediction of potentially effective drugs against
active SJIA

Alistofpotential smallmolecular drugstargeting the up-and
downregulated DEGs was generated. In total, eight drugs were
identified: Sulindac sulfide (ES = -0.975, p < 0.001), phenyl
biguanide (ES = -0.963, p < 0.001), (-)-catechin (ES = -0.957,
p <0.001), splitomicin (ES = -0.903, p < 0.001), methocarbamol
(ES = -0.901, p = 0.002), Gly-His-Lys (ES = -0.861, p = 0.005),
phenanthridinone (ES = -0.847, p < 0.001), and hycanthone
(ES =-0.81, p = 0.003) (Table 4).

DISCUSSION

Despite treatment, SJIA is a refractory and recurrent
disease that is associated with systemic inflammation and
high mortality rates [8,15,23]. The identification of molecular
changes and alterations in immune profile composition is par-
amount for a better understanding of the pathomechanisms
involved and may provide new therapeutic targets [10,24].

GO enrichment demonstrated DEGs enrichment in neu-
trophil-related processes, including neutrophil degranulation,
neutrophil-mediated immunity, and neutrophil activation. In
accordance with our results, previous research found neu-
trophilia to be closely linked to the activity of SJIA [6,11,25].
Neutrophils are major innate immune effector cells and
play a key role in the response against microorganisms [26].
Immunological functions including degranulation and excre-
tion of reactive oxygen species are upregulated in these eftec-
tor cells in inflammation [26]. Reverting these sepsis-like fea-
tures of neutrophils by current treatment strategies showed
satisfactory outcomes in patients with SJIA [4]. In active SJIA,
neutrophil function is significantly upregulated and outlasts
clinical symptoms suggesting neutrophils to play a decisive
role in long-term disease progression [6]. In addition, in con-
trast to other JIAs, the prevalence of suppressive CD16+/
CD62L(dim) neutrophils was lower in patients with clinically
inert SJTA suggesting neutrophil heterogeneity and unique
molecular pathomechanisms to be involved [6]. Considering
the significant role of the immune system in the pathogen-
esis of SJIA, we explored the relative prevalence of 22 sub-
types of immune cells. Confirming previous results, we found
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elevated prevalence of neutrophils [6,25]. In contrast to a pre-
vious study, we found lower levels of CD8+ T cells [27]. We
hypothesize that this difference is due to a dynamic change
in cell prevalence depending on disease progression. Silvestre-
Roig et al. suggested CD16+/CD62L(dim) neutrophil-driven
suppression of T-cell proliferation through integrins and ROS
production as a potential mechanism [28]. Further evidence is
lent to this theory by our results showing negative correlation

Bosn ] Basic Med Sci. ; 11-13

of neutrophil and CD8+ T-cell prevalence suggesting disease
stage-dependent regulatory interplays between innate and
adaptive immune cells.

Previous research demonstrated neutrophil-related pro-
tease activity to be regulated by the JAK-STAT pathway [29].
Using KEGG analysis, the JAK-STAT pathway was identified
as the most enriched pathway. Similarly, previous research
using SJIA models and ingenuity pathway analysis suggested

www.bjbms.org



Yi Ren, et al: Molecular pathways and prognostic markers in active SJIA

06

neutrophils contiol o

CD8+ T cells SR
resting NK cells

~ naive B cells

resting memory CD4+ T cells
MO macrophages

s ty pe type I

M2 macrophages
resting mast cells
memory B cells
activated memory CD4+ T cells
regulatory T cells
gamma delta T cells
plasma cells

activated dendritic cells
activated NK cells
activated mast cells
eosinophils

follicular helper T cells
M1 macrophages
resting dendritic cells

i I I 1l I'I © | naive CD4+ T cells
_]l | monocytes

4 o33 -603-00103 03204313 01 607 088068003 041-417 011 653 013011017 083053
0p activated memory CD4+ T cells ullses oo o e oz -ssam-szsorwssasasvoovasmass st ozt o0 st ot

- M1 macrophages -oesaoe[Jlfee ossoss et sor o0-sotoc-astaseasrozs or-onass-asmass oo oon [ 08
regulatory T cells -oeraoz oo o 010 43-scscot-as-ossamone-aszoorsss o orr o oo oauas

x
9 @0& @
TS TARWT
bé\oéb& \aézové@deéé\ £ & \+ 0%0(\{(@
o:"o?«:\ Q%f, DR 6}\6)

