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ABSTRACT Streptococcus suis serotype 2 is a crucial pathogenic cause of bacterial
meningitis, a life-threatening disease with neurological sequelae and high rates of
mortality. Inflammation triggered by S. suis infection must be precisely regulated to
prevent further tissue damage. As a glucocorticoid anti-inflammatory mediator,
annexin A1 (AnxA1) mainly acts through formyl peptide receptor 2 (Fpr2) to alleviate
inflammation in the peripheral system. In this study, we evaluated the roles of
AnxA1 and Fpr2 in a mouse model of S. suis meningitis created via intracisternal
infection in Fpr2-deficient (Fpr2=/~) and wild-type (WT) mice. We revealed that
Fpr2=/~ mice were highly susceptible to S. suis meningitis, displaying increased
inflammatory cytokine levels, bacterial dissemination, and neutrophil migration com-
pared with WT mice. Additionally, AnxA1 exerted anti-inflammatory effects through
Fpr2, such as attenuation of leukocyte infiltration, inflammatory mediator production,
and astrocyte or microglial activation in the brain. Importantly, we found that the
antimigratory function of AnxA1 decreases neutrophil adherence to the endothelium
through Fpr2. Finally, an in vitro study revealed that AnxA1 potentially suppresses
interleukin-6 (IL-6) expression through the Fpr2/p38/COX-2 pathway. These data
demonstrated that Fpr2 is an anti-inflammatory receptor that regulates neutrophil
migration in mice with S. suis meningitis and identified AnxA1 as a potential thera-
peutic option.
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treptococcus suis is a crucial swine and human pathogen responsible for sudden

death, septic shock, and meningitis, which are characterized by exacerbated
inflammation in both systemic and central nervous system (CNS) infections (1, 2).
Meningitis is the most common presentation of this infection in both Europe and Asia,
and sepsis is the second most common S. suis-related zoonosis (3). Of the different
serotypes described according to the manifestation of the capsular polysaccharide or
its respective genes, serotype 2 is often associated with lethal infections (4). However,
no effective vaccine is available to control infections caused by this bacterium, which
necessitates new therapeutic strategies.

The complexity of S. suis-induced disease is attributable to multiple local and sys-
temic immune reactions involving the production of inflammatory mediators, such as
cell stress markers, bioactive lipid mediators, and cytokines, which result in multiple-
organ damage and ultimately death (5). Drastic and persistent inflammatory responses
may result in tissue injury as a by-effect of the intense induction of reactive oxygen
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species, neutrophil extracellular traps (NETs), and proteases by neutrophils (6). Therefore,
inflammation should be precisely regulated to guarantee the ultimate resolution of
infection and remodeling of homeostasis. Different from anti-inflammatory mediators,
proresolution mediators reduce inflammation without compromising host defenses
against pathogens.

Annexin A1 (AnxA1) is a 37-kDa calcium-dependent phospholipid-binding protein
known for its anti-inflammatory effects and proresolution (7). Several pharmacologic
investigations revealed that AnxA1 inhibits neutrophil extravasation in models of acute
and chronic inflammation, as well as in models of systemic inflammation (8). AnxA1 is
an effective inhibitor of leukocyte infiltration that influences the detachment of leuko-
cyte from the postcapillary endothelium in different kinds of vascular beds with inflam-
mation, including the mesentery and brain (9, 10). The protein additionally modulates
the induction of proinflammatory mediators, including those derived from the activa-
tion of PLA2, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (11-13).

AnxA1 principally acts through formyl peptide receptor 2 (Fpr2), a G protein-
coupled receptor that can discover the existence of bacteria and function as a chemo-
tactic receptor (14, 15). There are six members of the formyl peptide receptor gene
family in murine species and three in humans. Murine Fpr2 is a receptor that is most
similar to human Fpr2 (16, 17). Fpr2 transduces the anti-inflammatory effects of AnxA1
in a variety of systems and neuroprotective effects in humans, and it can also mediate
proinflammatory reaction to serum amyloid A (SSA) and other proinflammatory pep-
tides (13). It was reported that the development and resolution of inflammation
involve both proinflammatory and anti-inflammatory biochemical mechanisms, ulti-
mately facilitating the restoration of homeostasis in inflamed tissues (18). Although the
protective effects of the AnxA1-Fpr2 system have been well studied in a variety of dis-
ease models, only a few studies have concentrated on the functions of this system in
bacterial infection (19). Recent studies demonstrated that the AnxA1-Fpr2 interaction
regulates the inflammatory reaction and bacterial dissemination in a mouse model of
experimental pneumococcal pneumonia (20). However, the specific role of the AnxA1-
Fpr2 pathway in S. suis meningitis remains to be determined.

In this study, we used Fpr2—/— mice to estimate the role of murine Fpr2 and exoge-
nous AnxA1 in S. suis-induced meningitis. With a particular emphasis on the function
of AnxA1 in the regulation of neutrophil recruitment and interleukin-6 (IL-6) produc-
tion in S. suis-induced meningitis, we demonstrate an immunomodulatory role for
AnxA1 in S. suis-induced infection through Fpr2. AnxA1 conferred protection against
inflammatory responses and neutrophil invasion during S. suis-induced meningitis
mainly through Fpr2. We report for the first time evidence that the anti-inflammatory
effects of AnxA1 in mice with S. suis meningitis are mediated by Fpr2, thereby provid-
ing a new therapeutic target for S. suis meningitis treatment.

