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IMMUNOLOGY

Mannan-induced Nos2 in macrophages enhances
IL-17-driven psoriatic arthritis by innate lymphocytes

Jianghong Zhong,' Tatjana Scholz,> Anthony C. Y. Yau," Simon Guerard,’ Ulrike Hiiffmeier,?

Harald Burkhardt,? Rikard Holmdahl'#*

Previous identification of the inducible nitric oxide synthase (NOS2) gene as a risk allele for psoriasis (Ps) and psoriatic
arthritis (PsA) suggests a possible pathogenic role of nitric oxide (NO). Using a mouse model of mannan-induced Ps and
PsA (MIP), where macrophages play a regulatory role by releasing reactive oxygen species (ROS), we found that NO was
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detectable before disease onset in mice, independent of a functional nicotinamide adenine dinucleotide phosphate
oxidase 2 complex. MIP was suppressed by either deletion of Nos2 or inhibition of NO synthases with NG-nitro-L-
arginine methyl ester, demonstrating that Nos2-derived NO is pathogenic. NOS2 expression was also up-regulated in
lipopolysaccharide- and interferon-y-stimulated monocyte subsets from patients with PsA compared to healthy
controls. Nos2-dependent interleukin-1a. (IL-1a) release from skin macrophages was essential for arthritis develop-
ment by promoting IL-17 production of innate lymphoid cells. We conclude that Nos2-derived NO by tissue macro-

phages promotes MIP, in contrast to the protective effect by ROS.

INTRODUCTION

Mannan is a natural ligand for mannose receptors at the host-fungus
interactions and is known as the major trigger of interleukin-17 (IL-17)
pathways in the host (I, 2). Abundant mannans are found in nearly all
fungi, of which the most common, Saccharomyces cerevisiae and Candida
albicans, have been described as pathogenic factors of intertriginous pso-
riasis (Ps) and psoriatic arthritis (PsA) (3) since the early 1980s (4).
Nevertheless, the role of mannan has not yet been fully addressed.

Ps has been widely regarded as immune-mediated disease of the skin
that is associated in approximately one-third of the patients with the
development of PsA. Ps is a heterogeneous chronic disease driven by
major histocompatibility complex (MHC)-restricted T cells operating
through the IL-17/IL-22/IL-23 signaling pathway (5). This traditional
view of Ps is supported by the strong association with the HLA-C*0602
allele (6). However, conditional analysis of large case control data sets
uncovered additional Ps risk alleles in loci encoding nonclassical MHC
class T molecules (6). These data and more recent results from murine
experimental models of Ps (7), as well as human studies demonstrating
the presence of various types of innate T cells in psoriatic skin (8), sug-
gest that these innate effectors play important roles in psoriatic plaque
formation. Classical off T cells and various types of innate T cells may
secrete IL-17 and be closely involved in the pathogenic IL-17 pathways.
Recent clinical studies on blocking agents of various steps in the IL-17
pathway have demonstrated its crucial role in both Ps and PsA (5), but
the triggering mechanisms and modifiers, as well as involvements of
different T cell types, have not yet been clarified.

Besides the strong influence of the MHC region, a locus containing
the inducible nitric oxide synthase (NOS2) gene is associated with Ps
and PsA susceptibility (9, 10). Nos2 expression and production of nitric
oxide (NO) can be induced in murine macrophages after stimulation
with lipopolysaccharide (LPS) (11). Similar to LPS, a diversity of ligands
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interacts with mannose receptors on macrophages, including mannan
derived from S. cerevisiae. Thus, it is possible that agents such as mannan
could activate tissue macrophages, activate NO production, and trigger
the development of Ps and PsA.

Recent findings in animal models of Ps, such as both the imiquimod-
induced (7) and mannan-induced (2) diseases, all argue for a prominent
role of IL-17-producing innate lymphocytes rather than MHC-restricted
o T cells. Injection of mannan into certain mouse strains induces a dis-
ease that is remarkably similar to Ps and PsA in humans, that is, the
mannan-induced Ps and PsA (MIP) model (2). The MIP model is in-
dependent of af T cells and is associated with activation of macro-
phages that triggers the production of IL-17A by innate lymphocytes
(2, 12).

The disease of MIP is more severe in mouse strains carrying a mu-
tation in the neutrophil cytosol factor 1 (NcfI) gene (2). The Ncfl mu-
tation impairs superoxide anion production by the nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2) complex (13, 14).
Generation of superoxide anion eventually leads to a cascade of the
other reactive oxygen and nitrogen species (ROS/RNS), such as hydro-
gen peroxide, hydroxyl radical, NO, and peroxynitrite. Many diseases
have been linked to damage from ROS as a result of an imbalance
between radicals generating and their elimination by protective mech-
anisms referred to as antioxidants (14). This prevailing paradigm was
challenged by a hypothesis-free study searching for the polymorphic
genes controlling chronic inflammation in rats (14), and the positional
cloning of the disease-promoting allele of the NcfI gene showed that
ROS regulates rather than promotes disease. N¢fI mutations in mice
and humans (15) confirmed the findings in rats. However, despite
the recent advances on the role of ROS/RNS, many challenges remain,
and future studies should focus on the role of NO in inflammatory
pathways.

