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Endogenous mediators regulating acute inflammatory responses
in both the induction and resolution phases of inflammatory
processes are pivotal in host defense and tissue homeostasis.
Recent studies have identified neuronal guidance proteins charac-
terized in axonal development that display immunomodulatory
functions. Here, we identify the neuroimmune guidance cue
Semaphorin 7A (Sema7A), which appears to link macrophage
(M®) metabolic remodeling to inflammation resolution. Sema7A
orchestrated M® chemotaxis and chemokinesis, activated M® dif-
ferentiation and polarization toward the proresolving M2 pheno-
type, and promoted leukocyte clearance. Peritoneal MdSema7A—/~
displayed metabolic reprogramming, characterized by reductions
in fatty acid oxidation and oxidative phosphorylation, increases in
glycolysis and the pentose phosphate pathway, and truncation of
the tricarboxylic acid cycle, which resulted in increased levels of
the intermediates succinate and fumarate. The low accumulation
of citrate in M®%*™37A~/~ correlated with the decreased synthesis
of prostaglandins, leading to a reduced impact on lipid-mediator
class switching and the generation of specialized pro resolving
lipid mediators. Signaling network analysis indicated that Sema7A
induced the metabolic reprogramming of M® by activating the
mTOR- and AKT2-signaling pathways. Administration of Sema7AS4<
orchestrated the resolution response to tissue homeostasis by short-
ening the resolution interval, promoting tissue protection in murine
peritonitis, and enhancing survival in polymicrobial sepsis.
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Acute inflammatory responses underlie fundamental patho-
physiological mechanisms to protect the host; however,
when these processes become out of control, acute inflammation
can lead to collateral tissue destruction and loss of functional
organ integrity. The control of excessive leukocyte recruitment is
critical during the initial immune response, and in the context of
inflammation resolution, adequate clearance is essential for the
final restoration of tissue homeostasis. However, recent evidence
indicates that immune cells and metabolic systems are highly
coordinated with each other and that this process is critically
important for defining cellular function and fate (1, 2). Cells such
as monocytes and macrophages (M®), which are central mod-
ulators/adjustors in the maintenance of tissue homeostasis and
repair, undergo metabolic reprogramming in response to in-
flammatory processes to meet cellular demands such as phago-
cytosis, proliferation, and cytokine release.

A series of discoveries have revealed biological parallels be-
tween the nervous and immune systems in which neuronal
guidance proteins (NGP) function during important immuno-
logical processes (3). Semaphorin 7A (Sema7A), one such
guidance cue, is a glycosylphosphatidylinositol (GPI)-anchored
membrane protein with chemoattractant and chemorepulsive
attributes. In addition to its role in guiding axon pathfinding
during neuronal development, Sema7A has diverse functions in
morphogenesis and immune cell control (3) and regulates T cell
responses via the alfl integrin receptor (4). During hypoxia,
endothelial Sema7A was observed to induce extravascular
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neutrophil migration by interacting with the plexin C1 receptor,
thus exerting proinflammatory effects (5). Protective and anti-
inflammatory effects were observed by the interaction with
integrin receptors in dextran sulfate sodium-induced colitis (6).
It appears that Sema7A may exert opposite effects by interacting
with its different receptors and organ systems. During an acute
inflammatory response against invading pathogens, complete
resolution of tissue inflammation is the ideal outcome for tissue
recovery and functional integrity. The resolution of inflammation
is an active process and is considered to be separate from anti-
inflammatory processes (7, 8). Considering the numerous find-
ings showing the impact of Sema7A, particularly in the initial
phase of inflammation, we here aimed to investigate the role of
Sema7A in the metabolic reprogramming of M® and the tran-
sition to resolution processes during severe inflammation. Here,
we demonstrate that metabolic reprogramming in peritoneal
M@S*ma7A~/= "\which showed an increased energy demand com-
pared to that of M®S™¥7A+/* reflected by an increased glucose
intake, increased glycolysis rate and up-regulated pentose
phosphate pathway (PPP). Protein microarray analysis revealed
suppression of mTOR signaling and activation of phosphorylated
AKT? signaling in peritoneal M®>™*7A~/~ Both are critical for
the inflammatory response, as they lower oxidative phosphory-
lation (OXPHOS) levels, activate NF-kB-mediated transcrip-
tion, and trigger M1 polarization (9).

The reduced accumulation of the tricarboxylic acid cycle
(TCA) intermediate citrate in M®™*"A~'~ correlated with de-
creased synthesis of the prostaglandins PGD, and PGE,; in
Sema7A™"" peritoneal exudates, leading to a reduced impact on
lipid-mediator class switching and, ultimately, to reduced gen-
eration of specialized proresolving lipid mediators (SPMs), such
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as LXA, and PDX, and their pathway metabolites. Studies of
murine peritonitis showed that Sema7A reduced severe inflam-
matory peritonitis, shortened the resolution interval, stimulated
the generation of SPMs, promoted M® clearance, stimulated
tissue regeneration, decreased mortality rates, and enhanced the
survival of mice with polymicrobial sepsis.

Since the arginine-glycine-aspartic acid (RGD) motif seemed
to be mandatory for the interaction of Sema7A with its specific
receptors PlexinC1 and the integrins in particular, in experiments
we used the Sema7A SL4cd peptide, a peptide comprising 19
amino acids of the SL4cd region from murine Sema7A.

