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Macrophages play important roles in conditions ranging from host immune defense
to tissue regeneration and polarize their functional phenotype accordingly. Next
to differences in the use of L-arginine and the production of different cytokines,
inflammatory M1 macrophages and anti-inflammatory M2 macrophages are also
metabolically distinct. In mammals, M1 macrophages show metabolic reprogramming
toward glycolysis, while M2 macrophages rely on oxidative phosphorylation to generate
energy. The presence of polarized functional immune phenotypes conserved from
mammals to fish led us to hypothesize that a similar metabolic reprogramming in
polarized macrophages exists in carp. We studied mitochondrial function of M1 and
M2 carp macrophages under basal and stressed conditions to determine oxidative
capacity by real-time measurements of oxygen consumption and glycolytic capacity by
measuring lactate-based acidification. In M1 macrophages, we found increased nitric
oxide production and irg7 expression in addition to altered oxidative phosphorylation
and glycolysis. In M2 macrophages, we found increased arginase activity, and both
oxidative phosphorylation and glycolysis were similar to control macrophages. These
results indicate that M1 and M2 carp macrophages show distinct metabolic signatures
and indicate that metabolic reprogramming may occur in carp M1 macrophages.
This immunometabolic reprogramming likely supports the inflammatory phenotype of
polarized macrophages in teleost fish such as carp, similar to what has been shown
in mammals.

Keywords: M1 M2 macrophage polarization, metabolic reprogramming, teleost, glycolysis, oxidative
phosphorylation (OXPHOS), oxidative metabolism, Seahorse, extracellular flux analysis

INTRODUCTION

Macrophages are essential innate immune cells involved in host defense that play a role in initiating
inflammation but also play a role in the resolution phase of inflammation and in tissue regeneration.
These opposing conditions provide microenvironments that drive innate immune cells such as
macrophages to display specific effector functions and tailor immune response to either combat
pathogens or repair damage. In mammals, depending on the exact microenvironment, an array of
different macrophage phenotypes can exist, with the most polarized phenotypes termed M1 and M2
(1). Inflammatory macrophages are commonly associated with T helper-1 responses (hence M1)
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and produce pro-inflammatory cytokines, antimicrobial nitric
oxide (NO), or other reactive oxygen radicals (ROS) (2-4).
Anti-inflammatory macrophages are commonly associated with
T helper-2 responses (hence M2), produce anti-inflammatory
cytokines, and show increased arginase activity. Hence, M1
macrophages metabolize the amino acid L-arginine to produce
NO, while M2 macrophages metabolize the same substrate
to produce proline and polyamines (3). Thus, M1 and M2
macrophages show opposing metabolism of L-arginine.

In mammals, macrophages are also metabolically
reprogrammed to enhance opposing pathways to generate energy
upon polarization [reviewed by (5, 6)]. Most studies addressing
macrophage immunometabolism have been performed in mice.
IL-4-activated M2 macrophages rely primarily on oxidative
phosphorylation (OXPHOS) for energy production, with the
exact role of fatty acid oxidation still being debated (6). In
contrast, upon activation with bacterial lipopolysaccharide (LPS)
alone or in combination with IFN-y, M1 macrophages show
metabolic reprogramming from OXPHOS toward glycolysis.
Reprogramming of M1 macrophages toward glycolysis is
accompanied by two “breaks” in the tricarboxylic acid cycle
(TCA cycle) and inhibition of parts of the electron transport
chain (ETC) in the mitochondria (5) (Figure 1). The two breaks
in the TCA cycle are due to lower activity and expression of
isocitrate dehydrogenase and succinate dehydrogenase (SDH)
and lead to an accumulation of citrate and succinate (Figure 1),
which supports important pro-inflammatory immune functions
of M1 macrophages. For example, accumulated citrate is shuttled
out of the mitochondria, and subsequent accumulation in the
cytosol contributes to the production of NO, ROS, and fatty acid
synthesis for membrane and granule formation. Accumulated
succinate contributes to ROS production and can stabilize
hypoxia-inducible factor 1-alpha (HIFla), which activates the
glycolytic pathway and drives inflammation through increased
expression of IL-1f (7). Released succinate acts as an alarmin in
the extracellular microenvironment and is recycled to generate
a feed-forward loop, further increasing IL-1p production (8).
Last but not least, inhibition of the ETC is mediated both by
NO and itaconate (Figure 1). Itaconate, produced from citrate
with the enzyme encoded by irgl, is considered an important
regulator of metabolic reprogramming, as it inhibits both
the ETC and TCA cycle through SDH, but is also important
to dampen inflammatory functions at later time points (6, 9).
Therefore, metabolic reprogramming from oxidative metabolism
to glycolysis supports several inflammatory immune functions in
M1 macrophages.