RESULTS

Fpr2 deficiency aggravates the host response to S. suis meningitis. An initial
experiment was conducted to evaluate whether Fpr2 was involved in S. suis infection.
Fpr2 transcription was investigated in mice intracisternally infected with 1.25 x 10°
CFU of the S. suis 05ZYH33 strain for 0, 6, or 18 h. The infection induced significant
Fpr2 transcription in the brain after 6 and 18 h (Fig. 1A). Moreover, treatment with the
Fpr2 pan-antagonist BOC-2 more strongly increased the susceptibility to S. suis infec-
tion than vehicle (lethality rate of 100% versus 57.4% [Fig. 1B]). These results indicated
the protective function of Fpr2 during S. suis meningitis.

To determine the role of Fpr2 in the development of S. suis meningitis, wild-type
(WT) and Fpr2=/— mice were intracisternally inoculated with S. suis 05ZYH33
(1.25 x 10° CFU), and lethality rates and bacterial loads were evaluated. Fpr2—/~
mice were more susceptible to S. suis infection than WT mice (lethality rate of 100%
versus 60% [Fig. 1C]). The bacterial load was determined via colony plate counting
after 14 h of infection, and significant differences were observed in blood, liver, and
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FIG 1 Fpr2 deficiency aggravates meningitis resulting from severe S. suis infection. (A) Wild-type (WT) mice were intracisternally inoculated with 1.25 x 10°
CFU of S. suis 05ZYH33, and total RNA was isolated from the brain at the indicated time points. Fpr2 mRNA levels were evaluated using quantitative real-
time PCR. The results are presented relative to GADPH mRNA ampilification. (B) Survival curves of mice treated with BOC-2 or vehicle. WT mice were treated
with BOC-2 (600 ng/kg) or vehicle for 1 h before S. suis 05ZYH33 (1.25 x 10° CFU) infection. The survival rates of the two groups were compared using the
log rank test (n=7/group). (C) WT and Fpr2~/~ mice were intracisternally inoculated with S. suis 05ZYH33 (1.25 x 10° CFU). The survival rates of the two
groups were compared using the log rank test (n=10/group), and bacterial loads in the (D) blood or (E) tissue homogenate of the liver, kidney, brain, and
spleen at 14 h were determined via colony plate counting. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

brain bacterial counts between Fpr2=/— and WT mice (Fig. 1D and E). Fpr2 defi-
ciency aggravated meningitis resulting from severe S. suis infection.

To assess the regulatory role of Fpr2 in inflammation induced by S. suis infection,
we measured the levels of inflammatory mediators by quantitative real-time PCR and
enzyme-linked immunosorbent assay (ELISA) and conducted histopathological studies
at 14 h after infection in WT and Fpr2=/~ mice. Compared with the findings in WT
mice, Fpr2=/~ mice exhibited higher levels of proinflammatory mediators during both
transcription (Fig. 2A to F) and production (Fig. 2G to J), especially CXCL2, IL-6, and IL-
1B (production amounts of tumor necrosis factor alpha [TNF-&] and gamma interferon
[IFN-y] were below the detection levels [data not shown]) and showed aggravation of
pathological injury in multiple tissues (Fig. 2K).

Because neutrophils are crucial mediators of host defenses during acute bacterial
meningitis (21), neutrophil counts and myeloperoxidase (MPO) activity (an indirect in-
dicator of neutrophil recruitment) in the brain after infection were assessed. Fpr2 defi-
ciency increased neutrophil recruitment in the brain at 6 and 14 h after infection (Fig.
3A). Consistent with the enhancement of neutrophil infiltration, Fpr2=/~ mice also
exhibited higher brain MPO activity than WT mice (Fig. 3B). The augmentation of neu-
trophil recruitment following S. suis meningitis in Fpr2=/~ mice was also reflected in
brain slices (Fig. 3C).

Collectively, these data indicated that Fpr2 plays a potentially critical role in control-
ling inflammatory responses and neutrophil migration in S. suis meningitis.

AnxA1 reduces neutrophil invasion and bacterial loads through Fpr2 in mice
with S. suis meningitis. AnxA1 in the CNS participates in anti-inflammatory effects
and the maintenance of brain stability, and the biological effects of AnxA1 and its mi-
metic peptides are mediated by Fpr2 (22, 23). S. suis infection increased intracellular
AnxA1 cleavage and exocytosis, which was evidenced by increased AnxAT1 levels in the
supernatant of S. suis-infected bEnd.3 cells (a mouse brain-derived endothelial cell line)
and brain tissue from infected mice (see Fig. S1A to D in the supplemental material).
Although no significant difference was observed between the two genotypes of mice
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FIG 2 Fpr2 deficiency increases inflaimmatory responses and histopathological lesions in S. suis meningitis. Wild-type (WT)
and Fpr2~/~ mice were intracisternally inoculated with S. suis 05ZYH33 (1.25 x 10° CFU). (A to F) The transcriptional levels

(Continued on next page)
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FIG 3 Absence of Fpr2 increases neutrophil recruitment in S. suis meningitis. Wild-type (WT) and
Fpr2~/~ mice were intracisternally inoculated with S. suis 05ZYH33 (1.25 x 10° CFU). (A) Neutrophil
counts in the brains of WT and Fpr2™/~ mice at the indicated times after infection. (B)
Myeloperoxidase (MPO) activity in the brains of WT and Fpr2~/~ mice at the indicated time points.
(C) Hematoxylin and eosin staining of infected brain sections from WT and Fpr2~/~ mice at 14 h after
infection. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

in terms of endogenous AnxA1 expression after infection, the question was whether
the anti-inflammatory effects of AnxA1 were restricted with Fpr2 deficiency.