The results here reveal crucial roles of Sema7A in linking
metabolic reprogramming and the resolution of inflammation,
potentially furthering our understanding of the inflammation
resolution processes in innervated organs as well as providing
therapeutic value for the treatment of acute inflammatory
conditions.

Results

Sema7A Controls the Macrophage Inflammatory Functional Phenotype
by Shifting Cells from the M1 to the M2 Phenotype. Evidence suggests
that the monocyte and M® lineages are of central importance for
the resolution of inflammation (10-12). In response to environ-
mental signals derived from inflammatory tissues or activated cells
or microbes, these cells differentiate or polarize into the classical
proinflammatory M1, alternative antiinflammatory M2, or inter-
mediate M2 phenotype (11). We show that the Sema7A messenger
RNA (mRNA) levels were higher in M-CSF-stimulated M2 M®s
than in GM-CSF-stimulated M1 M®s (Fig. 14). Next, we analyzed
the cell shapes that were recently described as indicators of differ-
entiation in M1 and M2 phenotypes (13). As expected, GM-CSF
stimulated M1 M®s with a specific round shape, M-CSF stimulated
M2 M®s with a particular elongated cell shape, and, interestingly,
Mas stimulated with Sema7A>™“ (SI Appendix, Fig. S1 A-C)
showed an elongated M2 morphology (Fig. 1B and SI Appendix, Fig.
S1D). In a different experimental setup, M1 differentiation was
induced by stimulation with GM-CSF for 7 d and then with LPS and
IENy (+Sema7AS™<) for 2 d. M2 differentiation was initiated by
stimulating M®s with M-CSF for 7 d and then with IL-4 and II-13
(£Sema7AS™) for 2 d. These findings were substantiated by key
genes and proteins contributing to M1/M2 differentiation (Fig. 1C
and SI Appendix, Fig. S1E). To investigate the direct influence of
Sema7A on the ghenotypic polarization of M®s, M®s were ex-
posed to Sema7AS“ and subsequently stimulated with TNF-« or
vehicle for 24 h. Our data revealed a significant reduction in M1
markers (STAT-1, CD40, CD80) and inflammatory cytokines,
whereas M2 markers (Argl, CD163, and CD206) and IL-10 were
strongly increased by Sema7ASH* at the RNA and protein levels
(Fig. 1 D and E and SI Appendix, Fig. S1F). This was associated with
increased M® expression of the G-protein—coupled receptors ALX/
FPR2 and GPR32, which are known to mediate proresolving ac-
tions (14) (Fig. 1E), implying that Sema7A shifted the polarization
state toward the M2 phenotype and thus presumably promoted
resolution and metabolic homeostasis (12).

Sema7A Reduces M1 M® Chemotaxis and Chemokinesis and Enhances
Macrophage Phagocytosis by Interacting with Integrin Receptors.
Next, we sought to investigate the effect of Sema7A on the
control of M® chemotaxis and chemokinesis. Using a micro-
fluidic chamber as described in SI Appendix, Fig. S24, Sem-
a7ASMd was shown to strongly decrease M® chemotaxis to
MCP-1, but in the absence of the chemoattractant MCP-1,
Sema7AS™ had an independent repulsive effect on M1 M®
migration, suggesting that Sema7A strongly influenced M1 M®
recruitment by reducing both chemotaxis and chemokinesis
(Fig. 1F). One key attribute of inflammation resolution is the
clearance of apoptotic cells, microorganisms, cell debris, and
particles at the inflamed site, and our in vitro phagocytosis and
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efferocytosis studies reveal that Sema7A significantly enhances
the clearance of zymosan A (ZyA) particles and apoptotic
polymorphonuclear cell (PMNs) (Fig. 1G). To better understand
the mechanism by which Sema7A mediates these proresolving
phagocytic effects, we focused on the most specific receptors,
plexin C1 and integrin (Itg) (3). First, we investigated the ex-
pression of the plexin C1 receptor and integrin heterodimers in
diverse organs, such as the liver, lung, and peritoneum, and
observed differential expression patterns of the receptors in
peritoneal M®s, Kupffer cells, and alveolar M®s, which might
explain the pro- and antiinflammatory effects of Sema7A in
different organs (SI Appendix, Fig. S2B). We performed phago-
cytosis experiments in which human M®s were incubated with
Sema7A%™? and/or an anti-Plexin-C1 antibody and found that
the phagocytic impact of Sema7A was not affected by Plexin C1
(Fig. 1H). Next, we focused on the integrin receptor and its
heterodimers. For this, we transfected human M®s with small
interfering RNA (siRNA) targeting oyItg, avltg, or p,Itg and
subsequently stimulated them with Sema7AS™* (Fig. 1I). The
results showed that the phagocytic effect of Sema7A was sig-
nificantly reduced in M® cells transfected with the integrin
heterodimers (Fig. 1I). To substantiate these results, we per-
formed image stream analyses, which showed colocalization of
the heterodimers av integrin and p; integrin with Sema7A, re-
vealing the strongest binding on the monocyte/M® surface
(Fig. 1J and SI Appendix, Fig. S2 C-E)