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate;
BMDM, bone marrow-derived macrophage; cAMP, N6,2/—O-dibutryladenosine
3":5'-cyclic monophosphate sodium; ECAR, extracellular acidification rate;
ETC, electron transport chain; FCCP, carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone; HIF1a, hypoxia-inducible factor 1-alpha; HKDM, head kidney-
derived macrophage; IFN-vy, interferon-gamma; IL-1f, interleukin 1-beta; IL-4,
interleukin 4; Irgl/Acodl, immune responsive gene 1/aconitate decarboxylase
1; LPS, lipopolysaccharide; NO, nitric oxide; OCR, oxygen consumption rate;
OXPHOS, oxidative phosphorylation; PCS, pooled carp serum; RET, reverse
electron transport; ROS, reactive oxygen species; SDH, succinate dehydrogenase;
TCA cycle, tricarboxylic acid cycle.
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FIGURE 1 | Schematic representation of metabolic reprogramming toward
glycolysis in M1 macrophages. Pathways indicated in black are retained or
enhanced in M1, pathways indicated in (dashed) gray are reduced in M1. The
uptake of glucose and glycolysis ()) is increased in M1, which results in excess
pyruvate that is converted to lactate and released from the cell. In the
mitochondria, two breaks in the TCA cycle result in the accumulation of citrate
and succinate. Accumulation of citrate contributes to three important changes:
(1) Citrate is converted to itaconate by the enzyme encoded by Irg7 (ll).
Itaconate in turn can inhibit both the TCA cycle and the electron transport
chain by blocking succinate dehydrogenase (SDH). (2) Citrate is also shuttled
out of the mitochondria, where it promotes NO production and fatty acid
synthesis (Ill). (3) Oxidative phosphorylation through the electron transport
chain is inhibited, both by itaconate-mediated inhibition of SDH and by
increased production of NO (IV). This causes increased levels of succinate,
which stabilize hypoxia-inducible factor 1-alpha (HIF1a) and are also released
and recycled by the cell. ROS generated by reverse electron transport (RET)
over the hyperpolarized mitochondrial membrane also stabilize HIF1a, which in
turn results in increased II-1p expression (V). Figure based on (6).

Fish macrophages show several of the immune functions
typically associated with M1 and M2 macrophages, and thus,
macrophage polarization may be largely conserved (10-12).
For example, M1 macrophages of carp show increased NO
production after stimulation with LPS alone (13, 14) or in
combination with Ifn-y (15) and show increased expression
of il-1B (10, 14). Zebrafish macrophages show stabilization of
Hifla and il-18 expression following mycobacterial infection
(16, 17). M2 macrophages of carp and goldfish show increased
arginase activity after stimulation with cAMP or 1I-4 (10, 18).
The apparent conservation of macrophage polarization led us
to hypothesize a conservation of the underlying changes in
energy metabolism and immunometabolic reprogramming in
fish macrophages. We therefore studied mitochondrial function
of M1 and M2 polarized carp macrophages under basal and
stressed conditions. We determined oxidative capacity by real-
time measurements of oxygen consumption, and we measured
glycolytic capacity by measuring lactate-based acidification.
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Our data provide the first evidence that carp macrophages
can use different pathways for energy metabolism associated
with macrophage polarization in teleost fish. We discuss
the implications of our findings for studying macrophage
polarization in exothermic aquatic vertebrates.

MATERIALS AND METHODS

Animals

European common carp (Cyprinus carpio carpio L.) used for
experiments were the offspring of a cross between the R3 strain
of Polish origin and the R8 strain of Hungarian origin (19).
Carp were bred and reared in the aquatic research facility of
Wageningen University and Research at 20-23°C in recirculating
UV-treated tap water and fed pelleted dry food (Skretting,
Nutreco) twice daily. All experiments were performed with the
approval of the Animal Experiments Committee of Wageningen
University and Research (Ethical Committee documentation
number 2017.W-0034).