In order to examine whether exogenous AnxA1 treatment could modulate cellular
influx to the brain through Fpr2 in mice with S. suis meningitis, recombinant AnxA1
protein was used in the following experiments. Before S. suis (1.25 x 10> CFU) infection,
a prophylactic dose of AnxA1 (25 or 50 ug/kg of body weight) was given to WT and
Fpr2=/~ mice via the intravenous (i.v.) route, after which neutrophil counts and MPO
levels were measured. Analyses of brain tissue via flow cytometry revealed that leuko-
cyte activation was reversed by treatment with 50 ng/kg AnxA1 in WT mice (Fig. 4A
and B). Exogenous AnxA1 exhibited potent antimigratory effects in WT mice in a dose-
dependent manner. Specifically, 50 ug/kg AnxA1 significantly reduced Ly6G*™ CD11b*
neutrophil cell infiltration in the brains of S. suis-infected WT mice compared with the
findings in WT control [control(+)] mice (46%, P < 0.05 [Fig. 4B]). However, cell infiltra-
tion was not significantly affected by AnxA1 treatment in Fpr2=/~ mice. This finding
was consistent with the observation that AnxA1 (50 ug/kg) significantly decreased
MPO expression only in WT mice (Fig. 4C). These results demonstrated the antimigra-
tory function of AnxA1 was mediated by Fpr2 in mice with S. suis meningitis.

S. suis infection in the intracerebral region has been inferred to induce a local proin-

FIG 2 Legend (Continued)

and (G to J) production amounts of proinflammatory mediators in the brains of mice at 14 h after infection are shown.
(K) Hematoxylin and eosin staining of infected tissue sections after 14 h of infection. The asterisk indicates necrosis, white
arrows indicate intracerebral hemorrhage, and black arrows indicate thickening of the meninges. The horizontal line
indicates 200 um. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 4 AnxA1 reduces bacterial loads and neutrophil invasion during S. suis meningitis in wild-type (WT) mice but not
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Fpr2=/~ mice. AnxA1 (25 or 50 ug/kg) or vehicle [Control(+)] was administered intravenously prior to the intracisternal

inoculation of S. suis 05ZYH33 (1.25 x 10° CFU) in WT and Fpr2~/~ mice. At 14 h after infection, (A) the proportion and
(B) counts of Ly6G* CD11b* neutrophils among leukocytes (CD45*) were quantified via flow cytometry and cell
counter. (C) The MPO activity of brain was also evaluated. AnxA1 (50 ug/kg) or vehicle was administered intravenously
prior to the intracisternal inoculation of S. suis (1.25 x 10° CFU) in WT and Fpr2 ™/~ mice, then bacterial loads in (D)

blood and (E) brain at 14 h after infection were determined via colony plate counting. *, P < 0.5; **, P < 0.01.

flammatory response (24). Thus, the bacterial loads in the blood and brain homogenate
of infected mice treated with 50 ug/kg AnxA1 or vehicle were assessed at 14 h after
infection. AnxA1 treatment did not influence blood bacterial loads in either WT or Fpr2—/~
mice (Fig. 4D). Conversely, AnxAl-treated WT mice exhibited lower brain bacterial loads
than their vehicle-treated counterparts, but this finding was not replicated in Fpr2=/~ mice
(Fig. 4E). Together, these data demonstrated that AnxA1 suppresses neutrophil invasion
and promotes bacterial removal in the brains of mice with S. suis-induced meningitis
through Fpr2.
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FIG 5 AnxA1 prevented S. suis-induced increases in inflammatory responses and brain damage in wild-type (WT) but
not Fpr2~/~ mice. AnxA1 (50 ng/kg) or vehicle was administered intravenously prior to the intracisternal inoculation of
S. suis 05ZYH33 (1.25 x 10° CFU) in WT and Fpr2~/~ mice. (A to D) Brain proinflammatory mediator levels in WT and
Fpr2™/~ mice treated with AnxA1 or vehicle at 14 h after S. suis infection were determined using ELISA. (E)
Hematoxylin and eosin staining of infected brain sections was performed after 14 h of infection. The size bars
represent 500 um. (F) Clinical score and (G) survival curves of WT and Fpr2~/~ mice after S. suis infection are shown.
The survival rates were compared using the log rank test (n=10/group). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