Sema7A Regulates M® Immunometabolism. To investigate whether
the changes in M® phenotype profiles were associated with al-
terations in cellular energz metabolism, we collected murine
residential peritoneal M®s>*™¥7A~~ and determined the extra-
cellular acidification rate (ECAR), a measurement of lactic acid
production, by Seahorse extracellular flux analysis. As shown in
Fig. 24 and SI Appendix, Fig. S34, increased basal ECARs and
reduced mitochondrial oxygen consumption rates (OCRs) were
observed in peritoneal M®>*™7A~~_as indicated by decreases in
the maximal respiration, mitochondrial ATP production, and
spare respiratory capacity compared with those in the wild-type
(WT) controls. In a second experimental setting, we pretreated
peritoneal M®s>*™¥7A~/~ with ZyA for 4 h and observed iden-
tical expression (Fig. 2B), suggesting that the deficiency of
Sema7A shifted M® metabolism toward aerobic glycolysis and
reduced OXPHOS (Fig. 2B and SI Appendix, Fig. S3B). To further
understand the metabolism programs affected by Sema7A, we
performed an NMR-based quantitative metabolomics analysis and
a glucose metabolism PCR array of peritoneal M®s ™7~~~ and
the corresponding controls. In M®ds>*™7A~~ we found en-
hanced glycolysis at the baseline as determined by the increased
expression of genes encoding key regulators, such as hexokinase
2 (HK2), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
6-phosphofructokinase (PFKL), and enolase 1 (ENO1; expressed
on the cell surface of inflammatory M®s) (SI Appendix, Table
S1), ultimately leading to increased lactate production (Fig. 2C)
(1, 15). Enhanced glycolysis was linked to induction of the PPP
(Fig. 2D), as evidenced by the expression of glucose-6-phosphate
dehydrogenase (G6PD), 6-phosphogluconolactonase (PGLS),
ribulose-phosphate-3-epimerase (RPE), and transketolase (TKT)
(16). Next, we focused on the TCA cycle (Fig. 2E) and found it to
be interrupted at the isocitrate dehydrogenase (IDH) and succi-
nate dehydrogenase (SDH) steps, leading to the accumulation of
succinate and other TCA intermediates such as fumarate and
malate in M®s>*™7A~~ In particular, citrate synthase and IDH
were strongly induced, which did not lead to citrate accumulation
but was possibly due to the provision of citrate consumption for
the synthesis of itaconate and nitric oxide (NO). In fact, we found
an accumulation of itaconate, which is thought to specifically
initiate succinate accumulation in M1 Md®s, as it inhibits SDH
and may therefore play a serious role in the switch to glycolysis

Korner et al.
Sema7A is crucial for resolution of severe inflammation

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017527118/-/DCSupplemental
https://doi.org/10.1073/pnas.2017527118

