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Abstract—— The inflammatory interleukin (IL)-23/IL-17 axis plays an important role in
the pathogenesis of ankylosing spondylitis (AS), but with an unknown regulatory mecha-
nism. This study aimed to investigate the role of endoplasmic reticulum (ER) stress and
autophagy pathway in the expression of IL-23 in peripheral blood—derived macrophages
in AS patients. Peripheral blood samples were obtained from 15 AS and 15 healthy control
subjects. MACS was used to isolate monocytes from PBMCs. Then, M-CSF was used
to differentiate monocytes to M2 macrophages. IFN-y and/or LPS were used to activate
macrophages and M2 polarization towards M1 macrophages. Thapsigargin was used to
induce ER stress and 3-MA to inhibit autophagy. The purity of extracted monocytes and
macrophage markers was evaluated by flow cytometry. mRNA expression of HLA-B and-
B27, ER stress—related genes, autophagy-related genes, and IL-23p19 was performed using
RT-gPCR. Soluble levels of IL-23p19 were measured using ELISA. Significant increase
in mRNA expression of HLA-B, HLA-B27, BiP, XBP1, CHOP, and PERK mRNAs was
observed in macrophages of AS patients before and after stimulation with IFN-y and LPS.
No significant change in autophagy gene expression was detected. mRNA and soluble
levels of IL-23p19 demonstrated a significant increase in macrophages of AS patients
compared to healthy subjects. ER stress induction led to a significant increase in IL-23p19
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in macrophages. Inhibition of autophagy did not affect /L-23 expression. ER stress, unlike
autophagy, is associated with increased IL-23 levels in macrophages of AS patients.

Key Messages

e ER stress in macrophages from AS patients plays a role in the increased production of

IL-23.

e The autophagy pathway is not involved in the modulation of IL-23 production by AS

macrophages.

KEY WORDS: ankylosing spondylitis; endoplasmic reticulum stress; autophagy; interleukin-23; macrophage.

BACKGROUND

Ankylosing spondylitis (AS), the most common
type of spondyloarthritis (SpA), is a chronic inflamma-
tory arthritis that predominantly involves the axial skel-
eton. Despite the significant contribution of the human
leukocyte antigen (HLA)-B27 in conferring genetic risk
of AS, several other genes have also been identified in
association with the disease [1-3]. Alteration in the
sequence of HLA-B27 is involved in the modulation of
peptide-binding ability and stability of the antigen pres-
entation [4, 5]. That notwithstanding, no certain “arthrito-
genic peptide” has been recognized in induced abnormal
immune response in AS, and no differences have been
found among peptides that are loaded onto AS-associated
and non-associated HLA-B27 subtypes [6].

In the synovial tissues and gut of SpA patients as well
as HLA-B27-transgenic rats, an accumulation of unconven-
tional HLA-B27 forms, like the free heavy chain (FHC),
has been observed [7]. The uncommon characteristic of
HLA-B27 molecules is the slow rate of folding and mis-
folding during biosynthesis in the ER. Such unconventional
HLA-B27 forms can be accumulated in the endoplasmic
reticulum (ER), resulting in ER stress, which stimulates
the unfolded protein response (UPR). On the other side,
UPR has been associated with the promoted production of
inflammatory IL-23 cytokine in AS patients [8].

Unconventional HLA-B27 molecules, like FHC
dimers expressed on the surface of antigen-presenting
cells (APCs), are able to induce IL-23 receptor (IL-
23R) expressing T cells to generate IL-17 [9]. Killer cell
immunoglobulin-like receptor (KIR) 3DL2 expressed on
these T cells is bound to FHC of unconventional HLA-
B27 molecules, leading to the upregulation of T helper
(Th) 17 specific transcription factor, namely RAR-related
orphan receptor-gamma t (RORyt). This, in turn, results

in Th17 polarization and increased production of pro-
inflammatory IL-17 in AS [10-12].

Autophagy is considered a protective cellular pro-
cess that is involved in clearing the dying cellular orga-
nelles as well as misfolded proteins to enhance cell sur-
vival [13]. Autophagy has been suggested to be related to
the pathogenesis of AS through digesting misfolded and
unconventional HLA-B27 molecules and, hence, modu-
lation of UPR. Modifications in the autophagy pathways
have also been reported to be tissue-specific since dys-
regulated autophagy was not observed in the peripheral
blood mononuclear cells (PBMCs) or synovium of AS
patients [14].