1

e‘%?\l* «3’

gamma delta T cells oz o acs oxs

naive CD4+ T cells aor-02s-000-013-008 008 -0 00s 01|

MONOCYtes -an-oomazs osz-azs-ozi-aoiasiam-oes-02 o 008 o
resting mast cells
CDB+ T cells oa om-om o -ascar-ad

naive B cells ass o aos axs ost-a
resting NK cells -osroz-oss o osr-oon

M2 arm o 03 aon
resting dendritic ells. ass o aor oo ot a0 ose-asrais

follicular helper T Cells -as-our oot a2s acs s o11-oer-012601 400012012 007 008 -a04-001 028 001 002 001

4
type EI control B SUIA
p=4.58¢-05

06

- p=1.18¢-05
.
-]
°
3
£ .

02 . o | p=372e08

=5.54¢-08 . P=7.09-04 p=3.07¢-02
H " IR . Pp=2.660-04
s . i w o -
- b i el . od et Al o= U~ S I T
@ ® @ N & 2 ) S & © O
F PP IT PP FEFF IS R
& # T Ses L T T S
Q o O A K g & & &P
S & EARS g A S & F & s
ES &\\" < (P\\" .,c,\ c?§’K \\9@ R &\\e b & & K & & (\6@(' K &9\
&
A

- Reot p-aet R Reostp-ann”
]
a
o
£
z
5 07 08 09 10 11 G g6 o8 1o % os o8 12 @ 10 1z 000 035 00 075 100 0i o6 08 10 12
R="046.p=82006 R=-03,p=000s7 R=-0%5 p=001s
= - . o03fe Lo 2
3 00X
02
=
%
o
a
o o0 %
000 025 00 075 100
11005
° »
5 008
2
= 0041
o
0
. |+ erde
075 0% 075 100 135 5 07 08 09 10 11 W os o8 12 Y] w5 o7 08 050 025 0% 075 160
=)
E 0081 R0 pzstecs  ° 0081 R=049,p% 1200 R=082,p=26607 R=03p=000016 0081 R=022,p=00023 0081 R=043 7= 38005
) 005 -
2
=, 004{
g oo2f* *
2 = *
= w{ B
0% 0k 075 100 125 5 07 08 09 10 11 W os o5 12 LY 05 o7 0o 000 025 0% 075 100 03 o5 08 10 12

ARGI1 PGLYRP1 HP MMP8

MMP9 MPO OLFM4 DEFA4

FIGURE 5. Comparison of 22 different immune system cells in peripheral blood specimens. (A) Heatmap of immune system
cells in SJIA patients and healthy controls. (B) Correlation heatmap plot of 22 immune system cells. Color darkness intensity rep-
resents correlation between two cells. (C) Boxplot distribution of immune system cells. Significant differences were marked with
p values. (D) Linear regression plot between eight hub genes and the four immune system cells with largest shift in prevalence in

SJIA. SJIA: Systemic juvenile idiopathic arthritis.

inhibition of the JAK-STAT pathway to be a viable therapy
and an ongoing randomized controlled trial (NCT03000439)
is anticipated to provide therapeutical evidence for patients
with SJIA [25,30,31].

In total, we identified eight upregulated hub genes in
patients with active SJIA: HP, MPO, MMPS, MMPy, ARG,
OLEM4, DEFA4, and PGLYRP1. We postulate these genes to
be significantly involved in the inflammatory environment
and subsequent disease progression in patients with active
SJIA. HP encodes haptoglobin, which binds free hemoglobin
in the plasma by forming a haptoglobin-hemoglobin complex