Here, we investigated the role of RNS in MIP development by ad-
ministration of NO synthases inhibitor NG-nitro-L-arginine methyl
ester (L-NAME) in combination with Nos2-deficient mice of both Nef1**
and Ncf1”" mouse strains. To noninvasively monitor the effect of
inhibiting Nos2 in mice, we used optical tomography imaging (16) to
visualize RNS using the probe L-012 (17). These results and the pheno-
typic characterization of the cellular infiltrates show that mannan-
induced Nos2 activation and IL-10 release from skin macrophages
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are essential for MIP disease development by innate lymphoid cells.
A concomitant analysis revealed an increased NOS2 up-regulation in
LPS- and interferon-y (IFN-y)-challenged monocyte subpopulations
derived from the blood in PsA patients compared to those obtained
from healthy donors (HDs), thereby suggesting the potential relevance
of the uncovered pathogenic role of NO in MIP also for psoriatic disease
in humans.

RESULTS

NO is induced by mannan and contributes to the
development of psoriatic disease

We previously demonstrated that macrophage-restricted, NOX2-
induced superoxide anion, together with other ROS molecules, sup-
presses MIP (2). In addition to ROS, other radicals and reactive
molecules, such as RNS including three variants of NO (NO/NO"/
NO"), could also be generated from murine macrophages under in-
flammatory conditions. Therefore, we examined the level of serum
NO; (nitrate and nitrite) in both Ncfl wild-type (NefI*"*) and Ncfl
mutation (NefI”") mice injected with mannan. At day 5 after mannan
injection, we found that NO production increased in both NcfI”” mice

and NcfI™* controls (Fig. 1). Similar to previous studies, ROS-deficient
Nefl”" mice developed more severe disease compared with NefI*™'*
mice (2). Remarkably, the concentration of serum NO, was higher
in Ncfl”” mice than that in wild-type NcfI*/* controls (Fig. 1A).
Together, these findings suggest that NO production can be induced
by mannan and that more RNS is observed when NOX2 produces
less ROS.

We next investigated the level of circulating NO triggered by
mannan injection and the effect of NO synthase inhibition. To achieve
this, we injected mice with .-NAME, and used mice injected with the
less-active isomer NG-nitro-p-arginine methyl ester (0-NAME), as well as
those injected with phosphate-buffered saline (PBS), as controls. Figure
1B shows the level of RNS in serum over the period of 24 hours following
L-NAME or PBS injection at days 2 and 5 after mannan injection, re-
spectively. Eight hours after injection of .-NAME, we observed a sig-
nificant reduction of RNS in serum. However, this effect was gone
12 hours after L-NAME injection, indicating a very short-lived effect.
We therefore decided to treat the mice with daily administrations of
L-NAME, although this could give intermittent peak effects.

To monitor the long-term effect of NO depletion, we performed
in vivo optical imaging of the production of peroxynitrite, which is
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Fig. 1. Mannan induces the production of NO. (A) The serum NO, status in Ncf1** and Ncf1”" mice at day 5 after mannan administration (n = 5). Phosphate-buffered saline
(PBS) injection was used as negative controls (n = 5). (B) Kinetic effect of L-NAME administration on serum NO, status in Ncf1”" miceat2and 5 days postinjection (DPI) of mannan
using PBS as controls. n = 5 mice per group. The black asterisk stands for the significance in comparison at 2 DPI, whereas the red one for 5 DPI. (C) Example of in vivo peroxynitrite
imaging at 2 DPI. (D) Statistical analysis of the mean optical radiance at paws per mouse at 2, 5, and 8 DPI. The significance is calculated for each control group in comparison with
the .-NAME group. (E) Suppression of mannan-induced Ps-like arthritis by administration of .-NAME. The asterisk stands for the significance comparing .-NAME group with the
p-NAME and blank group. For (D) and (E), both Ncf1** and Nef1™”" mice were divided into three groups (n = 5 per group), that is, .-NAME and p-NAME treatments and

nontreated individuals as blank controls. All results are shown as mean + SEM.
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the primary product in the reaction between NO and superoxide, and
thus gives an indirect measure of NO status. The principle of this
in vivo imaging is that a free radical reaction of peroxynitrite with
L-012 results in luminescence (18). The chemiluminescent signal
intensity is quantified as the average radiance within a region of inter-
est (ROI) over time to determine the concentration of peroxynitrite.
To reduce the motion artifacts and to reduce absorption and block-
ing of photon emission by black hair during the whole-body scanning,
we anesthetized and shaved the mice before imaging. Figure 1C shows
a representative image of peroxynitrite production. We found that
luminescence mainly occurred in the paws and toes, and only a few pho-
tons were emitted from ears. The mean radiance of the paws in NcfI*’*
mice with 1.-NAME injection was lower than those with D-NAME
treatment or without any L-NAME/p-NAME treatment as blank con-
trols on day 2 postinjection (2 DPI) of mannan (Fig. 1D). There was
no detectable optical emission in the NcfI " mice, which confirmed
that production of mannan-induced peroxynitrite is dependent on
the NOX2-derived superoxide. In MIP disease, the skins around ears
and paws are areas that are the most prominently inflamed (2). The
observed tissue-specific production of NO correlated with the sever-
ity of the local skin lesions.

Finally, we addressed the role of the NO synthase inhibitor .-NAME
in controlling MIP disease development, manifested by both skin and
joint affections, herein referred to as Ps and PsA, respectively, and whether
such an effect is dependent on Ncfl. Ncf1** and Nefl " mice were

injected with mannan at day 0 and were treated daily with .-NAME or
D-NAME, whereas mannan-injected mice without any treatment were
used as blank controls. All the mice were observed for 8 days after
mannan injection. At 4 DPI, a significant reduction of MIP disease in
the skin around the paws was observed in N¢fI™* mice treated with
1-NAME (Fig. 1E). The N¢fI”” mice developed more severe MIP than
NcfI™* mice, as expected, which was effectively suppressed by .-NAME
treatment (Fig. 1E). These results show that blocking NO was effective
in protecting against MIP in both N¢fI** and Nefl " mouse strains.