Our previous investigations demonstrated that UPR
is activated in the macrophage-colony stimulating factor
(M-CSF)—derived macrophages of AS patients, along with
the upregulation of HLA-B27 expression in these cells,
which was linked to the overproduction of IL-23 in mac-
rophages from AS [15]. Seeking for a broader insight, in the
current study, the behavior of macrophages derived from
peripheral blood monocytes of AS patients and healthy con-
trols in establishing ER stress, induced either by treatment
with IFN-y (which triggers HLA-B27) or by a chemical ER
stress inducer and, ultimately, production of IL-23 were
assessed. In addition, the behavior of AS macrophages in
response to the inhibition of autophagy was studied.

METHODS AND STUDY SUBJECTS

AS Patients and Controls

In this case—control study, 15 AS patients and
15 healthy controls were included. AS patients were
recruited from the rheumatology outpatient clinic of
Rheumatology Research Center, Shariati Hospital
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affiliated with Tehran University of Medical Sciences,
Tehran, Iran. Patients fulfilled the classification index of
the modified New York criteria for the diagnosis of AS.
Patients were evaluated for functional capacity through
examining the Bath Ankylosing Spondylitis Functional
Index (BASFI), for spinal mobility by Bath Ankylosing
Spondylitis Metrology Index (BASMI), and for disease
activity via Bath Ankylosing Spondylitis Disease Activity
Index (BASDALI). As the inclusion criteria, AS patients
having a BASDALI score further than 4 were chosen.
Healthy controls were age- and sex-matched with the
patient group, had no familial relation with AS cases,
and had no family history of AS as well as other autoim-
mune disorders (Supplementary Table 1). From all study
subjects, fresh whole blood samples were obtained by
venipuncture and collected into a 9-ml vacuum blood col-
lection tube containing EDTA anticoagulant.

Monocyte Isolation and M1 Macrophage
Polarization

To isolate PBMCs, blood samples were first diluted
with phosphate-buffered saline (PBS; GIBCO Invitro-
gen, Carlsbad, CA) and then were separated using Ficoll/
Hypaque 1.077 g/ml (Lymphodex, inno-Train, Kronberg,
Germany) and gradient density centrifugation. The cells
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were then washed twice at 300 and 200 X g to reduce impu-
rity. In order to isolate monocytes, magnetic-activated
cell sorter columns (Miltenyi Biotec, San Diego, CA)
were used for the positive selection of CD147 cells from
PBMCs according to the manufacturer’s guidelines. The
monocytes were assessed for purity using flow cytometry
that was approximately 90-94% (Supplementary Fig. 1).
To further purify the samples, monocytes were cultured in
serum-free RPMI 1640 media (GIBCO Invitrogen, Carls-
bad, CA) in 12-well media at a density of 55 % 10° cells/
well and then were kept in the humidified atmosphere
under 5% CO, at 37 °C for 2h. Afterward, non-adherent
cells were removed, and differentiation of the adherent
monocyte cells to M2 macrophages was implemented
using 50 ng/ml of recombinant human M-CSF (eBiosci-
ence, San Diego, CA) in R10 media (containing RPMI-
1640, 10% FBS, 4 mM L-glutamine, 1% penicillin/strepto-
mycin antibiotic) for 7 days in the humidified atmosphere
under 5% CO, at 37 °C. Thereafter, interferon (IFN)-y
cytokine alone or in combination with LPS was used to
polarize the M2 to M1 macrophage cells [16]. On the sev-
enth day, the supernatant was removed from each well of
culture media, and RPMI-1640 and 50 ng/ml IFN-y (R&D
Systems) alone or with 100 ng/ml lipopolysaccharides
(LPS; Sigma-Aldrich) obtained from Salmonella enterica
serotype Enteritidis were added to each well.
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Fig. 1 mRNA expression levels of HLA-B (a) and HLA-B27 (b) in AS patients and healthy subjects. Monocytes were isolated from 10 HLA-
B27-positive AS patients (AS-B27%), 5 HLA-B27-negative AS patients (AS-B277), 10 HLA-B27-positive healthy controls (Con-B27%), and
5 HLA-B27-negative healthy controls (Con-B277) and were differentiated into M2 macrophages upon treating with M-CSF in 7 days. M2 mac-
rophages were then polarized into M1 macrophages after treating with IFN-y alone or in combination with LPS for 24h. The expression levels
of HLA-B mRNA (a) and HLA-B27 mRNA (b) in these three cell groups were compared between patients and controls. Results are presented as
mean + standard deviation (SD). Significance within each cell group was indicated with “*” sign, between M1 (IFN-y) and M1 (IFN-y +LPS) group
compared to M2 with “#” sign, and between M1 (IFN-y) and M1 (IFN-y+LPS) group by “$” sign.
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Fig. 2 mRNA expression levels of ER stress—related genes, including BiP (a), XBPI (b), PERK (c), ATF6 (d), and CHOP (e) in AS patients and
healthy subjects. Monocytes were isolated from 10 HLA-B27-positive AS patients (AS-B27%), 5 HLA-B27-negative AS patients (AS-B277), 10
HLA-B27-positive healthy controls (Con-B27%), and 5 HLA-B27-negative healthy controls (Con-B277) and were differentiated into M2 mac-
rophages upon treating with M-CSF in 7 days. M2 macrophages were then polarized into M1 macrophages after treating with IFN-y alone or in
combination with LPS for 24h. The mRNA expression levels of the mentioned genes in these three cell groups were compared between patients
and controls. Results are presented as mean + standard deviation (SD). Significance within each cell group was indicated with “*” sign, between M1
(IFN-y) and M1 (IFN-y + LPS) group compared to M2 with “#” sign, and between M1 (IFN-y) and M1 (IFN-y + LPS) group by “$” sign.