Bosn ] Basic Med Sci. ; 11-13

that can be taken up by CD163+ macrophages [32]. In accor-
dance with our results, HP was found to be overexpressed in
peripheral blood samples in SJIA patients with subclinical
MAS [33]. Together with the MMP family, MPO mediates
antimicrobial activity and pro-inflammatory response by
induction of oxidative tissue damage and neutrophil respira-
tory burst [34,35]. Despite its localized effectiveness, we found
expression of MPO, MMPS, and MMP9 to be elevated in
systemically affected SJIA patients. In accordance with these
results, the previous studies have suggested elevated expres-
sion of MPO, MMP8, and MMP9 in several inflammatory
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morbidities such as SJIA [25,31,36]. Further, MMPg has been
suggested as a prognostic plasma biomarker in patients with
SITA [37]. ARG, arginase-encoding gene, was reported to be
upregulated in the peripheral blood and cancer tissue of vari-
ous cancer patients [38-40]. In tumor-associated myeloid cells,
upregulation of ARG has been shown to reduce inflammation
by suppressing T-cell proliferation through arginine depriva-
tion [41,42]. Moreover, ARG! has been shown to be upregu-
lated in autoimmune disease such as rheumatoid arthritis [43].
In SJTA, ARG: was reported to be linked to anti-inflammatory
M2 macrophage polarization [44] — however, there is lack of
more detailed knowledge on its role in disease progression.
We also found increased expression of OLFM4, DEFA4, and
PGLYRP1, which encode olfactomedin-4, defensin alpha 4,
and peptidoglycan recognition protein 1, respectively. Albeit
these genes have been linked to autoimmune diseases [45-
47], elevated expression in SJIA has not been reported and
their function is yet to be determined. Upregulation of both
pro- and anti-inflammatory genes indicates neutrophils to
play a complex, dual role in SJIA.

GO and KEGG enrichment analysis was repeated for
modules and the hub gene set to identify their own spe-
cific effects and to exclude potentially confounding genes.
Conversely, KEGG analysis on module B related to hemostatic
and secretory functions. Correlation analysis demonstrated all
eight upregulated genes described above to positively cor-
relate with neutrophil and Mo macrophage and to negatively
correlate with CD8+ T cells and naive B cells. In consider-
ation of these results and our hub genes analysis, alteration of
neutrophil prevalence and function appears to be a decisive
pathological deviation in SJIA. Further, analysis of neutrophil
heterogeneity and function in SJIA is necessary to improve
our understanding of SJIA pathogenesis and to potentially
develop novel neutrophil-specific treatment approaches.

To bring our results into a translational context, we investi-
gated markers to predict the prognosis and treatment response.
Canakinumab is often prescribed at an early stage of SJIA yet
is not universally effective in all patients [48]. In our research,
we utilized LASSO regression and a binary logistic regression
model to identify predictive markers for treatment response to
canakinumab. We found 7PM2 to have a significant predictive
value. Tropomyosin 2, encoded by 7PM>, is an intracellular
protein isoform in the tropomyosin family that binds to and
stabilizes actin filaments in muscle fibers. However, its role in
SJIA is unknown. In addition, we found GZMB encoding gran-
zyme B, a serine proteinase secreted by cytotoxic T cells and
natural killer cells, to be a promising predictive marker. GZMB
has been linked to progression of JIA previously, even though
it was not screened out by logistic regression model [49]. Both
markers were significantly decreased in patients with a good
treatment response and can potentially be utilized clinically.
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Using CMap, we evaluated potential drugs with activ-
ity against the differentially expressed genes found in this
study. Of the identified drugs, sulindac sulfide, (-)-catechin,
and phenanthridinone were the most promising based on
their known anti-inflammatory properties. Phenyl biguanide,
splitomicin, methocarbamol, Gly-His-Lys, and hycanthone
have not been reported to be effective against inflammation.
However, further research on these drugs might provide novel
therapeutic approaches. Sulindac sulfide is a non-selective
anti-inflammatory drug that inhibits the chlorinating activ-
ity of MPO [50]. In addition, it displays mild COX-2 inhib-
iting effects and possesses potent ability to decrease ROS
levels [51,52]. Catechin has been shown to inhibit production
of pro-inflammatory factors [L-1, TNF-alpha, and prostaglan-
din E2 in adjuvant arthritis [53]. However, there is a paucity of
knowledge on the specific effect of the (-)-catechin enantio-
mer. Phenanthridinone is an inhibitor of the nuclear enzyme
poly(ADP-ribose) polymerase-1 (PARP-1) [54]. In a rodent
acute lung inflammation model, phenanthridinone downreg-
ulated MPO activity and subsequent inflammatory cytokine
excretion [55]. In addition, phenanthridinone was shown to
suppress neutrophil infiltration in local inflammation [54].