Deficiency of Nos2 alleviates MIP disease

To understand the role of NO in ROS-influenced environments and
address the contribution of Nos2 activity to disease susceptibility, we
backcrossed a null allele of Nos2 (19) into C57BL/6N.Q.Ncf1 7 by more
than five generations, after which experiments were performed on
intercrossed littermates. We evaluated the effect of .-NAME and Nos2
deficiency on the level of NO, in serum on day 5 after mannan injection
(peak of MIP), in both Ncf1 ™+ and NefI” mouse strains (Fig. 2A). First,
we showed that there was no difference in serum NO production in
the naive Nos2-deficient and Nos2-sufficient mice. After mannan
injection, the level of NO, in serum of Nos2-deficient mice, at a com-
parable level of the wild-type mice with L-NAME treatment, was lower
than that in the wild-type littermates with PBS treatment (Fig. 2A,
left). This result shows that Nos2-derived NO was the main source
of serum NO, induced by mannan. Furthermore, a similar effect of
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Fig. 2. Deficiency of Nos2 alleviates MIP development. (A) Levels of serum NO, in naive Ncf1**.Nos2™~ mice and the Ncf1**.Nos2*'* littermates and naive Ncf1™”",
Nos2™~ mice and their littermates Ncf1”".Nos2** mice, compared with serum NO, at 5 DPI. .-NAME was administered daily for 5 days beginning on day 0, and PBS was
used as the control (n = 5 mice per group). (B) Comparison of H,0, generation by fresh bone marrow cells isolated from naive Ncf1**.Nos2™~ mice, naive littermates
Ncf1™*.Nos2™~, and Ncf1*/*.Nos2** controls under the defined conditions (n = 5 mice per group). (C) Representative tomography of peroxynitrite distribution (red
volume) in the paw and the statistical comparison with the volume of peroxynitrite production in mice with genotype of Ncf1*/*.Nos2*™* (n = 4), Ncf1**.Nos2*'~ (n = 4),
and Ncf1**.Nos2™~ (n = 4) at 2 DPI. In (B) and (C), the same marked signs stand for these three kinds of mice groups. (D) Evaluation of the effect of .-NAME in both Ncf1**.
Nos2™~ and the littermate Ncf1**.Nos2*"* mice after mannan injection (n = 7 mice per group). (E) A study of arthritis was performed in both Ncf1”".Nos2™~ mice (n = 6) and
the littermate Ncf1”"Nos2™* mice (n = 10) after mannan injection. All results are shown as mean + SEM.

Zhong et al., Sci. Adv. 2018;4:eaas9864 16 May 2018

30of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

Nos2 deficiency was observed in the wild-type mice, suggesting that the
role of Nos2 is independent of Ncfl (Fig. 2A, right).

Because ROS has been shown to be protective in MIP (2), we next
examined whether the Nos2 deficiency increased H,O, production.
Bone marrow cells were isolated from the naive Ncfl™*.Nos2™~ mice,
NefI** Nos2*'~ mice, and their littermates (N¢fI *"*.Nos2"* controls) and
were then stimulated with phorbol 12-myristate 13-acetate (PMA) in
the absence or presence of .L-NAME. Both Nos2 deficiency and .L-NAME
treatment resulted in a lower level of PMA-induced H,O, production
(Fig. 2B).

To monitor the in vivo peroxynitrite production, we injected Nos2 ™",
Nos2"~, and Nos2*"* littermate mice with mannan at day 0 and then
performed optical scanning at 2 DPI. Using the four-view optical planar
imaging, we reconstructed the three-dimensional (3D) tomography of
in vivo peroxynitrite distribution within the hind paw and quantified
the inverse reconstructed volume of optical source (Fig. 2C). The
Nos2-deficient mice gave a smaller chemiluminescence signal, reflecting
a reduced production of peroxynitrite in the paw compared with wild-
type controls.

We next investigated the effect of Nos2 deficiency and 1-NAME
treatment on MIP. We found that both Nos2 deficiency and L-NAME
treatment resulted in a reduction of the clinical scores (Fig. 2D). After
having demonstrated a protective effect of Nos2 deficiency in wild-type
mice, we investigated the effect of NO in a reduced environment using
Neft” .Nos2™~ and Ncft”".Nos2** mice. We found that deficiency of
Nos2 similarly resulted in lower clinical scores in Ncfl-deficient mice
(Fig. 2E), as well as reduced the thickness of hind ankles and ears. Thus,
NO derived from Nos2 plays an important role in enhancing MIP
severity regardless of a functional Ncfl.