To confirm the polarization of M2 to M1 mac-
rophages, expressions of specific mRNAs of CD36 and
mannose receptor C-type 1 (MRCI) genes for M1 mac-
rophages and CC-chemokine receptor 7 (CCR7) and
indoleamine 2,3-dioxygenase 1 (IDOI) genes for M2
macrophages were evaluated (Supplementary Fig. 2)
[16-18].

Flow Cytometry

The flow cytometry was used for the phenotypic
comparison of macrophages and monocytes. First, mono-
cytes and macrophages collected from culture plates were
washed twice with PBS. Cells were then incubated for 1h
in PBS containing 5% FBS (GIBCO Invitrogen, Carls-
bad, CA) at 4 °C to interrupt the non-specific monoclo-
nal antibody binding. Afterward, cells were stained with
APC-conjugated anti-human CD163, PE-CyS5-conjugated
anti-human HLA-DR (Biolegend, San Diego, CA), and
FITC-conjugated anti-human CD206 (Miltenyi Biotec,
San Diego, CA) in the dark for 30 min at 4 °C. In par-
allel, irrelevant isotype-matched control labeling was
also carried out. After that, the cells were rinsed and

resuspended in 500 pl PBS, then chilled on ice, and evalu-
ation of fluorescence was conducted using FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ) and analyzed
using FlowJo software (Tree Star, Ashland, OR). At least
10,000 events were counted for each sample. Trypan blue
staining was used to determine cell death.

Induction of ER Stress in M1 Macrophages

Thapsigargin (TPG) was used to induce ER stress
in macrophages derived from blood monocytes of AS
patients and then evaluate the effect of ER stress inhibi-
tion on IL-23 production. To this end, macrophages on
the seventh day of culture were treated with 500 nM TPG
(TOCRIS) along with or without IFN-y and LPS for 12h.

Inhibition of Autophagy Pathway in M1
Macrophages

To investigate the inhibition of autophagy path-
way in macrophages derived from blood monocytes of
AS patients and determine the inhibition effect on IL-23
production, 3-methyladenine (3MA) was used. For this
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purpose, macrophages on the seventh day of culture were
treated with 5 mM 3MA (TOCRIS) along with or without
IFN-y and LPS for 24h.

RNA Extraction, cDNA Synthesis,
and Quantitative Real-time PCR

In order to extract the total RNA from M1 mac-
rophages on day 7, the High Pure RNA Isolation Kit
(Roche, Basel, Switzerland) was used, according to the
company’s instructions. Synthesis of complementary
DNA (cDNA) was conducted exerting the Transcriptor
First Strand cDNA Synthesis Kit (Roche, Basel, Swit-
zerland) using random hexamer primers, based on the
manufacturer’s protocol. The quantitative mRNA expres-
sion levels of differentiation markers of macrophages,
including CD36, MRC1, CCR7, and IDO1; HLA genes;
ER stress—associated genes; autophagy-related genes;
and IL-23p19 were determined to employ the real-time
PCR performed by the StepOnePlus™ Real-Time PCR
system (Applied Biosystems, Foster City, CA), SYBR
Green master mix (Ampliqon, Odense, Denmark), and
specific primers (Supplementary Table 2). The prim-
ers were designed through the Primer Express 3.0 tool
(Applied Biosystems, Foster City, CA, USA) and checked
for specificity by the Primer-BLAST Tool of the National
Center for Biotechnology Information (NCBI) website
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Finally, the primers were generated by the custom oli-
gonucleotide synthesis service (Metabion, Martinsried,
Germany). Moreover, the specification of the HLA-
B27-specific primers was obtained from the study by
Zeng et al. [16]. The comparative Cy approach, defined
by Livak and Schmittgen [19], was used to determine
the relative transcription levels. Normalization of target
gene mRNAs was done corresponding to the expression
level of 18S ribosomal RNA as the housekeeping gene to
calculate the relative amounts of each gene transcription
using the “Relative Expression=2"2" equation.