CONCLUSION

This study provides a new insight into molecular and cellu-
lar pathogenesis of active SJIA and highlights potential targets
for further research. We used bioinformatic analyses to demon-
strate the essential role of neutrophils and to identify hub genes
involved in the pathogenesis of active SJIA. In addition, we iden-
tified 7PM2 and GZMB as potential prognostic markers.

The observations in this study also have implications
for future investigations. For a deeper understanding of dis-
ease progression and to identify new molecular targets, the
involved and highly complex cytokine-mediated cell-cell
interactions will have to be unraveled in more detail. In our
study, we identified several new molecular agents as potential
therapeutic candidates for patients with active SJIA. Whether
these drugs can successfully translate into clinical treatment
regimens remain to be investigated.
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SUPPLEMENTAL DATA

TABLE S1. Full list of the 118 DEGs, including 94 upregulated TABLE S1. (Continued)
and 24 downregulated genes

Gene symbol  Definition Log FC  p.adjust
Genesymbol  Definition Log FC  p.adjust CTNNALI Catenin, alpha-like 1 1.8300  9.17E-15
ABCAI13 ATP-binding cassette, sub-family ~ 2.0600  2.03E-08 EGF Epidermal growth factor 1.8300 7.65E-14
A, member 13 MS4A4A Membrane-spanning 4-domains, 1.8200 1.86E-11
CD177 CD177 antigen 35900 1.33E-10 subfamily A, member 4, transcript
ANKRD22 Ankyrin repeat domain 22 22200 397E-12 variant 1
ANKRD9 Ankyrin repeat domain 9 24100 7.95E-17 GPR84 G protein-coupled receptor 84 21900 2.10E-13
OLFM4 Olfactomedin 4 34800 2.78F-13 SYN2 Synapsin 11, transcript variant ITb 1.8200  1.13E-09
MMP8 Matrix metallopeptidase 8 3.1700  6.89E-13 F5 Coagulation factor V 1.8100  1.36E-16
ARHGEF12 Rho guanine nucleotide exchange ~ 3.0800  2.27E-21 MAOA Monoamine oxidase A, nuclear 1.8100  1.OOE-11
factor 12 gene encoding mitochondrial
CEACAM6 Carcinoembryonic antigen-related ~ 2.8900  2.63E-11 protein
Cell adhesion molecule 6 HECW?2 HECT, C2, and WW domain 17000  1.26E-15
CEACAMS Carcinoembryonic antigen-related ~ 2.8800  6.19E-12 fontallmng E3 ubiquitin protein
Cell adhesion molecule 8 1gas§ 2 )
B3GNTS5 UDP-GleNAc: betaGal 18400 545E-13  MMRNI Multimerin 1 17900 3.20E-15
beta-1,3-N-acetylglucosaminyl OSBP2 Oxysterol-binding protein 2, 17900  7.10E-10
transferase 5 transcript variant 1
PLOD?2 Procollagen-lysine, 2-oxoglutarate ~ 2.7700  1.81E-20 IRAK3 Interleukin-1 receptor-associated 17600  1.72E-19
5-dioxygenase 2, transcript variant kinase 3
1 SOCS3 Suppressor of cytokine signaling3 ~ 1.7600  4.51E-17
SLCIA3 Solute carrier family 1, member3 24900  7.95E-17 ANXA3 AnnexinA3 17500  146E-11
C1QC Complement component 1, g 1.5300 1.71E-08 HP Haptoglobin 1.7500  2.31E-10