NOS2 expression is increased in CD14* PBMCs from

PsA patients

So far, we have shown that macrophage-restricted Ncf1 expression (13)
and superoxide production, partially neutralizing NO into peroxyni-
trite, restore arthritis resistance to the level of wild-type mice in the
MIP model (2). This suggests that monocytes and macrophages can
be essential sources of NOS2-dependent pathways behind the develop-
ment of PsA in humans. To address whether this is the case, we
measured the levels of expression of NOS2, as determined by the mean
fluorescence intensities (MFIs) of NOS2 using flow cytometry, in differ-
ent subpopulations of human peripheral blood mononuclear cells
(PBMCs) from patients with PsA and HDs. The flow cytometry-gating
strategy of PBMCs and NOS2 analysis is shown in fig. S1. We found an
up-regulation of NOS2 MFIs in the LPS- and IFN-y-stimulated CD14"
monocyte subpopulation in patients with PsA compared with HDs
(Fig. 3). In addition, we investigated a cell subset representing a unique
CD11c" dendritic cell phenotype that is abundantly detectable in in-
flamed tissue (for example, psoriatic skin) and referred to as tumor
necrosis factor-o (TNF-0)- and NOS2-producing dendritic cells
(TIP DCs) (20). Upon in vitro differentiation of the TIP DCs from
CD14" PBMC populations according to the described method (21),
flow cytometric characterizations did not reveal significant differences
in the level of NOS2 expression between PsA- and HD-derived cells
in response to the above-mentioned LPS and IFN-y challenge (Fig. 3).
Myeloid-derived suppressor cells (MDSCs) are regarded as a heter-
ogeneous NOS2-expressing cell population involved in limiting inflam-
mation via the suppression of T cell responses, although proinflammatory
MDSC subsets with their capacity to drive T helper 17 cell differentiation
was described in collagen-induced arthritis and rheumatoid arthritis (RA)

Zhong et al., Sci. Adv. 2018;4:eaas9864 16 May 2018
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Fig. 3. NOS2 expression is enhanced upon in vitro activation for patients with
PsA. Following an identical IFN-y and LPS preactivation procedure, MFls of NOS2 ex-
pression in CD14" PBMC subpopulation (CD14%), human leukocyte antigen-DR (HLA-
DR) and CD11c double-positive cells (TIP DC), and CD11b* MDSC subpopulation were
determined in the cohort of PsA patients (n = 39), compared with those obtained in the
HD group (n = 18). All results are shown as mean + SEM.

(22). We also analyzed the CD11b*-MDSC subpopulation (MDSC10
phenotype, LinTHLA-DR CD11b") (23) for NOS2 expression upon
the same stimulus and detected higher levels in cells derived from
PsA patients compared to those obtained from HDs (Fig. 3).

Nos2-dependent IL-1o. promotes MIP disease

To understand the primary downstream signaling pathways of NO ac-
tivity in MIP disease, we studied the cell and cytokine profiles of skin
cells at the paw and toes at 5 DPI of mannan. We found that more than
80% of CD45" live skin cells were CD11b". The increase in the number
of CD45"CD11b" live skin cells after mannan injection could possibly
explain the increased severity of paw inflammation in NefI”* mice com-
pared with NcfI*"* mice. However, daily .-NAME treatment had no
effect on the number of CD11b"CD45" skin cells in comparison with
PBS treatment (Fig. 4A).

We next cultured skin cells with PMA and ionomycin for 4 hours
and studied the level of key proinflammatory cytokines in the culture
supernatant. Because MIP is an IL-17-dependent disease regulated by
TNEF-o (2), we determined the concentration of TNF-0, and IL-17 in the
culture supernatant (Fig. 4, B and D). In addition, because neutrophil
depletion blocks the MIP disease (2) and NOX2 has been suggested to
control the neutrophilic response by IL-1a. (24), we also determined the
concentration of IL-10 in the culture supernatant (Fig. 4D). We found
that .-NAME reduced the levels of IL-1a;, TNF-a, and IL-17A at 5 DPL
In particular, Nos2 deficiency resulted in a reduction of IL-1a to a level
comparable to that of naive mice (Fig. 4E). This suggests that resident
IL-10 production depends on Nos2-derived NO. We further demon-
strated the importance of IL-1a by showing that IL-10 neutralization
reduced arthritis severity in Ncfl” mice (Fig. 4F). We conclude that
NO-dependent IL-1a production is critical for MIP development.

NO is required for IL-17A production of ILC3

It is well known that IL-1R1 is expressed in type 3 innate lymphoid cells
(ILC3) and v T cells, resulting in an IL-10-triggered feedback loop in-
volving IL-17 production at early phases of sterile inflammation (25). It
is also known that af T and B cells are redundant in MIP disease in-
duction (2, 12). We thus investigated whether ILC3 or y3 T cell is the cell
subset responsible for the reduced IL-17A secretion when blocking en-
dogenous NO synthesis in MIP. We injected NcfI” mice with mannan
at day 0, followed by daily administration of L-NAME or PBS. Figure 5A
shows representative images of paws at 5 DP1. We found that .L-NAME
treatment suppressed the CD45" cell infiltration into the skin around
the paw in MIP (Fig. 5B). However, the number of neither ILC3 nor y&
T cells was affected by L-NAME treatment. This suggests that the in-
creased concentrations of IL-10 and IL-17A in MIP (Fig. 4, C and D)
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Fig. 4. NOS2-dependent IL-10. promotes MIP development. (A) The numbers of CD11b"CD45™ live skin cells were calculated for hind paws from both Ncf1™+ and Nef1™”” mice
with L-NAME or PBS treatment at 5 DPI. n = 6 mice per group including the naive mice. (B to D) The concentrations of TNF-o, IL-17A, and IL-10. in the supernatant solution of skin
cells were quantified after 4 hours of stimulation with PMA/ionomycin. (E) The NOS2-dependent increase of IL-10 was found in the supernatant of skin cells from the mice with MIP
disease at day 5, and each group included five mice for the cytokine analysis. (F) Evaluation of the time course was performed in Ncf1™”" mice during IL-1a in vivo neutralization
(n =5 mice per group) after mannan injection. All results are shown as mean + SEM.
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Table 1. Optical parameters of tissues at 535 nm with unit of mm™".