ELISA

To measure the IL-23p19 cytokine concentration,
the supernatant of each well was collected after differ-
ent treatments of macrophages and then stored in — 70 °C
for conducting the enzyme-linked immunosorbent assay
(ELISA). The optical density in the samples was deter-
mined using the Human IL-23 ELISA development kit
(HRP, Mabtech, Stockholm, Sweden).

Statistical Analysis

Data analysis and illustrations by graphs were both
conducted using GraphPad Prism v.8 (GraphPad Soft-
ware, San Diego, CA). Friedman test was used to com-
pare three different macrophages (M2 macrophages, IFN-
y-induced M1 macrophages, and IFN-y + LPS-induced
M1 macrophages) from patients or controls. Additionally,
before-after treatment analyses of comparing means were
performed by Wilcoxon signed-rank test. The nonpara-
metric spearman’s rho test was performed to assess the
correlation between mRNA expression of different genes
with mRNA and soluble levels of IL-23p19. Data were
expressed as means + standard deviation (SD), and a P
value less than 0.05 was considered statistically signifi-
cant level.

RESULTS

Expression of HLLA-B and HLLA-B27 Molecules

There was a statistically significant difference in
mRNA expression of HLA-B among IFN-y-induced M1
macrophages; IFN-y + LPS-induced M1 macrophages;
and M2 macrophages in AS-B27", AS-B27", Con-B277,
and Con-B27~ (Fig. 1a). There was a statistically signifi-
cant difference in mRNA expression of HLA-B27 among
IFN-y-induced M1 macrophages, IFN-y + LPS-induced
M1 macrophages, and M2 macrophages in both AS
patients and the control group (Fig. 1b). Refer to Sup-
plementary Table 3 for fold change values and P values
with more details.

mRNA Expression of ER Stress—Associated
Genes

A statistically significant difference was observed in
mRNA expression of BiP (Fig. 2a), XBP1 (Fig. 2b), and
PERK (Fig. 2¢) between different groups of AS patients
and controls as well as between IFN-y-induced M1
macrophages, IFN-y + LPS-induced M1 macrophages,
and M2 macrophages. In the IFN-y +LPS-induced M1
macrophages, upregulated levels of BiP mRNA in the
AS-B277 patients compared with the Con-B27~ and Con-
B277 groups were observed. Besides, there was a simi-
lar pattern in BiP mRNA expression in IFN-y-induced
M1 macrophages and M2 macrophages. The highest
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Fig. 3 mRNA expression levels of autophagy-related genes, including Arg5 (a), Azgl2 (b), and ArgI6L (c) in AS patients and healthy subjects.
Monocytes were isolated from 10 HLA-B27-positive AS patients (AS-B27%), 5 HLA-B27-negative AS patients (AS-B277), 10 HLA-B27 positive
healthy controls (Con-B27%), and 5 HLA-B27-negative healthy controls (Con-B277) and were differentiated into M2 macrophages upon treating
with M-CSF in 7 days. M2 macrophages were then polarized into M1 macrophages after treating with IFN-y alone or in combination with LPS
for 24h. The mRNA expression levels of the mentioned genes in these three cell groups were compared between patients and controls. Results
are presented as mean =+ standard deviation (SD). Significance within each cell group was indicated with “*” sign, between M1 (IFN-y) and M1
(IFN-y + LPS) group compared to M2 with “#” sign, and between M1 (IFN-y) and M1 (IFN-y +LPS) group by “$” sign.

expression of XBP] mRNA was seen in IFN-y 4+ LPS-
induced M1 macrophages from B27 + individuals,
which was significantly higher than both IFN-y-induced
M1 macrophages and M2 macrophages. PERK mRNA
expression was also higher in IFN-y + LPS-induced
M1 macrophages compared to IFN-y-induced M1 mac-
rophages in AS-B277 patients. However, the mRNA
expression of ATF6 (Fig. 2d) and CHOP (Fig. 2e) did
not show a significant difference between different cells.
Refer to Supplementary Table 3 for fold change values
and P values with more details.