AnxA1 attenuates inflammatory responses and brain damage through Fpr2 in
mice with S. suis infection meningitis. The next experiments focused on the role of
AnxA1 in proinflammatory cytokine production and brain injury after S. suis infection.
We treated WT and Fpr2—/~ mice with AnxA1 (50 ug/kg) or vehicle and analyzed brain
cytokine levels and histopathological change at 14 h after S. suis infection (1.25 x 10°
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FIG 6 AnxA1 prevents S. suis infection-induced increases in astrocyte and microglial density in wild-type (WT) but not Fpr2~/~ mice. AnxA1 (50 ug/kg) or
vehicle was administered intravenously prior to the intracisternal inoculation of S. suis 05ZYH33 (1.25 x 10° CFU) in WT and Fpr2~/~ mice. Brain sections
were stained with (A) anti-lba-1 or (C) anti-GFAP to identify activated microglial cells and astrocytes at 14 h after infection. The density of (B) Iba-1- or (D)
GFAP-expressing cells was calculated per square millimeter of the hippocampus. *, P < 0.05; **, P < 0.01.

CFU). ELISA confirmed that the increased cytokine production (CXCL1, CXCL2, IL-6, and
IL-1B) induced by bacterial infection was reverted by AnxA1 treatment in WT mice at
14 h after infection (Fig. 5A to D). Although Fpr2—/— mice appeared to have a higher
level of CXCL1 after infection, there was no significant difference between the two ge-
notypes of mice. The result was consistent with previous findings (Fig. 2G). Notably, IL-
6 levels were significantly (P < 0.01) reduced after AnxA1 treatment in WT but not
Fpr2=/~ mice, which suggests that the high levels of IL-6 demonstrate it is the primary
cytokine responsible for local proinflammatory activity during the early stages of S. suis
meningitis (Fig. 5C). Histopathological analysis of brain tissues from WT and Fpr2—/~
mice revealed that AnxA1 administration prevented infection-induced brain damage in
WT mice. AnxA1 treatment restored most of the WT phenotype, including the amelio-
ration of intracerebral hemorrhage and granulocyte infiltration, whereas this effect was
not observed in Fpr2=/~ mice (Fig. 5E). Clinical score and survival experiments were
also conducted. In the absence of AnxA1 treatment, most infected mice regardless of
genotype presented with severe clinical signs and died (more than 60%) within 2 days,
whereas AnxA1 administration significantly alleviated severe clinical signs and pro-
longed survival in WT mice but not Fpr2—/~ mice (Fig. 5F and G). The survival curves
revealed significantly decreased mortality rates in AnxA1-treated WT mice compared
to their control counterparts (lethality of 30% versus 70% [Fig. 5G]).

Collectively, these data indicated that Fpr2 mediates the anti-inflammatory activity
of AnxA1 in vivo during S. suis meningitis, thereby protecting mice from severe local
inflammatory responses and brain damage. Fpr2 deficiency was associated with insen-
sitivity to the anti-inflammatory effects of AnxAT.

AnxA1 attenuates astrocyte and microglial activation through Fpr2 in S. suis
meningitis. The activation of astrocytes and microglia result in the massive production
of chemokines and cytokines followed by neutrophil recruitment during bacterial men-
ingitis (25). The following set of experiments estimated whether the AnxA1 plays a role
in astrocyte and microglial activation in mice with S. suis meningitis. Following AnxA1
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(50 ng/kg) or vehicle administration (i.v.) prior to S. suis intracisternal inoculation in WT
and Fpr2—/~ mice, the astrocyte or microglial density at 14 h after infection was deter-
mined via immunohistochemistry using antibodies targeting the astrocyte marker
GFAP and microglia marker Iba-1. The assessments were performed in the hippocam-
pus as a clearly definable brain region involved in the pathogenesis of bacterial menin-
gitis (26). At 14 h after infection, the densities of GFAP- and Iba-1-expressing cells were
increased in both genotypes compared with the findings in the mock-infected con-
trols. Although the density of Iba-1-expressing cells was higher in Fpr2=/~ mice with
meningitis than in WT S. suis-infected mice, AnxA1 reduced microglial activation only
in WT mice (Fig. 6A and B). Concerning astrocyte activation, AnxA1 treatment effec-
tively reduced the number of GFAP-positive astrocytes compared with the findings in
untreated infected animals, but this treatment was ineffective in Fpr2=/~— mice (Fig. 6C
and D).

In sum, these results suggested that AnxA1 reduces astrocytic and microglial activa-
tion in mice with S. suis meningitis, and these effects were mediated by Fpr2.