Downloaded at Palestinian Territory, occupied on December 12, 2021

° mongeytes A B Control GM-CSF M-CSF  Sema7AStécd

—_— Il Control I GM-CSF
' 2 I TNF-a B M-CSF
7
blood
sampling s o . ég“ .
[3=4 ES . control EEGM-CSF  EEM-CSF  EESema7AS:d
- <5 552
[ coriro ] -cse Jomose] semara- EETQL TS £2 WF e @ T
analysis 3= B0 823 T N; 600 — 5 150 e
Mo {8} =2 2] ™ A0 T T o B 00T o
[semara v o Jsemaras o wr-o BTN 254 5 20 g%
. S5 o 0 S 0
analysis g5 0 o
D I control
C M® DIFFERENTIATION Md® POLARIZATION I TNFa
B GM-CSF IM-CSF E SLécd
Il Sema7AStécd ) . e BN TNFa + »
* < . = sl . . Sema7AsLéed
§g2 kS, %gz % NS nzé’gA ~x NS §g8 * ns %“g’, 1 é% %% ?ﬁf
Es ES <5 Es Egy E52 ES4
E61 S5 1 $5 2 o5 4 =5 § So 8z
g2 g2 g3 53 5e o &
0 0 £ ©=9 0 0
I control [ TNFa
B SL4cd  ENITNFa + Sema7AStécd M POLARIZATION
< 4 * 2 . 2 60 - 20 2 < 4 =
E8 |7 z3'| = sg|-m 53 | AL 5B 53 3 2 A
<8 L = TS |4 = 28 x5 I Eg H
$52 L oget § E8 § ESa0]™ £510 E24 g52 55 Z
g3 N & N s8 NS ©s = go 2z
= millY 32 W-0Y 52 Bl =2 § == 22 =2 e &
< 0 N 0 N © 0 0 0 = S
)
2
=2
=
[Jcontrol [l Sema7ASL4 =
[ MCP-1 [N Sema7ASL4d + MCP-1 -
~ monocyles 74 Migraton . g =
— o v Phagocytosis & **':' o% 4 L lan
LT _'EED o Receptor g%’ 87 # E? 5
'?\ expression =1 24 & 2=
Mechanism w5 1 - ,§7§
> N =5
=30 £2
= g
G H Plexin C1 | s Integrins
200 . 400 . 50+ . O E . 0
Z = S o|= % e 740 S50
<8 Z8 0 £9 e g8 g%
@gmo g5 §§ ol =l - §’§ 0
bod D == 2 =
T 0 i 0 i;é — =2 =0
Ctl124 Cl124 N 50 40 40
Sema7ASLed [ug] Sema7ASd [ug]  SemarAS“S[ugim] . - 1 2 4 Sema7AS-4d [ pgimil + + + 4+ Sema7AStcd [1 ugiml] + + + +
anti-PlexinCl - + + + + siSer 4 - - - siSer 4 - -
sifllg - - - sia-tg -t -+
si-a-Itg + - si-av-ltg - + + -
Colocalization siav-tg - - -+ si-Bltg - -+t F
I tgB,
[ Itga
Sema7A Colocalization g contel 15— 0_ e Bl igoy
<5 1.0 =
i 1
“SE 000
Sema7A Colocalization €D
Fig. 1. Sema7A controls the macrophage inflammatory phenotype and regulates human macrophage chemotaxis and chemokinesis. Human PBMCs were
stimulated with GM-CSF, M-CSF, or Sema7A%4 for 7 d, and Sema7A transcript expression in differentiated M1 and M2 M®s was quantified by RT-PCR (n = 14
to 16) (A). (B) Cell morphology was analyzed by phase contrast images and measurements of the cell shape, length, and perimeter (magnification 200x). (Scale
bar: 20 pm.) n = 210. (C) The expression levels of key genes that contribute to M2 differentiation, Arg1 and CD163, and central genes of M1 differentiation,
STAT-1 and CD80, were analyzed (n = 11). (D and E) Phenotypic polarization of macrophages: M1 M®s were sequentially challenged with Sema7A%* and
TNF-a or vehicle for 24 h. The gene expression levels of M1 polarization markers (including STAT-1, CD40, CD80, IL-1f, and IL-6), key genes of M2 polarization
(such as Arg1, CD163, CD206, and IL-10) and the ALX/FPR2 and GPR32 receptors were quantified by RT-PCR (n = 13 to 20). (F) Schematic model of the
microfluidic migration chamber. A chemoattractive gradient with a monocyte chemotactic protein (MCP-1) and Sema7A%-“® was established between eight
peripheral wells and a central cell loading well. M1 M® chemotaxis was evaluated using a Casy TT cell counter (Omni Life Science) (n = 10). (G) The rate of M®
clearance of fluorescence-labeled ZyA particles and human apoptotic PMNs was assessed photometrically (n =5 to 9). (H and /) M®s were transfected with
integrin a;-, integrin av-, or integrin p;-siRNA or treated with an anti-Plexin C1 and then stimulated with Sema7A%-** antibody. M® clearance of fluorescence-
labeled ZyA particles was then assessed photometrically (n = 4 to 10). (J) The colocalization of integrin heterodimers and integrins with Sema7A was assessed
with the Similarity feature of the ImageStreamx mkll system. The results are representative of three to eight independent experiments and are expressed as
the mean + SEM; significance was determined by one-way ANOVA with Bonferroni correction (B-/) or the unpaired two-tailed Student’s t test (A). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. Sema7A drives cellular metabolism. Glycolytic capacity and mitochondrial respiration were assessed by using the Seahorse Glycolysis and Mito Stress

tests. MPs EMA7AY 0

d M®s*EMA7A~/= yere subjected to peritoneal lavage, and ECARs were measured after consecutive injections of glucose, oligomycin, and

2-DG. Oxygen consumption rates were determined after injections of oligomycin, FCCP, rotenone, and antimycin A. Glycolytic and mitochondrial respiration

markers were calculated (A) at baseline and (B) following stimulation with ZyA for 4 h (n = 20). The glucose metabolism pathways in M®s
were assessed via the PCR-based analysis of enzymes involved in glucose metabolism. Intracellular metabolites were quantified by NMR

M(DSSEMA7A—/—

SEMA7A+/+ and

spectroscopy (n = 3). The experiment was conducted (C-F) at baseline and (G) following stimulation with ZyA for 4 h. (H) ECAR and OCR were also determined

in M®s from C57/BL/6 mice that were stimulated either with vehicle (M®"e"“'®) or the peptide Sema7AS-4<d (MPSEMA7A-SLAcd) £5]|owed by ZyA stimulation for
in each group. The results represent three independent experiments and are expressed as the mean +
tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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(Fig. 2E and SI Appendix, Table S2) (1, 17). The decreased levels
of citrate correlated with our lipid mediator profile where PGD,
and PGE, were strongly decreased in Sema7A~™~ peritoneal
exudates, indicating a reduced impact on lipid-mediator class
switching (Fig. 3B) and, ultimately, on the generation or SPMs
such as LXA, and PDX (Fig. 4D). Another metabolic signature
inducing succinate and fumarate accumulation in M@sSe™ma7A~/=
was derived from glutamine metabolism. Of note, glutamine
metabolism has been shown to play a central role in the induc-
tion of trained immunity, where it displays increased levels in
“trained” monocytes/M®s and leads to succinate and fumarate
accumulation (18). An additional factor indicating that Mds>m37A~/~
displayed the M1 phenotype was the impact on arginine metabo-
lism, where arginine was activated to NO and citrulline
(Fig. 2F). In the next experimental setting, Mds>*™7A~/~ were
pretreated with ZyA for 4 h, followed by NMR-based metab-
olomic profiling and a glucose metabolism PCR array. The data
revealed very similar metabolic alterations in MdsSema7A~/=
treated with and without ZyA (Fig. 2G and SI Appendix, Tables
S1 and S2), and this pattern was reversed upon treatment with
Sema7AS“<d, Administration of Sema7AS““? (+ZyA) improved
mitochondrial function in peritoneal M®s, as evidenced by sig-
nificant increases in the maximal respiration, mitochondrial M®
ATP production, and spare respiratory capacity (Fig. 2H and S/
Appendix, Fig. S3 C and D).