Bone Skin  Subcutaneous tissue
Absorption coefficient 0.01 0.71 0.10
Reduced scattering coefficient 218 4.18 1.73

could not be explained by an increase in the total numbers of ILC3 or
v8 T cells. Nevertheless, we found that .-NAME treatment reduced the
frequency of the IL-17A" subset of ILC3 cells in the skin (Fig. 5, C and
D, and fig. S2) but had no effect on the frequency of IL-17A* y3 T cells
in the skin of either Ncf1*"* or N¢fT”" mice (Fig. 5, E and F, and fig. S3).
These results indicate that the observed mannan-induced increase of
NO-dependent IL-17A production was restricted to a subset of ILC3
cells but not to y3 T cells in the skin cell population.

DISCUSSION

The causes of Ps and PsA are unknown, although the exposure of the
fungal moiety mannan is associated with psoriatic disease (4). In a
mouse model of Ps and PsA induced by mannan, we found increased
levels of NO in the local tissues (skin and paws) before clinical disease
onset. We further demonstrated that superoxide and NO play contrasting
roles in regulating MIP. NO generation by local macrophages leads to
IL-1a release, which then activates ILC3 to produce IL-17A, resulting in
enhanced disease severity.

Our findings may be of relevance in understanding the importance
of ROS and RNS as signaling molecules that are critical factors in the
development of autoimmune diseases. Superoxide anion is often referred
to as the primary source of ROS with the potential to cause cellular
damages, by interacting with other molecules to generate secondary free
radicals in animals, such as NO-dependent reactions that produce RNS
(26). However, previous studies showed that impaired ROS production is
associated with more severe disease in MIP (2). An interesting question
would now be to demonstrate whether NO could be protective in auto-
immune diseases, similar to macrophage-derived ROS (13, 14). Here, we
demonstrate that injection of mannan in mice activates skin cells to pro-
duce TNF-a, IL-10, and IL-17A, which could mediate NO production by
Nos2 in local macrophages within a positive feedback loop. Herein, we
show that NO is pathogenic in the development of MIP and that the path-
ogenicity was dependent on NOS2 activation.

To our knowledge, MIP is the only known model for both Ps and
PsA that is induced by a defined stimulus given systemically. Mannan
activates certain pathways of the innate immune system through trig-
gering of a large but limited number of receptors on inflammatory cells.
In our MIP protocol, mannan was administrated intraperitoneally, and
it is likely that the first encounter with macrophages or neutrophils
occurs in the peritoneum. We observed a remarkable increase in the
number of macrophages and neutrophils in the peritoneal cavity after
administration of mannan. However, whether and how mannan inter-
acts with neutrophils and macrophage is currently unclear. In vivo mag-
netic resonance imaging has shown the recognition and uptake of
mannan by peritoneal macrophages (27). It is possible that mannan
binds to several of the mannose receptors on macrophages. Dectin-2
is known as one of the mannose receptors, which are expressed on
macrophages, and ligation of dectin-2 on RAW264.7 macrophages
has been reported to trigger secretion of TNF-a (28). Another is the
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macrophage mannose receptor (CD206) that could play a counteractive
role in MIP (29), illustrating the high level of complexity of mannan
perception by different receptors of the innate immune system that is
likely cell type-specific and dependent on the environmental context.

Here, we found that IL-1a, TNF-a, and IL-17A were produced by
skin cells in mice after mannan injection. Brody and Durum (30) found
that an IL-1a precursor anchored to the plasma membrane of macro-
phages via a mannose receptor. Our results show that mannan triggered
IL-1a release from macrophages. This concurs with published data
confirming macrophages as primary sources of IL-1o. production (31),
with neutrophils as important downstream target cells in animals (24).
In addition, type I IL-1 receptor on neutrophils was reported to suppress
the progression of collagen-induced arthritis through the inhibition of
IL-1 action on macrophages (32), suggesting that there is a direct reg-
ulatory loop between macrophages and neutrophils by the IL-10 pathway
during the inflammatory process.

On the basis of our data, NO was found to be essential for extra-
cellular IL-1a release. It is known that mRNA expression and protein
levels of IL-1a affect the intracellular NO status in macrophages and
NO can, in turn, modify both intra- and extracellular levels of IL-
lo (33). After injection of mannan, the increase of NO in serum is
associated with a high release of IL-10 from the local skin. Nos2 de-
ficiency abrogated the increase of IL-10 production in mice after
injection of mannan. Besides neutrophils, ILC3 and yd T cells are
known to express IL-1 receptors and are also involved in the develop-
ment of Ps (8) and arthritis (34). Therefore, we examined the effect of
IL-1a on the activation of both ILC3 and y3 T cells. In the case of Nef1””
mice, we showed that the frequency of IL-17A-producing cells is NO
and IL-10 signaling-dependent in the skin ILC3 population but not in
the y8 T cells population. In contrast to our previous result that neutral-
ization of IL-1p did not affect the clinical outcome (2), IL-10; inhibition
reduced the disease of MIP. IL-1 inhibition has also been investigated in
the imiquimod-induced Ps model; the locally induced skin inflamma-
tion was partially reduced in mice deficient for both IL-10/IL-1f but not
in IL-1a- or IL-1B-deficient mice (35). Clinical trials using a human
monoclonal antibody specific for IL-10 for Ps treatment have not
reached general acceptance but have shown a promising therapeutic
response in patients with Ps (36). Furthermore, low and high levels of
IL-1a release control different bioavailability and roles in the nearby
cell-cell interactions through IL-1 receptors compared with the secreted
isoform that activates the downstream-targeted cells in a noncell contact
signaling model. Thus, IL-10 inhibition is possibly effective in subtypes
of Ps. In septic arthritis or in RA for comparison, therapeutic benefit was
not observed for treatments with anakinra, a recombinant human
IL-1 receptor antagonist (37). In the case of PsA, prospective, multi-
center, randomized controlled trials with IL-1o-neutralizing agents
are missing. However, a single open-label trial with anakinra performed
in 20 PsA patients at a single center for 24 weeks showed 50 to 70%
improvement of arthritis activity in 30% of responders (38), suggesting
a therapeutic potential for IL-1 neutralization in a subgroup of this het-
erogeneous disease. In summary, these preclinical and clinical studies
suggest that the IL-10 regulatory network varies among different disease
conditions in skin and joints, and IL-10. may play a causative role in the
IL-17-dependent disease upon triggering by selected stimuli.