mRNA Expression of Autophagy-Related Genes

In the IFN-y +LPS-induced M1 macrophages, there
were upregulated levels of ATG5 mRNA in the AS-B27*
patients compared with the AS-B27~ patients and Con-
B277 group (Fig. 3a). Significantly altered expression
of ATG12 mRNA was detected in the M2 macrophages
between patients and controls. AS-B27% patients
expressed increased levels of ATG/2 mRNA in the M2
macrophages in comparison to the Con-B27~ group.
Moreover, mRNA expression of ATG12 was significantly
upregulated in the Con-B27" in relation to the Con-
B27~ group (Fig. 3b). Analysis indicated a statistically
significant difference in mRNA expression of ATGI6L
among IFN-y-induced M1 macrophages; IFN-y + LPS-
induced M1 macrophages; and M2 macrophages in
AS-B27%, Con-B27%, and Con-B27~ groups (Fig. 3c).
Refer to Supplementary Table 3 for fold change values
and P values with more details.

mRNA Expression of IL.-23

There was a statistically significant difference
in the mRNA expression of /L-23p19 among IFN-
y-induced M1 macrophages; IFN-y + LPS-induced
M1 macrophages; and M2 macrophages in AS-B277,
AS-B277, Con-B27%, and Con-B27". In comparison
to M2 macrophages, the mRNA expression of /L-
23p19 was overexpressed in the IFN-y + LPS-induced
M1 macrophages in AS-B27%, AS-B27~, Con-B277,
and Con-B27". In both M2 macrophages and IFN-y-
induced M1 macrophages, the highest expression of
mRNA of IL-23pI19 was observed in the AS-B277
patients, which was significantly higher than those in
the AS-B27™ patients and the control groups. Although
this pattern is not observed in IFN-y + LPS-induced M1
macrophages, the mRNA expression of /L-23p19 in all
AS-B27%, AS-B277, Con-B27", and Con-B27" indi-
viduals was significantly higher than those in M2 mac-
rophages and IFN-y-induced M1 macrophages (Fig. 4a).
Refer to Supplementary Table 3 for fold change values
and P values with more details.

Effect of ER Stress Induction on mRNA
Expression of IL-23

After induction of ER stress with TPG in the
IFN-y-induced M1 macrophages, the mRNA expres-
sion of IL-23p19 was upregulated in AS-B277%,
AS-B277, Con-B27%, and Con-B27~ in comparison
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Fig. 4 Bar graphs indicate the mRNA expression and soluble protein levels of IL-23p19 in the patients and healthy controls before and after TPG
treatment (to induce ER stress). Monocytes were isolated from 10 HLA-B27-positive AS patients (AS-B27%), 5 HLA-B27-negative AS patients
(AS-B277), 10 HLA-B27-positive healthy controls (Con-B27%), and 5 HLA-B27-negative healthy controls (Con-B277) and were differentiated into
M2 macrophages upon treating with M-CSF in 7 days. M2 macrophages were then polarized into M1 macrophages after treating with IFN-y alone
or in combination with LPS for 24h. To induce ER stress, TPG at a concentration of 500 nM was added into M1 macrophages and incubated for
12h. The mRNA expression and serum levels of IL-23p19 were compared between patients and controls. Soluble levels of IL-23p19 cytokine in
the supernatant of the IFN-y+LPS-induced M1 macrophages were measured by ELISA and then were compared between patients and controls.
a Baseline mRNA expression of /L-23p19 in the IFN-y+LPS-induced M1 macrophages, IFN-y-induced M1 macrophages, and M2 macrophages.
b mRNA expression of IL-23p19 in the IFN-y-induced M1 macrophages before and after TPG treatment. ¢ mRNA expression of IL-23p19 in the
IFN-y +LPS-induced M1 macrophages before and after TPG treatment. d Soluble levels of IL-23p19 in the supernatant of the IFN-y + LPS-induced
M1 macrophages before and after TPG treatment. Results are presented as mean =+ standard deviation (SD). Significance within each cell group is
marked with the “*” sign, and between different cell groups with “#” sign.

to non-ER stress—induced IFN-y-induced M1 mac-
rophages (Fig. 4b). Similar results were observed in
the IFN-y + LPS-induced M1 macrophages.

Furthermore, there was an overexpression of
the mRNA of IL-23p19 in the ER stress—induced
IFN-y + LPS-induced M1 macrophages from AS-B27*
patients in comparison to the Con-B27% group, as well
as in the AS-B27" patients compared with the Con-
B27* group and Con-B27~ group (Fig. 4c). Refer to
Supplementary Table 4 for fold change values and P
values with more details.