AnxA1 decreases neutrophil adhesion through Fpr2. It has been reported that
AnxA1 controls neutrophil adhesion to the activated postcapillary endothelium of
inflamed vascular beds (27). The activation of bEnd.3 cells by heat-killed S. suis
(HkSs) treatment would be proven by increased expression of adhesion-related pro-
teins ICAM-1 and IL-6 (see Fig. S2A and B in the supplemental material). Accordingly,
we examined the comparative effect of AnxA1 on the adhesion of WT or Fpr2—/—
neutrophils to bEnd.3 cells in response to HkSs. AnxA1 (3 or 10 nM) was adminis-
tered 10 min prior to the addition of WT or Fpr2=/~ neutrophils to bEnd.3 cells
stimulated with HkSs. The result revealed that AnxA1 significantly decreased the ad-
herence of WT neutrophils to bEnd.3 cells, especially in the 10 nM AnxA1 treatment
group (Fig. 7A and B). Fpr2 deficiency was associated with insensitivity to the
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FIG 8 The IL-6-inhibitory function of AnxA1 was mediated by the Fpr2/p38/COX-2 pathway. (A) BMDMs from wild-type (WT) and Fpr2~/~ mice were
infected with S. suis (initial MOI of 100), and the supernatants of the cell cultures were collected to measure IL-6 levels via ELISA at the indicated time
points. (B) BMDMs were treated with AnxA1, SB203580, nimesulide, anti-AnxA1 antibody, or isotype antibody before S. suis (initial MOI of 100) infection,
and IL-6 levels were measured at 8 h. (C) The cellular proteins were subjected to Western blotting to assess COX-2, p-p38, p38, and GADPH expression. (D)
Quantitative analyses of COX-2 and p-p38 expression. #/*, P < 0.05, ##/**, P < 0.01, and ***, P < 0.001, compared with the S. suis-infected group (#) in the

same mouse strain or as indicated ().

deadhesion effect of AnxA1, as a concentration of 10 nM was required for deadhe-
sion in Fpr2=/~ neutrophils. Notably, AnxA1-treated neutrophils exhibited lower ad-
hesive ability than control cells irrespective of genotype, which indicated that other
receptors also participate in AnxA1-mediated neutrophil deadhesion. These results
suggested that AnxA1 decreases neutrophil adhesion to the activated endothelium
mainly through Fpr2.

AnxA1 decreased the effects of IL-6 through the Fpr2/p38/COX-2 pathway. To
explore the mechanism of the involvement of the AnxA1-Fpr2 pathway in S. suis men-
ingitis, in vitro experiments were conducted. WT and Fpr2=/~ bone marrow-derived
macrophages (BMDMs) were infected with S. suis (initial multiplicity of infection [MOI]
of 100), and IL-6 levels in the supernatant were measured at different time points (2, 8,
and 12 h). Inoculation of S. suis induced IL-6 expression in WT and Fpr2=/~ BMDMs,
and IL-6 levels were significantly higher in Fpr2=/— BMDM supernatant after 8 or 12 h
of infection (Fig. 8A). Because other studies found that AnxA1 effectively reduces IL-6
production via effects on p38 mitogen-activated protein kinase (MAPK) and COX-2 sig-
naling pathway (28, 29), we used SB203580 and nimesulide, which inhibit the ability of
activated p38 to phosphorylate downstream substrates and COX-2 expression, respec-
tively, to study the special molecular mechanisms involved in IL-6 protein expression.
IL-6 production resulting from bacterial stimulation was reversed by AnxA1 treatment
only in WT cells at 8 h after infection, and inhibition of phosphoryl p38 (p-p38) or COX-
2 significantly inhibited S. suis-induced IL-6 expression irrespective of genotype, which
indicates that the infection-induced increase of IL-6 production by these cells was de-
pendent on p38 and COX-2 (Fig. 8B). AnxA1 treatment effectively attenuated the
induction of p-p38 and COX-2 in WT cells, whereas these effects were abrogated in

March 2021 Volume 89 Issue 3 e00680-20

iaiasm.org 10


https://iai.asm.org

AnxAT1-Fpr2 System

Fpr2=/~ cells (Fig. 8C and D). Anti-AnxA1 antibody, which strongly blocks endogenous
AnxA1, significantly increased IL-6 secretion and COX-2/p38 expression compared with
the effects of the isotype control in WT cells, which indicates that endogenous AnxA1
might share the same signaling pathway as exogenous AnxA1 (Fig. 8B to D). These
results demonstrated that AnxA1 conferred a potent inhibitory effect on IL-6 produc-
tion through the Fpr2/p38/COX-2 pathway.

DISCUSSION

In this study, we uncovered that the lack of Fpr2 exacerbated S. suis-induced menin-
gitis in mice infected with the Chinese virulent strain 05ZYH33, and AnxA1 administra-
tion exerted anti-inflammatory effects through Fpr2 in S. suis-infected mice. Our results
suggested that Fpr2 negatively regulates neutrophil migration and cytokine induction
during S. suis infection, which was found to be associated with decreased bacterial
loads, increased survival, and alleviation of pathological injury. Meanwhile, exogenous
AnxA1 additionally alleviated inflammatory responses, as characterized by reduced
bacterial loads and cytokine levels, migratory astrocyte and microglial responses, and
granulocyte invasion, during S. suis meningitis in WT but not Fpr2=/— mice. We also
found that AnxA1 decreased neutrophil adhesion through Fpr2, and AnxA1 decreased
IL-6 expression through the Fpr2/p38/COX-2 pathway, which may clarify the mecha-
nism by which the protein decreased cytokine expression and brain damage during S.
suis meningitis.

The results of this study provide new insights into S. suis meningitis and uncover a
distinct contribution of neutrophil recruitment to S. suis meningitis. Neutrophils are key
regulatory cells of host defenses that are recruited to the CNS in great numbers during
acute bacterial meningitis (21). It is known that the chromosomal pathogenicity island
(PAI) designated SsPI-1 in Chinese epidemic S. suis strains is associated with human men-
ingitis (30). The S. suis 05ZYH33 strain we used in this study is a highly virulent Chinese
isolate that harbors the unique PAI designated 89K (renamed SsPI-1). Meanwhile, recent
research found that NETs in the CNS hinder bacterial eradication during pneumococcal
meningitis (31). NET components such as antimicrobial proteins and extracellular DNA
have proinflammatory effects and contribute to disease severity (31).