Sema7A-Dependent Md® Intracellular Signaling. Having demon-
strated the phagocytic impact of Sema7A induction via interac-
tion with the o,f; integrin, we next aimed to investigate
downstream signaling. Murine peritoneal M®s>™7A~~ and
M®sSema7A+/+ were collected 4 h after the induction of perito-
nitis for analysis. We performed a protein microarray to deter-
mine the levels of expression and, accordingly, phosphorylation
of these proteins. The data showed that Sema7A activated the
mTOR and AKT1 phosphorylation-signaling pathways, which
are known to be important polarizing signals in regulating M®
metabolism and polarization toward the M2 phenotype (19)
(Fig. 3 A and B and SI Appendix, Fig. S4 A and B and Dataset
S1). Furthermore, mTORC2 activation plays a crucial role in the
proliferation, differentiation, and survival of M2 M®s (15).

Sema7A-Deficient Mice Display Impaired Resolution Features and
Worse Survival. Next, we exposed Sema7A ™~ mice and their lit-
termate controls to ZyA-induced peritonitis. At 4, 12, 24, and 48
h, we collected peritoneal lavages to monitor the onset and
resolution phases of acute inflammation. Sema7A*'* mice
exhibited maximal PMN infiltration at 12 h, followed by a de-
crease, yielding a resolution interval (Ri) of 5 h, whereas
Sema7A~"~ mice showed a stronger increase in neutrophil infil-
tration in association with a prolonged resolution interval of up
to 18 h (Fig. 44 and SI Appendix, Fig. S5). This response was
affiliated with increases in the TNF-a, IL-6, and KC Ilevels
(Fig. 4B). When focusing on the specific features of the resolu-
tion phase, in which monocytes and M®s predominantly control
resolution programs, we observed a significant increase in clas-
sical Ly6C™ monocytes and peritoneal M®s and a strong de-
crease in alternatively activated Ly6C'° monocytes. In this
regard, the efferocytosis rate of apoptotic PMNs was strongly
reduced in Sema7A™~ mice (Fig. 4C), suggesting that Sema7A
promoted an accelerated-resolution phenotype in acute perito-
nitis. Thus, endogenous SPMs derived from polyunsaturated
fatty acids, e.g., lipoxins, resolvins, protectins, and maresins, play
crucial roles in resolution programs. To elucidate the influence
of Sema7A on the resolution processes, we developed a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based
lipid-mediator profile (Fig. 4D and SI Appendix, Table S3) and
observed significantly decreased LXA, and PDX levels. This
reduction was also reflected in metabolites and pathway markers
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such as 5-HETE, 18-HEPE, 14,15-diHETE, 7-HDHA, and
19,20d-DiHdPA. Next, we showed that Sema7A affected the
repair and regeneration of peritoneal tissue, which resulted in a
reduced proliferating cell nuclear antigen (PCNA) response in
Sema7A™~ mice compared with Sema7A™"* mice (Fig. 4E). To
more closely mimic sepsis, a life-threatening illness, we deter-
mined whether Sema7A could influence the mortality of mice
afflicted with polymicrobial sepsis. We performed a survival test
in a cecal ligation and puncture (CLP) model and found that
Sema7A deficiency increased mortality rates and reduced sur-
vival by up to 78%. This effect was accompanied by a risk factor
for increased mortality and hypothermia (Fig. 4F).