Both cell-extrinsic (“triggers,” that is, exogenous NO delivered by
neighboring myeloid cells) and cell-intrinsic (“sensors”) NOS2-
derived NO has been shown to display both stimulatory and sup-
pressive properties, but these diverging results could be due to that
different cell subtypes have been addressed. The functional role of
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NOS2 on the IL-17-producing T helper cell phenotypes for chronic
inflammation is still debated (39). However, it is a widely accepted
hypothesis that psoriatic disease likely arises from an unexplored de-
fect in innate immunity. A novel strategy is therefore necessary to
study the functional interactions between IL-17A signaling and NOS2
activity, which requires the use of animal models that allow studies of a
systemic induction of psoriatic disease.

In conclusion, we have demonstrated contrasting roles of superoxide
and NO in the process of MIP. We provide evidence that the pathogenic
IL-1a secretion from the local macrophages is regulated differently by
Nos2 and NcfI genes, and consequently, the downstream target ILC3 is
controlled by two separate processes leading to characteristic changes in
their IL-17A production. Upon stimulation of mannan, the skin macro-
phages produce a higher amount of IL-10 in N¢fI-mutant mice defi-
cient of superoxide production than in the wild-type controls. The
Nos2-dependent release of IL-10. may directly activate the local innate
lymphocytes because of the up-regulation level of IL-17A in a subset of
skin ILC3. These results should lead to reconsideration of a widely used
description of ROS/RNS as having a uniformed role in psoriatic diseases
and in the immune system in general.

MATERIALS AND METHODS

Animals

Founder of B10Q (C57/B10.Q/rhd, Ncf1™") mice, originally from
J. Klein (Tubingen University), is maintained by R. Holmdahl labo-
ratory as an inbred strain. A mutation in the NcfI gene (m1j) (Ncfl pro-
tein also denoted £>47phox) in the BI0Q mice, designated as B10Q.
NefI™"™5 or Nefl”, impairs the expression of the NefI gene, thereby
totally blocking the function of the NOX2 complexes. Nos2-deficient
mice (B6.129P2-NOS2""L%/]) were obtained from the Jackson Labora-
tory and were crossed to our C57BL/6N.Q mice to get the C57BL/
6NJ.Q.Nos2™"~ mice (Ncf1**.Nos2™"") with control Ncf1*/*.Nos2*'*
and Ncf1*"*.Nos2*'~ littermates in the experiments here. C57BL/6NJ.
Q.Nos2™'~ mice were crossed with C57BL/6N.Q.Ncfl”" mice to gen-
erate the C57BL/6NJ.Q.Ncf1”".Nos2™~ mice (Ncfl”".Nos2™'~) with
control Ncfl”".Nos2™* and Ncf1””".Nos2™~ littermates. The primers
for Nos2 genotyping were as follows: 5'-ACATGCAGAATGAG-
TACCGG-3' (common), 5'-TCAACATCTCCT GGTGGAAC-3’
(wild type), and 5'-AATATGCGAAGTGGACCTCG-3’ (mutant). All
mice in this study expressed the H29 haplotype; experimental mice were
male mice, unless specified otherwise. Mice were housed under specific
pathogen—free conditions in individual ventilated cages with wood-
shaving bedding, a paper napkin as enrichment, and in a climate-
controlled environment having a 12-hour light/dark cycle. All of the
experiments were carried out in 8- to 9-week-old littermates. Each adult
mouse weighed approximately 25 g. Experimental groups were random-
ized and distributed among mixed cages. Evaluation of arthritis se-
verity was performed blindly and double-checked between the treated
and control groups for each experiment. The animal study protocols
were approved by Stockholm regional animal ethics committee, Sweden
(N490/12 and N35/16).

Antibodies

The following antimouse antibodies were purchased from BioLegend:
CD45 [clone 30-F11; PerCP5.5 or phycoerythrin (PE)-Cyanine7],
T cell receptor (TCR) B chain (clone H57-597; PerCP5.5), TCR y/8
(clone GL3; PE-Cyanine?7), CD11b (clone M1/70; Pacific Blue), F4/80
[clone BM3; allophycocyanin (APC) or PerCP5.5], CD127 (clone

Zhong et al., Sci. Adv. 2018;4:eaas9864 16 May 2018

A7R34; Brilliant Violet 605), CD90.2 (clone 30-H12; Alexa Fluor
488), and IL-17A [clone TC11-18H10.1; fluorescein isothiocyanate
(FITC) or APC]. PE streptavidin and antibodies for CD16/CD32
(clone 2.4G2; purified), CD3e (clone 145-2C11; PerCP5.5), Gr-1 (clone
RB6-8C5; APC), and RORyt (clone Q31-378; Alexa Fluor 647 or
BV421) were purchased from BD Pharmingen. Antibodies for TNF-a
(clone TN3-19; PE-Cyanine7) and mouse anti-iNOS (clone 6/iNOS/
NOS Type II; FITC) antibodies were purchased from BD Transduction
Laboratories.