As a phospholipid-binding protein, AnxA1 controls both the innate and adaptive
immune responses by inhibiting the adhesion and transmigration of leukocytes.
Machado et al. reported the nonredundant role of AnxA1 and its receptor Fpr2 in regu-
lating the bacterial proliferation and inflammatory reaction during Streptococcus pneu-
moniae infection (20). The AnxA1-Fpr2 system also has a crucial function in hindering
the resolution of cerebral inflammation in lipopolysaccharide (LPS)-induced sepsis (18).
AnxA1 or its bioactive peptides potently inhibit neutrophil trafficking in mice, and this
function was associated with the detachment of adherent neutrophils from the vascular
wall (32, 33). Because our results align with prior findings, we speculate that endogenous
AnxA1 is externalized on the surfaces of adherent neutrophils, thereby promoting
detachment. The antimigratory action of AnxA1 was largely attenuated in Fpr2=/— mice,
which suggests that its effect on neutrophil recruitment depends mainly on Fpr2.
Another reason for the lower neutrophil counts in the brains of AnxA1-treated WT mice
with meningitis might be the induction of phagocytosis by AnxA1 in the periphery (34).
Besides, we found that AnxA1 treatment only affected the bacterial burden in the brain,
which suggests that AnxA1 probably controls the CNS-intrinsic inflammatory reaction by
regulating glial reactivity. Future studies are needed to address whether neutrophil
phagocytosis by astrocytes or microglia occurs during S. suis meningitis and whether
such a potentially protective effect is mediated by Fpr2.

The primary immune effector cells of the innate immune response within the CNS
are microglia and astrocytes, which respond to immunological stimuli and secrete
proinflammatory mediators to activate other immune cells. Excessive inflammation can
favor the multiplication of bacteria by exposing adhesion sites for bacteria on the
injured area, which leads to dysfunctional leukocyte responses (35). IL-6 is considered
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an early response proinflammatory mediator that is upregulated during bacterial men-
ingitis (36). The rapid secretion and metabolism of IL-6 are intensively correlated with
acute neutrophilia in the infected area, which suggests a distinct role for activated neu-
trophils in controlling cytokine induction in S. suis-induced infection (37, 38). Our
results revealed the primary local proinflammatory function of IL-6 during S. suis men-
ingitis, which is modulated by the AnxA1-Fpr2 system. These results were consistent
with previous findings of high IL-6 secretion in AnxA1~/~ lung fibroblasts following IL-
18 stimulation and in AnxA1~/~ mice upon LPS administration (28, 39).

COX-2 and p38 MAPK have been identified as detrimental factors in intracerebral
hemorrhage that contribute to inflammatory responses and blood-brain barrier disrup-
tion (20, 40). The key role of the p38 MAPK pathway in the regulation of COX-2 expres-
sion has been thoroughly studied by previous investigators (32). Although p38 MAPK
and COX-2 upregulation by S. suis has previously been reported, COX-2 mRNA expres-
sion was downregulated after blocking MAPK signaling pathways in streptococcal cy-
tolysin-stimulated macrophages (41, 42). This is the first study to demonstrate that
p38/COX-2 expression is regulated by the AnxA1-Fpr2 system during S. suis infection.
Our results are also consistent with previous findings of increased COX-2 expression in
AnxA1~/~ mice (43). In addition, S. pneumoniae-induced p38 MAPK- and NF-kB-de-
pendent COX-2 expression has been found in human lung epithelium (34). Although
the role of NF-kB in proinflammatory signals has also been generally studied in the
Fpr2 pathway, we found no significant difference in levels of NF-kB activation between
AnxA1-treated WT and Fpr2—/— S. suis-infected mice (data not shown).

In conclusion, we have described the functions of Fpr2 as a crucial regulator of the
immune reaction in the S. suis infection murine model. Therapeutic intervention based
on Fpr2 activation or AnxA1 administration should be considered for the treatment of
S. suis meningitis. Additional clinical research is required to estimate the effect of
AnxA1 or AnxA1-based mimetics as potential treatments for S. suis meningitis in
humans.

MATERIALS AND METHODS

Ethics statement. This research was conducted in compliance with the guidelines for laboratory ani-
mal care approved in China. All experimental procedures were approved by the Animal Ethics
Committee of the Academy of Military Medical Sciences.

Bacterial strains. The virulent S. suis strain 05ZYH33 is a clinical isolate that was obtained originally
from a patient with streptococcal toxic shock-like syndrome in Sichuan Province, China (44). The bacteria
were grown overnight on Columbia agar (include 5% sheep blood) at 37°C in an atmosphere containing
5% CO,. Todd-Hewitt broth (THB) was used to inoculate the isolated colonies, and the bacteria were cul-
tured at 37°Ciin a 5% CO, incubator for 6 h.