Effect of ER Stress Induction on Soluble Level
of IL-23

The measurement range of the kit used (Mabtech,
Stockholm, Sweden) in the detection of soluble levels
of IL-23p19 was between 7 and 700 pg/ml. Levels of
IL-23p19 were not detectable in the M2 macrophages
and IFN-y-induced M1 macrophages due to very low lev-
els. However, the cytokine levels were measured in the
IFN-y 4+ LPS-induced M1 macrophages before and after
induction of ER stress.
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Fig. 5 Bar graphs indicate the mRNA expression and soluble protein levels of IL-23p19 in the patients and healthy controls before and after 3MA
treatment (to inhibit autophagy pathway). Monocytes were isolated from 10 HLA-B27-positive AS patients (AS-B27%), 5 HLA-B27-negative AS
patients (AS-B277), 10 HLA-B27-positive healthy controls (Con-B27*), and 5 HLA-B27-negative healthy controls (Con-B277) and were differ-
entiated into M2 macrophages upon treating with M-CSF in 7 days. M2 macrophages were then polarized into M1 macrophages after treating with
IFN-y alone or in combination with LPS for 24h. For inhibiting the autophagy pathway, 3MA at a concentration of 5 mM was added into M1 mac-
rophages and incubated for 24h. The expression levels of IL-23p19 mRNA in these cell groups were compared between patients and controls. Solu-
ble levels of IL-23p19 cytokine in the supernatant of the IFN-y +LPS-induced M1 macrophages were measured by ELISA and then were compared
between patients and controls. a mRNA expression of IL-23p19 in the IFN-y-induced M1 macrophages. b mRNA expression of IL-23p19 in the
IFN-y 4+ LPS-induced M1 macrophages. ¢ Soluble levels of IL-23p19 in the supernatant of the IFN-y +LPS-induced M1 macrophages. Results are

presented as mean +standard deviation (SD).

Analysis indicated that in comparison to the
non-ER stress—induced IFN-y+ LPS-induced M1
macrophages, the soluble levels of IL-23p19 were
higher in the supernatant of ER stress—induced
IFN-y + LPS-induced M1 macrophages in AS-B27%,
AS-B27 Con-B27%, and Con-B27". In the superna-
tant of ER stress—induced IFN-y + LPS-induced M1
macrophages, soluble levels of IL-23p19 were higher
in the AS-B27" patients in comparison to the Con-B27*
group, as well as in the AS-B27~ patients compared to
the Con-B27" and Con-B27~ groups (Fig. 4d).

Effect of Autophagy Pathway Inhibition
on mRNA Expression and Soluble Levels
of IL-23

To inhibit the autophagy pathway in macrophages
derived from blood monocytes of AS patients and deter-
mine its consequence on IL.-23 production, cells were
treated with 3MA along with or without IFN-y and LPS.
The mRNA expression of /L-23p19 did not change signif-
icantly in either IFN-y (Fig. 5a) or IFN-y 4+ LPS-induced
M1 macrophages (Fig. 5b) in any of the study groups
after treatment. Besides, no altered levels of soluble IL-
23p19 were detected between patients and controls in the
IFN-y + LPS-induced M1 macrophages (Fig. 5¢).

Correlation Analysis

In order to evaluate the relation between the ER
stress—related genes and autophagy genes with IL-23p19,

correlation analyses were conducted. In IFN-y + LPS-
induced M1 macrophages from AS-B27* patients, the
mRNA expression of HLA-B27 and PERK were nega-
tively associated with IL-23p19 expression. Moreover,
the mRNA expression of BiP and ATF6 in IFN-y + LPS-
induced M1 macrophages obtained from AS-B27%
patients was significantly associated with soluble levels
of IL-23p19. In IFN-y-induced M1 macrophages from
AS-B277 patients, only the mRNA expression of CHOP
was significantly correlated with /L-23p19 expression.
In IFN-y or IFN-y + LPS-induced M1 macrophages from
AS-B27" patients, no significant relationship was found
between ER stress/autophagy genes and /L-23p79 mRNA
expression (Supplementary Tables 5 and 6).

DISCUSSION

In the current study, we tried to evaluate the role of
UPR in the modulation of AS macrophages to establish
an inflammatory setting by the production of IL-23. The
behavior of macrophages derived from peripheral blood
monocytes isolated from AS patients and healthy controls
in stimulating the ER stress induced either by treatment
with IFN-y (HLA-B27 enhancer stimulant) or by ER
stress inducer (TPG) and IL-23 production was assessed.
Moreover, the macrophage response against the inhibition
of autophagy (by 3MA agent) was evaluated.