The antihuman lineage cocktail, including CD3, CD14, CD16,
CD19, CD20, and CD56 (clones UCHT1, HCD14, 3G8, HIB19, 2H7,
and HCD56; APC), CD244 (clone C1.7; PE), CD11b (clone CBRM1/5;
PerCP-Cy5.5), HLA-DR (clone 1.243; Brilliant Violet 785), CD14 (clone
HCD14; Brilliant Violet 421), CD33 (clone P67.6; APC/Cy7), CD11c
(clone 3.9; APC), CD80 (clone 2D10; PE-Cy7), and CD86 (clone
IT2.2; Brilliant Violet 711), were purchased from BioLegend. Anti-
bodies for human NOS2 (clone C-11; Alexa Fluor 488) were purchased
from Santa Cruz Biotechnology.

Mannan-induced PsA

Mice were injected intraperitoneally with 20 mg of mannan from the
yeast S. cerevisiae (M7504, Sigma-Aldrich) dissolved in 200 pl of PBS
only on day 0. Mice were scored daily for inflammation in the peripheral
joints; one point was given for each swollen and red toe or joint and five
points for a swollen ankle, adding up to a maximum score of 60 points
per mouse.

Blocking NO

Age-matched mice were administered intraperitoneally with 100-ul vol-
ume of .-NAME (Sigma-Aldrich), p-NAME (Sigma-Aldrich), or PBS.
Both L-NAME and p-NAME were dissolved into PBS, respectively. The
dose of L-NAME or p-NAME was 200 mg/kg/day per mouse, that is,
5 mg/day per mouse.

NOS2 expression in human PBMCs

Blood samples of patients diagnosed with PsA were collected in the
Division of Rheumatology at the University Hospital Frankfurt with
written informed consent and approval by the local ethics committee.
All patients (n = 39) [females, 51.3%; males, 48.7%; mean age, 57.7
14.9 (SD) years; disease duration, 12.8 + 8.7 (SD) years] fulfilled the
CASPAR (Classification Criteria for Psoriatic Arthritis) criteria for clas-
sification of PsA (40). Blood samples (buffy coats) of HDs were obtained
from the German Red Cross Blood Donation Centre Frankfurt. PBMCs
were isolated and cultivated in TexMACS medium (Miltenyi Biotec)
and the penicillin-streptomycin solution (Pen/Strep; 1%).

For analysis of NOS2 expression in CD14" monocytes and MDSCs
[MDC10 according to Mandruzzato et al. (23)] by flow cytometry, 1.5 x
10° PBMCs/ml were stimulated with IFN-y (100 ng/ml; ImmunoTools)
and LPS (1 pug/ml; InvivoGen) overnight. Subsequently, cells were
stained with Zombie Aqua for live/dead discrimination, anti-Lin anti-
body cocktail, anti-CD244, anti-CD11b, anti-HLA-DR, anti-CD14,
and anti-CD33. After fixation, anti-NOS2 was stained intracellularly.
For flow cytometry analyses, doublets and dead cells were excluded
from PBMCs, and living cells (Zombie-negative) were gated on Lin-
and HLA-DR-negative population (MDSCs). MFIs for NOS2" detec-
tion were subsequently determined.

The protocol was described previously for in vitro differentiation of a
unique CD11c" dendritic phenotype abundantly detectable in psoriatic
skin (22), which is referred to as TIP DCs. Briefly, CD14" cells were
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isolated from PBMCs with CD14 MicroBeads (Miltenyi Biotec) and dif-
ferentiated into TIP DC in TexMACS medium (Miltenyi Biotec) and
Pen/Strep (1%) by stimulation with granulocyte-macrophage colony-
stimulating factor (GM-CSF; 50 ng/ml; ImmunoTools) and IL-4
(50 ng/ml; PeproTech). At day 2, medium was exchanged by TexMACS
(Miltenyi Biotec) and Pen/Strep (1%) containing GM-CSF (50 ng/ml),
IFN-y (100 ng/ml; ImmunoTools), and LPS (1 pg/ml; InvivoGen). At
day 6, cells were harvested and stained with anti-CD11c, anti-CD80,
anti-CD14, anti-CD86, anti-HLA-DR, and anti-CD11b. After fixation,
anti-NOS2 was stained intracellularly. For flow cytometry, doublets and
dead cells were excluded from the in vitro—differentiated dendritic cell
population, and living cells (Zombie-negative) were gated on HLA-DR
and CD11c double-positive dendritic cells. The MFIs of NOS2" cells in
this population were analyzed.

Neutralization of IL-1a

Age-matched mice were administered intraperitoneally twice (-1 and
1 days) with antimouse IL-10: ALF-161 monoclonal antibody (BioXCell)
and isotype controls, that is, polyclonal Armenian hamster IgG (BioXCell).
Antibodies were dissolved in PBS, and the usage of ALF-161 or isotype
control was 0.5 mg/time per mouse.

In vivo optical imaging of IL-1a

In vivo optical imaging was performed using a PhotonIMAGER
(Biospace Lab), including an intensified charge-coupled device camera,
510- to 560-nm/50-nm bandpass filter, and a 4-view module. The
luminescent probe L-012 was purchased from Wako Chemical (Nordic
Biolabs) and dissolved in water HiPerSolv CHROMANORM for high-
performance liquid chromatography. For in vivo imaging, the mice were
immobilized with intraperitoneal injection of both ketamine (50 mg/kg;
Orion Corporation) and domitor (1 mg/kg; Orion Corporation) dis-
solved together in PBS (1x; Life Technologies Europe BV). The mice
under anesthesia were scanned immediately after intraperitoneal
injection of L-012 (1 mg per mouse) for 20 min. The mice were awoken
using antisedan (1 mg/kg; Orion Corporation) at the end of each
experiment.