Generation of Fpr2-deficient mice. Fpr2-deficient (Ensembl accession no. ENSMUSG00000052270)
mice were generated using the Cre/LoxP system. Mice harboring a floxed allele of Fpr2 (Fpr2'>*) were
generated by Cyagen Biosciences (Guangzhou, China), and Fpr2?/* mice were interbred to generate
Fpr2'o#/1o* mice. Fpr2'>*"o® mice were then mated with Ella-cre transgenic mice (expressing Cre recom-
binase in nearly all tissues) to generate a null allele of Fpr2 (Fpr2™/~). Fpr2*/~ mice were identified by
PCR genotyping using multiple primers (mFpr2_F1 [CTCATACGCATTTGCTGTCTTCACAC], mFpr2_R1
[TCCAATTATATCCCTTTCATGGCAAAC], and mFpr2_F3 [ACAAGGGCCTGCATGTGCCCTCTG]). Finally,
Fpr2*/~ mice were interbred to generate Fpr2~/~ mice.

Murine model. S. suis infection in C57BL/6 mice was performed as previously described with some
modifications (2). C57BL/6 mice (6 to 8 weeks old) were anesthetized with pentobarbital sodium (50 mg/
kg) and inoculated by injecting 10 ul of S. suis suspension (1.25 x 10° CFU) into the cisterna magna to
evaluate the role of Fpr2 during S. suis meningitis. Mock-infected mice were injected with 10 ul of THB,
and Fpr2 mRNA transcription levels in the brain were evaluated. In the intervention experiment, BOC-2
(600 ng/kg) or vehicle (phosphate-buffered saline [PBS]) was injected intraperitoneally 1 h before infec-
tion with S. suis. The infection was also executed in WT and Fpr2~/~ mice to directly evaluate the effect
of Fpr2 on S. suis meningitis development. After WT and Fpr2 =/~ mice were intracisternally infected with
S. suis (1.25 x 10° CFU), mortality, bacterial loads, and histopathological changes were monitored after
14 h. Brain tissue was collected to evaluate cytokine transcription, MPO expression, and neutrophil
recruitment at 14 h. For the AnxA1 intervention experiment, 25 or 50 ug/kg recombinant AnxA1 protein
(Biorbyt) was administered 10 min before S. suis infection via i.v. injection. The blood bacterial load of
infected mice was evaluated by collecting 10 ul of blood from the caudal vein, and the bacterial loads in
various tissues (liver, spleen, brain, and kidney) were evaluated by collecting 100 ul of homogenate from
homogenized tissues, followed by appropriate dilution and plating on Todd-Hewitt agar.
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Quantitative real-time PCR. Brain tissue from WT or Fpr2~/~ mice was dissected and snap-frozen in
liquid nitrogen. RNA was extracted and quantified by spectrophotometry. The ThermoScript RT-PCR
System (Invitrogen) was used to amplify cDNA, and then the products were used immediately for SYBR
green reverse transcription-PCR (RT-PCR). The expression of the target gene was monitored using the
StepOnePlus apparatus (Applied Biosystems) in compliance with the manufacturer’s recommendations.
Relative quantification was calculated using the threshold cycle (AC;) method, which produces ratios of
expression between target genes and the housekeeping reference gene coding for GADPH (glyceralde-
hyde-3-phosphate dehydrogenase). The primers for Fpr2, CXCL2, CXCL1, IL-6, IL-13, TNF-a, IFN-y, and
GADPH are listed in Table S1 in the supplemental material.

MPO. Myeloperoxidase (MPO) protein levels in cell-free tissue were determined using an MPO colori-
metric activity assay kit (Njjcbio, China) in compliance with the manufacturer’s protocol.

FACS analysis. Mice were anesthetized at the indicated time points and perfused with PBS transcar-
dially. Brains were collected and mashed onto a 70-um-pore strainer. DNase | (200 ug/ml) and collage-
nase (0.5 mg/ml) were used to digest brain suspension for 20 min at room temperature. Cells were spun
down, resuspended in 7ml of 30% Percoll in PBS containing 5% fetal calf serum (FCS), and then centri-
fuged at 1,400 x g for 20 min at 4°C. After the upper Percoll layers were discarded, the cell pellet was
resuspended in PBS-3% FCS buffer. Contaminating erythrocytes were lysed with ACK lysis buffer for
3 min. After washing, a few cells were resuspended and stained with trypan blue to assess cell counts
and viability by hemocytometer. For antibody labeling, the cell suspension was incubated with Mouse
Fc Block (BioLegend) for 15 min at 4°C, followed by incubation with a mixture of fluorescent antibodies
in PBS-3% FCS buffer for 25 min at 4°C. The following antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CD45 (30-F11; BD Pharmingen), phycoerythrin (PE)-conjugated anti-
mouse Ly6G (1A8; BD Pharmingen), peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated anti-mouse
CD11b (M1/70; Biolegend), and allophycocyanin (APC)-Cy7-conjugated anti-mouse fixable viability dye
eFluor780 (eBioscience). After staining, the fluorescence-activated cell sorter (FACS) analysis was per-
formed with a BD FACSVerse flow cytometer. Data analysis was performed by FlowJo software.

Scoring. Clinical scoring was performed in accordance with a formerly developed scoring list for a
bacterial meningitis mouse model (see Table S2 in the supplemental material) (45). Animals reaching
humane endpoint criteria (a total score of >15) were humanely euthanized.