subcomponent, C chain LTF Lactotransferrin 1.7500  1.81E-05
DEFA4 Defensin, alpha 4, corticostatin 24300 7.50E-09 BCAT1 Branched chain aminotransferase ~ 1.7400  5.94E-16
ARG1 Arginase, liver 24200  4.57E-13 1, cytosolic
CACNAIE Calcium channel, voltage 23700  2.23E-11 BMX BMX non-receptor tyrosine kinase ~ 1.7400  9.83E-17
dependent, alpha 1E subunit KCNH7 Potassium voltage-gated channel, ~ 1.5400  7.88E-08
MMP9 Matrix metallopeptidase 9 23700 7.98E-20 subfamily H, member 7, transcript
CAl Carbonic anhydrase [ 23000  2.30E-10 variant 1
CD274 CD274 antigen 20200 1.09E-09 TLR5 Toll-like receptor 5 1.7300  2.28E-14
MYO10 Myosin X 23000 1.12E-10 CDC14B CDC14 cell division cycle 14 1.7100  5.01E-10
AZU1 Azurocidin 1 22900 351E12 homolog B, transcript variant 3
LRRNI1 Leucine rich repeat neuronal 1 2.1900  3.06E-16 GOS2 GO_/ GISWltCh_z ) 1‘Z000 6'51“313
KL Klotho, transcript variant 1 21800 111E-12 KREMENI1 Krmg.le»contamm.g tran'smembrane 1.7400  1.07E-12
. protein 1, transcript variant 1
PCOLCE2 Procollagen C-endopeptidase 2.1600  3.51E-10 ) ) _
enhancer 2 HTRA1 HtrA serine peptidase 1 1.7000  2.72E-11
CLEC4D C-type lectin domain family 4, 23200 337E-19 LTBP1 Latent transforming growth factor ~ 1.6900  6.78E-12
member D beta binding protein 1, transcript
MPO Myeloperoxidase, nucl 20700 162E-10 varant |
] eroxidase, nuclear gen ! 62E-
: yeoperoxifase, ntcedr gene WDFY3 WD repeat and FYVE domain 16900 839E-15
encoding mitochondrial protein S . .
o . containing 3, transcript variant 1
YODI1 YOD1 OTU deubiquitinating 2.0600  4.82E-19 .
XK X-linked Kx blood group 1.6900  4.40E-12
enzyme 1 homolog - o o
DSC2 Desmocollin 2, transcript variant ~ 2.0500  2.80E-14 SSHI Slingshot homolog 1 16800 297E-15
Dsc2b VNNI1 Vanin 1 1.6800  1.28E-11
FECH Ferrochelatase, nuclear gene 20500 1.43E-14 GRB10 Growth factor receptor-bound 16600 4.77E-13
encoding mitochondrial protein, protein 10, transcript variant 3
transcript variant 2 MCEMP1 Mast cell-expressed membrane 1.5600  7.99E-11
FCAR Fc fragment of IgA, transcript 20400 183E-16 protein 1
variant 9 METTL7B Methyltransferase like 7B 1.6400  8.62E-09
THBSI Thrombospondin 1 1.9400  7.96E-13 KIF1B Kinesin family member 1B, 1.6400  9.63E-20
CRISP3 Cysteine-rich secretory protein 3~ 19100 4.25E-10 transcript variant 1
PROSI Protein S 1.8600  4.23E-14. PGLYRP1 Peptidoglycan recognition 1.6400  3.13E-13
FAM20A Family with sequence similarity 20, 1.8000 1.15E-12 protein 1
member A ST6GALNAC3  ST6-N-acetylgalactosaminide 1.6400  1.17E-10
OLRI Oxidized low density lipoprotein ~ 1.8400  7.21E-07 alpha-2,6-sialyltransferase 3
receptor 1 GYPB Glycophorin B 1.6300  5.18E-07

(Contd...) (Contd...)
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TABLE S1. (Continued)

TABLE S1. (Continued)