Serum NO (NO, /NO;s7) detection

Blood (100 pul) from the mouse-tail vein was taken to measure serum
nitrite/nitrate levels. The tubes were kept for 15 min with gentle shaking
and centrifuged at 1500g/min for 30 min. The obtained serum samples
were stored at —80°C until analysis. Enzyme-linked immunosorbent
assay determined the level of serum NO in a microplate reader (Synergy 2,
BioTek Inc.) by using a commercial NO (NO,/NOj) research kit (cat-
alog no. ADI-917-010, Enzo Life Sciences Inc.).

H,0, assay

The H,O, released from bone marrow cells was monitored using
Amplex Red Hydrogen Peroxide/Peroxidase Assay kit according to
the manufacturer’s protocol (catalog no. A22188, Thermo Fisher Sci-
entific Inc.) and a microplate reader (Synergy 2, BioTek Inc.). The
positive control was cells stimulated with PMA at a concentration of
100 ng/ml in the presence or absence of 1 mM L-NAME.

Processing of skin cells

Skin sheets from the diseased mouse paws were processed as described
previously using collagenase D digestion and deoxyribonuclease I (2).
Single-cell suspensions from these skin biopsies were subjected to flow
cytometric analyses.
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Cytometric beads array

Cytokine levels in the skin culture supernatant were measured by
flow cytometry using BD Cytometric Bead Array Mouse/Rat Soluble
protein Master Buffer kit (IL-1a, TNF-0, and IL-17A) according to
the manufacturer’s instruction. Briefly, 2 x 10° skin cells were
isolated from the naive and mannan-immunized mice, which were
stimulated with PMA (100 ng/ml) and ionomycin (1 pg/ml) for 4 hours
at 37°C.

Flow cytometry

Flow cytometry was performed on single-cell suspensions from skin
and peritoneal lavage. The cell sample was stained with a LIVE/DEAD
Fixable Dead Cell Stain (catalog no. L10119, Thermo Fisher Scientific
Inc.). After an anti-mouse CD16/CD32 Fc block, extracellular antigens
were stained for 20 min at 4°C in PBS with 1% fetal bovine serum. For
intracellular NOS2 staining, cells were fixed and permeabilized using
BD Cytofix/Cytoperm solution (catalog no. 554714, BD Biosciences).
For intracellular RORYt staining, cells were fixed and permeabilized
by Foxp3/transcription factor fixation/permeabilization concentrate
and diluent solutions (catalog no. 00-5521-00, eBioscience) and per-
meabilization buffer (catalog no. 00-8333-56, eBioscience). Samples
were acquired using a BD LSR II flow cytometer operated by DIVA
software (BD Biosciences), and the data were analyzed using FlowJo
software (TreeStar Inc.).

Tomographic reconstruction

The steady-state SP; model could be used to describe the light propa-
gation with the wavelength A, when signals on the surface were acquired
from 3D domain of object Q. Here, g = 0.90, and the skin index of re-
fraction was set as 1.40. The absorption coefficient, scattering coefficient,
and anisotropic coefficient of each tissue are shown in Table 1 (16). The
objective function with the Tikhonov parameter o = 10~° was established
by the finite element method

1= 2Jaalo0y - Bl ar+ S falsolar

where @()) is the composite moments relevant to the Legendre mo-
ments of the radiance in Q. Construction of Lagrangian

1(9,5,6) =] — £(9,0) — [ oS00 2)

1,(9.5,0)(1) = [ 09 — Byydr — f(v,6) = 0
Ly(9, S, 0)(€) = afgc.sdr + fgz;.edr =0 (3)
Ly(,5,6)(n) = —f"(6,1) + | oSndr = 0

The strong form of S(A) equation
6 =—oS (4)

Replace 6 with S and construct the following equation into the matrix
form by the finite element method

Sl
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where P is derived from M after swapping M;, and M,;. The detailed
expression for M can be found in the study of Zhong et al. (16). In ad-
dition, here

Ajo = .[aQVi vidr

AQ = QV,‘-deT
so that

S(A,7,t) = [0P~! + AggM A ' AsaB(A, 7, t) (7)

S(\, , £) denotes the solution in the global space, which stands for the
time-dependent concentration of light-emitting source inside heteroge-
neous tissues.

The 4-view optical scanning and x-ray data were fused into a finite
element mesh of 15,747 nodes, 113,940 triangles, and 49,152 tetra-
hedrons. The number of surface nodes was 7051. The mean user time
per sample was 152 min in total when the whole program was im-
plemented on the computer of Macmini 5.2, Intel Core i5 @ 2.50GHz,
8.0 GB RAM.

Statistics

All statistical analyses were evaluated by Mann-Whitney U test (Graph
Prism software, version 6.0h). P < 0.05 was considered as significant.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/5/eaas9864/DC1

fig. S1. Representative flow cytometry gating scheme for NOS2 expression analysis in human
IFN-y/LPS-activated MDSCs and in vitro—differentiated TIP DCs.

fig. S2. Representative flow cytometry gating scheme for skin ILC3 analysis at the paw.

fig. S3. Representative flow cytometry gating scheme for skin y8 T cells analysis at the paw.
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