A bulk of investigations have shown increased
IL-23 in tissue, serum, and peripheral blood cells in AS
patients [20, 21]. However, the specific pathway that
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increases IL-23 in this disease has not yet been clearly
identified. Among the different hypotheses presented for
AS pathogenesis, the theory of misfolding and accumula-
tion of HLA-B27 in the ER and induction of ER stress
has been suggested. According to this hypothesis, stress
induced in the ER by misfolding of the HLA-B27 mol-
ecule can induce the UPR cellular response, leading to
increased inflammatory cytokines like IL.-23 [22, 23].

Here in this study, IFN-y was used to differentiate
M2 to M1 macrophages and increase HLA-B27 expres-
sion in these cells. It was observed that M2 macrophages,
IFN-y-induced M1 macrophages, and IFN-y + LPS-
induced M1 macrophages obtained from AS-B277
patients had upregulated mRNA expression of HLA-B in
comparison to the AS-B27~ patients and control group.
All these macrophage cells also overexpressed mRNA of
HLA-B in AS-B27* patients compared with Con-B27%
individuals. Previous studies using immunofluorescence,
flow cytometry [24], and quantitative PCR [25] showed
increased HLA-B27 expression in the PBMCs from
HLA-B27" AS patients compared to healthy HLA-B27*
subjects.

Considering increased expression of the HLA-B27
in the IFN-y-induced M1 macrophages and IFN-y + LPS-
induced M1 macrophages, the behavior of macrophages
with respect to ER stress and mRNA expression of related
genes was investigated. The results showed that M2 mac-
rophages, as well as IFN-y-induced M1 macrophages
and IFN-y + LPS-induced M1 macrophages of AS-B27*
patients compared to AS-B27~ patients and control
group, overexpressed ER stress—associated genes of
BiP, XBP1, PERK, and CHOP, implying to ER stress in
these cells. It should be noted that measuring the spliced
XBP1 along with total XBPI could be a better marker
for XBP1 activation, since upon UPR activation, XBP1
gets spliced [26]. Besides, the differences in the mRNA
expression of BiP and CHOP were not different between
the three macrophages. PERK mRNA expression in the
IFN-y + LPS-induced M1 macrophages was higher than
IFN-y-induced M1 macrophages in AS-B27* patients.
Only mRNA expression of XBPI showed a significant
increase under IFN-y treatment alone or with LPS. Feng
et al. also indicated increased expression of UPR genes,
such as BiP, CHOP, and XBP1, in the peripheral blood as
well as the synovial fluid of SpA patients [27].

Similarly, using microarray and gene expression
profile analysis, Gu et al. reported the increase of BiP
in the synovial fluid mononuclear cells (SFMC) in SpA
patients [28]. However, lamina propria mononuclear

cells (LPMC) isolated from the gut of AS patients did
not show significant changes in the expression of BiP,
XBP1, PERK, and ATF6 genes [29]. Zeng et al. also could
not show a significant increase in UPR-associated genes
in macrophages of AS patients after treatment with IFN-y
and LPS [16].

Our experiments indicated that macrophages from
AS-B27* patients produced higher levels of IL-23p19 in
comparison to AS-B27" patients and healthy individu-
als. It should be noted that after treatment with IFN-y,
there was no significant difference in the level of IL-
23p19 expression between M2 macrophages and IFN-y-
induced M1 macrophages. The highest mRNA expression
of IL-23p19 was observed in IFN-y + LPS-induced M1
macrophages obtained from AS-B27" patients, indi-
cating that HLA-B27 levels in combination with LPS
might further increase IL23p19 expression. Therefore, it
should be noted that although there is no difference in the
expression of HLA-B27 between IFN-y and IFN-y + LPS-
induced M1 macrophages, the effect of HLA-B27 is likely
to be the “straw that broke the camel’s back™ in the back-
ground of LPS association with higher mRNA expression
of IL-23p19. This is consistent with a study by DeLay
et al., which showed that IFN-y alone did not affect IL-
23p19 expression [30].