Genesymbol  Definition Log FC  p.adjust Gene symbol  Definition Log FC  p.adjust
TMEM45A Transmembrane protein 45A 1.6300  1.65E-09 OLIG2 Oligodendrocyte lineage -1.7600  8.08E-08
DAAM?2 Dishevelled-associated activator of ~ 1.6200  5.95E-06 transcription factor 2
morphogenesis 2 TPM2 Tropomyosin 2, transcript variant 2 -1.7700  1.70E-23
NFIA Nuclear factor I/A 1.7500  7.46E-14 ALOX15 PREDICTED: Arachidonate -20100 1.87E-14
DACH1 Dachshund homolog 1, transcript ~ 1.6200  1.12E-12 15-lipoxygenase
variant 1 HLA-DQBI Major histocompatibility complex,  -2.0200 1.14E-08
TNFAIP6 Tumor necrosis factor, 1.6200  8.36E-14 class I, DQ beta 1
alpha-induced protein 6 TCLIA T-cell leukemia/lymphoma 1A -24400 2.36E-18
SAP30 Sin3-associated polypeptide, 16100 4.77E-17 FC: Fold change; DEG: Differentially expressed gene; SJIA: Systemic
30kDa juvenile idiopathic arthritis.
FZD5 Frizzled homolog 5 1.6000  6.97E-15
PRTN3 Proteinase 3 1.6000  2.82E-08
KLF5 Kruppel-like factor 5 1.5900  6.36E-10
ARHGAP6 Rho GTPase- activating protein 6, 1.5800  9.96E-15 ﬂ,dividua.s ~PCA E’.ndivid“a,s ——
transcript variant 2 %
WNK1 WNK lysine deficient protein 1.5700  3.12E-16 Y
kinase 1 o = _
LHFP Lipoma HMGIC fusion partner 1.5500  1.56E-10 g y i \ Grows §
NUPL1 Nucleoporin like 1, transcript 1.5400  6.04E-16 g ( i R 5
variant 3 . y
SLC8AL Solute carrier family 8, member 1 15400  1.43E-10 “ ‘w i L &
SULT1BI Sulfotransferase family, cytosolic, ~ 1.5400  1.36E-15 omt (19:2%) oim (347%)
1B, member | FIGURE S. (A) Two-dimensional PCA plots show altered distri-
OSM Oncostatin M 15100 143E-11 bution of samples after batch removal of dataset GSE80060
PBX1 [?re-B-Cell leukemia transcription 1.5100  3.65E-10 and GSE17590. (B) Group difference between SJIA patients
factor 1 and healthy controls. PCA: Principal component analysis.
PRSS33 Protease, serine, 33 -1.7900  2.86E-08
PRDM5 PR domain containing 5 1.5100  3.01E-08
RNF182 Ring finger protein 182 1.5400  2.06E-03 100
RPL36AL Ribosomal protein L36a-like -1.5000  7.69E-15
LOC155060 Hypothetical protein LOC155060  -1.5100  8.35E-15
D2 CD22 antigen 15400 2.82E-14 h
HLA-DPBI Major histocompatibility complex,  -1.5400 1.06E-11 -
class II, DP beta 1 2 s type
VPREB3 Pre-B lymphocyte gene 3 15400 281E-13 4 ; YN
SNRPD2 Small nuclear ribonucleoprotein -1.5700  2.93E-13 . I
D2 polypeptide 16.5kDa, transcript 25 % g
variant 2
SOX6 SRY-box 6, transcript variant 2 1.5200  1.00E-05 )
PLXDC1 Plexin domain containing 1 -1.5800  6.20E-15 o : — [ I
ARG1 DEFA4 HP MMP8 MMP9 MPO OLFM4 PGLYRP1
CDKNIC Cyclin-dependent kinase inhibitor ~ -1.6000  2.09E-08 Gene
SUCNRI ;Sccmate receptor 1 20800 2.88E-16 FIGURE S2. Validation of expression level of hub genes in
IL1IRA Interleukin 11 receptor, alpha, -1.6000  7.24E-21 GSE112057 dataset.
transcript variant 2
IL23R Interleukin 23 receptor -1.6000  1.02E-10
1L.24 Interleukin 24, transcript variant 2~ -1.6200 5.71E-17
TDRD9 Tudor domain containing 9 2.0200 9.06E-18
CCL23 Chemokine ligand 23, transcript -1.6300  5.97E-09
variant CKbeta8-1
CD72 CD72 antigen -1.6400  9.33E-17
PDZKI1IP1 PDZKT interacting protein 1 -1.7000  3.37E-11
TMEMS56 Transmembrane protein 56 22000  1.38E-12
GZMB Granzyme B -1.7200  4.33E-11
LRRN3 Leucine rich repeat neuronal 3 -1.7500  1.29E-12
TREML4 Triggering receptor expressed on 1.8900  3.35E-04
myeloid cells-like 4
VEPH 1 Ventricular zone expressed PH 1.6300  6.18E-08
domain homolog 1
IL5SRA Interleukin 5 receptor, alpha, -1.7600 1.50E-10
transcript variant 6
(Contd...)
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