Sema7AS'*“ Fosters the Resolution of Acute Inflammation and
Promotes Tissue Repair/Regeneration In Vivo. We next focused on
the potential therapeutic efficacy of Sema7AS™ in acute in-
flammation. Using a ZyA-induced murine peritonitis model, the
simultaneous administration of Sema7A%™*? and ZyA, reflecting
prophylactic treatment, improved resolution effects, as demon-
strated by reduced PMN recruitment, decreased Ly6Chl mono-
cytes, and increased Ly6C'® monocytes within the peritoneal
lavages (Fig. 54). These features were accompanied by an in-
crease in M® clearance and, ultimately, a shortening of the
resolution interval from 29 to 16 h (Fig. 5 B and C). In Sem-
a7ASd treated lavages, the levels of the inflammatory cyto-
kines were significantly reduced at 4 h, whereas that of the
proresolving/proregenerative cytokine TGF-p was significantly
increased at 12 h, reflecting nonphlogistic attributes of Sema7A
in cell recruitment (SI Appendix, Fig. S6 A and B). When per-
forming PCNA immunohistochemical staining, we detected an
increase in PCNA responses, implying that Sema7A contributes
to tissue repair and regeneration processes (SI Appendix, Fig.
S6B). The temporal regulation profile of Sema7A demonstrated
that it was strongly expressed at 4 h and then gradually decreased
in the resolution/regeneration phase (SI Appendix, Fig. S6C).
When comparing this phenomenon with the lipid-mediator
generation, Sema7A expression increased concomitantly with
the induced generation of SPMs and their precursors and path-
way markers (Fig. 5D and SI Appendix, Table S4). Furthermore,
we found increased levels of PGD, and PGE, at 4 h after
treatment with Sema7AS™, whereas at 12 h, these levels were
significantly reduced, suggesting that Sema7A led to a mediator
class switch from prostaglandins and leukotrienes to the bio-
synthesis of proresolving lipid mediators. These findings sub-
stantiated our M® metabolomic data, where citrate was strongly
expressed in Sema7A*/* | indicating increases in the production
of lipids, prostaglandins, and, finally, SPMs (Fig. 4D). Next, we
sought to evaluate the impact of Sema7AS™? at the peak of
inflammation, 4 h post ZyA treatment, to elucidate a potential
therapeutic impact and found a stronger influence of Sem-
a7ASMed in resolution processes compared with the WT, result-
ing in a resolution interval of 9 vs. 30 h (Fig. 5E and SI Appendix,
Fig. S6D). In a murine CLP sepsis model, Sema7ASM significantly
decreased mortality rates and improved survival by up to 200%
(Fig. 5F). We compared the impact of Sema7AS™ with the full-
length Sema7A protein at the peak of acute inflammation (4 h post
ZyA). Even though the Sema7A protein showed a similar profile as
Sema7AS™ the effect of Sema7AS““! is, however, stronger (ST
Appendix, Fig. S6 E and F).

Plasma Sema7A Is Associated with the Clinical Outcomes of Critically
Il Pediatric Patients with Abdominal Compartment Syndrome. In a
cohort of 143 critically ill children suffering from abdominal
compartment syndrome (ACS), ranging in age from newborns
to <18y, we determined a possible interdependence between the
plasma Sema7A levels on the days of admission to and discharge
from the pediatric intensive care unit (PICU) and the PRISM III
score (Fig. 6 A and B) (20, 21). Vital signs, cardiorespiratory
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Fig. 3.

Sema7A-dependent macrophage intracellular signaling. SEMA7A** and SEMA7A™~ animals were injected intraperitoneally with ZyA, and peritoneal

M®s were collected 4 h later. (A) The mTOR- and AKT-signaling pathways were assessed by protein expression and phosphorylation analysis by using a protein

parameters, drug administration, fluid balance, and intraabdominal
pressures were monitored constantly. Our data demonstrated
itically ill patients
'U compared to
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microarray. Samples were pooled from three to four mice in each group for each experiment. (B) Schematic model of the cellular effects of Sema7A.

those in the control group (Fig. 6B). Because of the inhomogeneity
of illness severity, the subjects were then divided into two test
groups, namely, those with PRISM III scores <13 and those with
PRISM III scores >13 (Fig. 6C). Compared with the control group,
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Fig. 4. SEMA7A™"" mice display deficient inflammation resolution. Sema7A-deficient mice and littermate controls were injected with ZyA, and peritoneal
lavages were collected at 4, 12, 24, and 48 h. (A) Total leukocytes were counted by light microscopy, and PMNs were identified by flow cytometry (n =6 to 16).
Resolution indices. (B) The cytokine levels of IL-1p, IL-6, and KC in peritoneal fluids were measured by enzyme-linked immunosorbent assay (ELISA) (n =5 to 6).
(C) Classical and nonclassical monocytes and M®s as well as monocyte-derived M® efferocytosis were quantified by flow cytometry (n =6 to 16). (D) The levels
of bioactive lipid mediators and precursors derived from arachidonic acid (AA), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) in the peri-
toneal fluids of SEMA7A** and SEMA7A ™~ animals treated with ZyA (n = 15 to 19) for 4 h were quantified by LC-MS/MS-based profiling. (E) PCNA expression
in peritoneal slices (24 h after ZyA injection) as detected by immunohistochemistry (n = 4) and the calculated indices (40x magnification). (Scale bar: 50 pm.)
(F) Survival rates and normalized body temperatures of SEMA7A** and SEMA7A™~ animals that underwent the CLP procedure with median survival and
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ent at least two independent experiments and are expressed as the mean + SEM (A-E) and the
unpaired two-tailed Student’s t test (A-E) or log-rank test (F). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5. Exogenous Sema7A activates resolution programs. WT animals were sequentially injected with ZyA and vehicle or Sema7AS4?, and lavages were
collected at 4, 12, 24, and 48 h. (A) Total leukocytes were counted by light microscopy, and PMNs and classical and nonclassical monocytes and (B) M®
efferocytosis were assessed by flow cytometry (n = 6 to 17). (C) Resolution indices. (D) The levels of bioactive lipid mediators and precursors, including those in
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Fig. 6. Sema7A in pediatric ICU patients with abdominal compartment syndrome. Plasma samples from 143 children in the ICU with and without ACS were

collected within 24 h after admission and on the day of discharge from the PICU of Hannover Medical School. (A) Representative images displaying critically ill

children with diaphragmatic elevation (Left), abdominal diastolic bloodflow in a patient with IAH (Middle) and a patient with ACS (after decompressive

laparotomy with the establishment of an open abdomen/laparostoma to reduce intra-abdominal pressure and the associated tissue and organ impairments)