Experiments by induction of ER stress using TPG
implied the different behavior of macrophages from
patients compared to the control group. TPG treatment of
macrophages significantly increased both mRNA expres-
sion and protein levels of IL-23p19 in both patients and
controls. This increase was significant for macrophages
that were not treated with TPG. Additionally, TPG-
treated macrophages of patients showed higher IL.-23p19
cytokine levels than healthy controls. The results of the
present study were in line with increased IL-23 levels in
macrophages of AS patients and demonstrated the previ-
ously reported involvement of the IL-23/IL17 inflamma-
tory pathway in the pathogenesis of AS. Many genome-
wide association studies (GWASs) have reported the
association of IL23 receptor gene polymorphisms with
AS susceptibility [31, 32]. In a study by Goodall et al., it
was shown that the ER stress—related gene CHOP directly
regulated IL-23. In fact, CHOP is an ER stress—induced
transcription factor and possesses a specific binding site
to the IL23 gene regulatory domain [33]. Animal stud-
ies have also shown that TPG-induced ER stress can
increase IL-23 production in rat bone marrow—derived
macrophages [23, 34]. This increase by ER stress has also
been detected in human dendritic cells (DCs) [33].
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Experiments on the autophagy genes indicated no
significant difference in expression of ATG5 and ATG12
in the three macrophage groups between patients and
healthy individuals. Only IFN-y + LPS-induced M1
macrophages from AS-B27* patients expressed higher
levels of ATGI6L than M2 macrophages and IFN-y-
induced M1 macrophages. In addition, mRNA expres-
sion of ATGI2 in M2 macrophages from patients was
upregulated compared to controls. In a 2013 study by
Ciccia and colleagues on LPMCs isolated from the gut of
AS patients, it was found that the autophagy pathway in
these cells was more active than that in the control group.
They showed that the expression levels of ATGS, ATG12,
and LC3II were higher in the gut of AS patients than
in healthy individuals and that the autophagy pathway
was involved in regulating IL-23 production in the gut of
these patients [29]. Data from autophagy inhibition in M1
macrophages by 3MA and IL-23p19 cytokine analysis
showed that inhibition of the autophagy pathway could
not have a significant effect on /L-23p19 expression and
production. Contrary to the results of the present study, a
study by Castro et al. on the autophagy pathway showed
that both mouse bone marrow—derived macrophages and
human macrophages and DCs were more susceptible to
autophagy inhibition either by chemical inhibitors or by
interfering RNA. Autophagy pathway inhibition increased
the production of IL-23 in the cells mentioned [35]. The
possible reason for not statistically significant differences
in the expression of IL-23p19 in this study after 3MA
treatment could be the mechanism of action of this drug
in inhibiting the autophagy pathway. A recent study has
shown that 3MA can induce massive DNA damage and
an abrupt decrease in cell viability compared to other
autophagy inhibitors such as spautin-1, Cpd18, bafilo-
mycin A, and chloroquine [36]. In our observation, the
morphology of treated cells was changed during the treat-
ment, and the viability is also affected by 3MA especially
in IFN-y + LPS-induced M1 macrophages (Supplemen-
tary Figs. 3 and 4).

All of the mentioned information suggests that tar-
geting the IL-23 axis may be useful in treating AS patients.
However, a recent randomized, placebo-controlled phase
II clinical trial using an anti-p19 antibody, risankizumab,
for AS treatment failed to show any evidence for clinically
significant improvement of the primary and secondary
endpoints [37, 38]. This may be because the IL.-23 axis
is not a linear cascade. Due to the autoimmune nature of
the disease, there are several other factors that can greatly
affect the pathogenesis of AS.

CONCLUSION

Overall, this study revealed that AS patients
express higher levels of HLA-B27 than healthy con-
trols. Macrophages in these patients can also produce
higher levels of IL-23, especially in the presence of
LPS and IFN-y. The increased expression of several
genes involved in the UPR response indicated an ER
stress state in macrophages of AS patients. Evalua-
tion of the ER stress pathway revealed that AS mac-
rophages behave differently towards ER stress com-
pared to healthy subjects. Hence, ER stress can be
proposed as a regulatory pathway for IL-23 production
in macrophages of AS patients. Inhibition of autophagy
pathway did not alter IL-23 production and probably
could not be considered the regulatory pathway of this
cytokine in macrophages of AS patients. Considering
the results of the risankizumab phase II clinical trial,
it cannot be concluded that targeting IL-23 alone can
improve the patients’ outcome, but IL-23 inhibitors will
certainly be one of the important arms of future combi-
nation therapies for the treatment of AS patients, which
will require more molecular and preclinical studies.

Abbreviations 3MA, 3-Methyladenine; APC, Antigen-presenting cell; AS,
Ankylosing spondylitis; BASDAI, Bath Ankylosing Spondylitis Disease
Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index;
BASMI, Bath Ankylosing Spondylitis Metrology Index; CCR7, CC-
chemokine receptor 7; DC, Dendritic cells; ER, Endoplasmic reticulum;
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B27, Human leukocyte antigen B27; IDO1, Indoleamine 2,3-dioxygenase
1; IFN-y, Interferon gamma; IL-23, Interleukin-23; IL-23R, IL-23 receptor;
KIR, Killer cell immunoglobulin-like receptor; LPMC, Lamina propria
mononuclear cells; LPS, Lipopolysaccharide; M-CSF, Macrophage-colony-
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related orphan receptor-gamma t; SFMC, Synovial fluid mononuclear
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