Cytokine measurement. For proinflammatory mediator evaluation in the brain, ice-cold saline solu-
tion, which included protease inhibitor and 0.4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, was added to frozen brains, which were then homogenized using a tissue homoge-
nizer and centrifuged at 10,000 x g for 10 min at 4°C to collect supernatants of brain homogenate.
CXCL1, CXCL2, IL-6, and IL-1 levels were measured by ELISA (Neobioscience, China) according to the
manufacturer’s recommendations, as described previously (2).

Neutrophil adhesion experiment. Neutrophils were isolated from the bone marrow of naive mice
using Histopaque separation medium via a density gradient centrifugation method (46). Cell purity was
confirmed by flow cytometry (>90% Ly6G™*). bEnd.3 cells were purchased from ATCC (no. CRL-2299)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), L-glutamine, and penicillin-streptomycin (5,000 U/ml). Cells were cultured in a petri dish and 24-
well tissue culture plates at 37°C with 5% CO.. For adhesion experiments, neutrophils were stained with
1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine for 20 min in RPMI 1640 (0.1% FBS) (47). After
treatment with AnxA1 or vehicle, bEnd.3 cells were incubated with heat-killed S. suis (HkSs) (MOI of 100)
for 6 h, and fragments of bacteria removed by washing with RPMI. The labeled neutrophils (1 x 10° cells/
ml) were then incubated with bEnd.3 cells for 30 min. Nonadherent neutrophils were washed away by
RPMI gently. Adherent neutrophils on bEnd.3 cells were counted in five randomly selected areas under a
motorized inverted microscope.

Western blotting. The protein content of the lysate was measured via the bicinchoninic acid (BCA)
protein assay. Cells lysates were boiled in protein loading buffer, analyzed by SDS-PAGE, and electro-
phoretically transferred to polyvinylidene fluoride membranes. The membranes were blocked with TBST
(Tris-buffered saline with Tween 20) containing 5% bovine serum albumin (BSA) and incubated with pri-
mary antibodies overnight at 4°C. Inmunodetection of target proteins was conducted with specific anti-
bodies against p38 (Cell Signaling Technology), p-p38 (Cell Signaling Technology), COX-2 (Proteintech),
AnxA1 (Proteintech), and GADPH (Proteintech). The blots were incubated with the appropriate second-
ary antibody diluted in TBST for 1 h. Immunoblots were detected via immunofluorescence.

Histopathological studies. Mice were euthanized, and liver, lung, brain, and spleen tissue were
recovered and fixed in 10% buffered formalin. These tissues were stained with hematoxylin and eosin
and examined via Olympus BX53 microscopy.

Immunohistochemistry. The sections from paraffin-embedded brain were used to label target anti-
body, and the experiment was conducted as previously described (48). Sections were deparaffinized and
pretreated for 10 min by an autoclave in Tris-EDTA buffer (pH 9.0) before undergoing blocking with 5%
normal goat serum. The sections were washed in PBS and incubated with anti-GFAP (Proteintech) or
anti-lba-1 (Proteintech) overnight at 4°C. On the next day, the sections were washed with PBS, and then
the slides were incubated with the appropriate secondary antibody for 1 h at room temperature. After
being washed with PBS adequately, the slides were counterstained with hematoxylin and mounted with
Aquatex. Pictures were captured using Olympus BX53 microscope and analyzed using ImagePro-Plus
software.

Generation of BMDMs. The tibias and femurs of WT or Fpr2~/~ mice were used to prepare BMDMs
using protocols modified from Lutz et al. (49). Bone marrow-derived cells were prepared by flushing
tibias and femurs, and cells were grown in DMEM containing 10% FBS. Cells were cultured for 7 days
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with 100 ng/ml M-CSF (on days 2 and 4, medium was replaced) in a humidified atmosphere (37°C, 5%
CO,) in the presence of penicillin-streptomycin (50 Ul/ml). On day 6 of culture, cells were plated and
stimulated with S. suis and/or reagents after 24 h.

Stimulation of BMDMs with bacteria. WT and Fpr2~/~ BMDMs were stimulated with S. suis (initial
MOI of 100), and the supernatants were collected to detect IL-6 levels at the indicted time points. In a
separate experiment, WT and Fpr2~/~ BMDMs were pretreated with AnxA1 protein, 5 uM SB203580 (an
inhibitor of p38 MAPK; MedChemExpress), 10 nM nimesulide (an inhibitor of COX-2; MedChemExpress),
anti-AnxA1 antibody (1:200), or isotype control before S. suis infection (initial MOI of 100). Then, the cul-
tural supernatants were collection to detect IL-6 levels, and cells were lysed to detect the expression of
the indicated protein by Western blotting after 8 h.

Statistical analysis. Bacterial loads and brain-invading neutrophil counts were analyzed using the
Mann-Whitney U test. Survival experiments were analyzed using the Kaplan-Meier method and log rank
test. Significance between two independent groups was determined via two-way analysis of variance
followed by Bonferroni’s multiple-comparison test. P < 0.05 was defined statistical significance.

Infection and Immunity

GraphPad 8.0 software was used for analysis.
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