(Right). (B) Sema7A levels were measured by ELISA on the day of admission to the ICU and on the day of discharge. (C) Overview of ICU patient characteristics

with a PRISM score <13 and a PRISM score >13. (D and E) Correlation between Sema7A and the clinical parameters of patients in the PICU with PRISM IlI

scores <13 (D) and >13 (E) on the day of admission. Spearman’s rank correlation coefficient Rho and the corresponding 95% Cl interval are shown. The results

are displayed as the mean + SEM. CI; significance was determined by the nonparametric Mann-Whitney U test (B); correlation was assessed using the

Spearman’s rank correlation test (D and E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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critically ill children with PRISM III scores <13 displayed approx-
imately three-fold higher Sema7A plasma concentrations, whereas
critically ill children with PRISM III scores >13 demonstrated ap-
proximately five-fold higher levels on the day of admission. On
the day of discharge, we observed a sharp decline in both groups to
approximately the same level, suggesting that Sema7A acted as a
progression marker, as it seemed to increase during the initial
resolution processes and then decrease. The initial increase in
Sema7A seems to provide a statement about the initial severity of
the patient’s illness, implying that more severe disease is correlated
with a higher Sema7A plasma concentration and, ultimately, with a
stronger impact of intervening in resolution programs. These
findings correlate with our murine peritonitis data showing that
Sema7A expression was significantly increased at the peak of in-
flammation and subsequently decreased (SI Appendix, Fig. S6C),
suggesting that Sema7A exhibits proresolving attributes, especially
in the early resolution phase. When comparing the Sema7A con-
centrations with the clinically assessed parameters, we observed
significantly increased correlation coefficients for the length of PICU
stay in both groups (Fig. 6 D and E). Further significant correlations
were found with the lactate level and intraabdominal hypertension
(IAH) grade but only in critically ill patients with PRISM scores >13
(Fig. 6E). We did not find significant correlations with serum lactate
dehydrogenase, suggesting that the increased Sema7A concentra-
tions did not arise from cell lysis (Fig. 6 D and E).

Discussion

Acute inflammation is an important component of protection
against infection or injury. However, it is increasingly appreci-
ated that nonresolving or sustained inflammation may lead to
chronic changes within organs, resulting in severe critical ill-
nesses such as peritonitis, sepsis, and respiratory distress syn-
drome (22). The underlying fundamental features of the
nonresolving processes are still incompletely understood; how-
ever, the inflammatory response and host defense begin with the
release of chemical mediators such as chemokines, cytokines,
and lipid mediators to activate PMN recruitment within the af-
fected tissue. This process is accompanied by monocyte/M®
phagocytosis, leading to leukocyte clearance and the generation
of local endogenous SPMs, termed the “resolution of inflam-
mation,” which ultimately reverts the tissue to homeostasis (14,
23). Checkpoints exist during an inflammatory response to reg-
ulate the inappropriate progression of inflammation (24). Re-
cent evidence has highlighted immunometabolism by which
intracellular metabolic changes induce functional alterations in
immune cells and, finally, in therapeutic potential (17). In re-
sponse to environmental signals, such as danger signals and in-
flammatory mediators, cells of the monocyte/M® lineage can
undergo metabolic changes with the emergence of different
functional phenotypes (25).

NGPs were initially identified to be crucial for the develop-
ment of the nervous system (3). Recent studies have revealed
biological parallels and interactions between the nervous and
immune systems, demonstrating crucial effects in inflammatory
events (26-30). The class of semaphorins is being increasingly
recognized as playing important roles in immune function (3).
Sema7A is a GPI-linked protein and a cellular homolog of viral
semaphorins encoded by vaccinia and herpesvirus (31). Follow-
ing proteolytic cleavage, Sema7A can also exist as a soluble
protein (5, 32, 33). Sema7A is expressed in a variety of immune
and nonimmune cells and thus influences the immune response.
Studies have demonstrated that Sema7A is crucial in T cell-,
monocyte- and M®-mediated inflammatory responses in contact
hypersensitivity, experimental autoimmune encephalomyelitis,
and pulmonary fibrosis through interactions with either the alp;
integrin or plexin C1 (32, 34). Recently, Sema7A was reported to
regulate cytokine-induced memory-like responses in human
natural killer cells, and erythrocyte-derived Sema7A was shown
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to induce thrombosis inflammation in myocardial ischemia/
reperfusion injuries (33, 35). Emerging evidence has revealed
that M® metabolism is extremely plastic and often reflects the
pathologies associated with certain disease states (9). Until re-
cently, these divergent metabolic reactions of M®s were pre-
sumed to be controlled by environmental influences and local
cytokine release. This approach was extended by the paradigm of
M1 and M2 M®s, which implies that M®s in the ground state,
MO, can be driven into either the M1 or M2 activation state after
exposure to defined mediators (36). To allow an immune re-
sponse, specialized cells of the immune system morph from a
state of relative silence to a state of high activity (37). Although it
has been reported that Sema7A is a negative regulator of M®
activation and IlI-10 expression (34), here we show that Sema7A
differentiates and polarizes human M®s toward the nonclassical
M2 phenotype (an M2-like phenotype seemed rather unlikely),
as demonstrated by the cell morphology and gene markers. This
finding was substantiated by reductions in proinflammatory cy-
tokines and an enhancement of IL-10, suggesting that Sema7A
induced nonphlogistic cell recruitment, a key characteristic of
the resolution programs (12). These properties of Sema7A are
consistent with those observed by Kang et al. in regards to dex-
tran sodium sulfate-induced colitis (6). Since the cells were
stimulated with a Sema7A SL4cd peptide, a soluble protein se-
quence that possesses the RGD motif, our data show that
Sema7A binds more specifically to the avB31 integrin receptor
and thus induces the M2 phenotype in both differentiation and
polarization. Considering that innate immunity has been attrib-
uted independently of lymphocytes to adaptive function after
initial insult, which is defined as “innate immune memory,”
metabolic changes in cells that are involved in inflammation are
crucial for its function (9). Classically activated M®, dendritic
cells, and Th17 cells display a transition toward aerobic glycol-
ysis, which is associated with the secretion of proinflammatory
mediators and reactive oxygen species. On the other hand, cells
that limit inflammation, such as alternatively activated M®s,
exhibit oxidative metabolism and antiinflammatory cytokine se-
cretion (9, 38). Studies of the control of glycolytic and oxidative
metabolic pathways have revealed that these metabolic programs
importantly influence cellular inflammatory reactions and ulti-
mately suggest a close relationship between metabolism and
immunity. Our data reveal parallels in M1/M2 differentiation
and polarization programs between epigenetic expression pat-
terns and changes in cellular glycolysis/fatty acid oxidation
equilibrium, suggesting that Sema7A is capable of both pre-
conditioning and educating myeloid progenitors. Consistent with
this, we identified major changes in Sema7A-deficient peritoneal
Mds, as reflected by enhanced levels of genes encoding key
regulators, such as HK2, GAPDH, PGK1, and ENOI1, which
ultimately resulted in increased lactate production (1). Enhanced
glycolysis was associated with induction of the PPP, which was
specifically detected based on the increased expression of G6PD,
PGLS, RPE, and TKT (16). Furthermore, the TCA cycle
appeared to be disrupted at the IDH and succinate SDH steps,
which resulted in increased levels of TCA cycle intermediates
such as succinate and fumarate. An additional metabolic signa-
ture involving the induction of succinate as well as fumarate
accumulation in M®s>*™37A~'~ eyolved from glutamine metab-
olism, which might be linked to trained immunity, showing that
monocytes and M®s are especially capable of undergoing long-
term adaptation in inflammatory processes through epigenetic
and metabolic reprogramming (18). However, given the data
resulting from the specific deletion of Sema7A in peritoneal
M®s and the image stream, protein microarray, and NMR ex-
periments, the predominant role of Sema7A in murine peritonitis
appears to be mediated through the interaction with the avf31
integrin receptor, resulting in activation of the mTOR and AKT1
phosphorylation signaling pathways within peritoneal M®s, which
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are known to be critical for regulating M® metabolism and
polarization toward the M2 phenotype (19). However, it must be
considered that dynamic immune cell migration occurs during
the resolution of inflammation, which might induce specific
mechanisms to control the diverse cellular behaviors. A specific
molecule/agent often has differential and diverse (e.g., contact-
dependent, paracrine, or autocrine) effects on different types
of target cells. While further studies are required, it is possible
that Sema7A simultaneously activates different mechanisms
in cells that contribute to resolution mechanisms, such as ap-
optotic neutrophils. The diversity of Sema7A is also reflected
in nonimmune cells. Sema7A derived from erythrocytes is
rapidly cleaved and, in its soluble form in plasma, promotes
thrombus formation and thromboinflammatory myocardial dam-
age through its direct interaction with GPIb (33). The authors
speculate that Sema7A may modulate the mechanosensory activity
of the receptor (33). Hong et al. demonstrated that Sema7A
promotes endothelial-to-mesenchymal transition through ATF3-
mediated TGF-B2/Smad signaling (39). Endothelial Sema7A up-
regulates the transcription factor ATF3 by interacting with the 1
integrin, resulting in TGF-B2 transcription and activation of the
TGF/Smad3-signaling pathway (39) .

As a part of the resolution phase, activated M®s arise from
both monocyte-derived M®s, which are replenished from the
bone marrow, and tissue-resident M®s, a specific lineage derived
from fetal stem cells (9). More recent research, however, pos-
tulates that different M® lineages are programmed to respond
divergently to tissue injury and disease (9). Using a murine
peritonitis model, we demonstrated that Sema7A induces an
antiinflammatory and proresolving phenotype in not only
monocyte-derived M®s but also resident M®s. This result sug-
gests that Sema7A might have a strong impact on the resolution
mechanisms. Nevertheless, it is highly important to better un-
derstand the functions of the specific M® lineages that affect the
outcomes of inflammation or disease. Considering that no spe-
cific treatments are currently available that target severe sys-
temic inflammatory diseases such as sepsis, investigations of the
biological actions of immunoresolvents are crucial, as this ap-
proach is altered from "combating inflammation” to “focusing
and promoting inflammation resolution” (38). While we cannot
exclude the possibility that Sema7A might also have direct ef-
fects on the metabolism and polarization of other innate cells
involved in resolution programs, our findings demonstrate that
Sema7A affects five main resolution program components: 1)
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