In vitro Culture and Polarization of Head
Kidney-Derived Carp Macrophages

The head kidney in teleost fish is a primary hematopoietic organ
and can be considered the functional equivalent of bone marrow
(20). Head kidney-derived macrophages (from hereon referred
to as macrophages) were obtained as previously described (10).
After 6 days of culture at 27°C, macrophages were polarized
to M1 or M2 state. In short, macrophages were harvested by
gentle scraping after incubation on ice for 15min. Cells were
pelleted at 450 x g for 10min at 4°C before resuspension
in cRPMI+ [RPMI 1640 culture medium with 25 mM HEPES
and 2mM L-glutamine (12-115F Lonza), supplemented with L-
glutamine (2 mM, Gibco), penicillin G (100 U/ml), streptomycin
sulfate (100 g/ml, Gibco) and heat-inactivated pooled carp
serum (1.5% v/v)]. Cells were cultured at 27°C in the presence
of 5% CO; in cRPMI+ unless indicated otherwise. Macrophages
stimulated for 24h with 20 or 50wg/ml LPS (Escherichia
coli, 12880, Sigma-Aldrich) were considered M1. Macrophages
stimulated for 24h with 0.5 mg/ml dibutyryl cAMP (N6,2"-0-
dibutryladenosine 3/:5/—cyclic monophosphate sodium D0627,
Sigma Aldrich, abbreviated as cAMP) were considered M2.

NO Production

NO production for confirmation of functional polarization was
determined in culture supernatants of polarized macrophages.
In brief, 5 x 10° macrophages per well were seeded in 96-well
plates (Corning) in 150 pl of cRPMI+-. After polarization, NO
production was determined as nitrite in 75 pul culture supernatant
as described previously (21) and expressed in uM using a nitrite
standard curve.

Arginase Activity

Arginase enzymatic activity for confirmation of functional
polarization into M2 was measured in cell lysates and normalized
using a ratio of the sample protein content compared to lysate
of control cells. A total of 1.5 x 10° cells polarized for 24 h
in 450 pl cRPMI+ were lysed in 100 pl of 0.1% Triton

X-100. Protein content of the samples was determined using
the Bradford protein dye reagent (Bio-Rad) according to the
manufacturer’s protocol. Arginase activity was measured in 25
ul lysate essentially as described previously for 50 1 lysate (10),
but volumes were scaled down accordingly. Arginase activity was
determined as the conversion of L-arginine to urea by arginase
and expressed in nmol/min/10° cells.

Extracellular Lactate

The release of lactate into the culture supernatant was measured
using a lactate colorimetric assay (Kit II K627, BioVision) in
filtered samples (Amicon 10K spin column, Z677108-96EA,
Sigma-Aldrich) according to the manufacturer’s instructions.
Briefly, 1.5 x 10° cells were polarized in 450 wl cRPMI+
before culture supernatants from triplicate wells were pooled and
filtered. Fifty microliters of 25 x diluted culture supernatant
was combined with 50 pl reaction mix in a 96-well plate and
incubated for 30 min at room temperature. OD was measured
at 450 nm, and the concentration of lactate present in culture
supernatants was calculated based on a calibration curve supplied
by the manufacturer.

Mito Stress Test

Extracellular flux analysis of polarized macrophages was
performed by measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) using a Seahorse XFe96
extracellular flux analyzer (Agilent). We essentially applied
the manufacturer’s protocol and optimized culture conditions,
cell density, and carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP) concentrations to measure OCR and
ECAR in carp macrophages and adjusted all incubation steps
in the protocol to 27°C. For this, the XFe96 analyzer was kept
at room temperature and set to 20°C, which would keep the
analyzer at a stable 27°C 4 1°C during the complete assay.

To measure OCR and ECAR, culture medium of 1 x
10° macrophages/well-polarized for 24h in XF96 V3 PS Cell
Culture Microplates (Agilent) was replaced with 180 pl non-
buffered Seahorse XF base medium supplemented with 10 mM
D-glucose (Sigma) and 4mM L-glutamine (Gibco) at pH 7.4.
After incubation without CO; for 45min at 27°C, OCR and
ECAR were measured at basal level and after subsequent addition
of 1.5uM oligomycin, 0.2 M FCCP, and 2.5 M antimycin
A/1.25puM Rotenone/40 WM Hoechst DNA stain (all from
Sigma). The standard 20 min equilibration cycle at the beginning
of a Seahorse run was replaced by an incubation for 10 min
without additional mixing before measurements were started.
Measurement cycles consisted of 1 min mixing, 1 min waiting,
and 3 min measuring. A minimum of four technical replicates
were used for each condition.

To normalize OCR and ECAR measurements, we determined
the area covered with Hoechst stained nuclei for each well
according the manufacturer’s instructions. We subsequently used
the ratio for each well-compared to the average of all controls
for normalization of the OCR and ECAR data. Images were
taken with a Cytation 1 plate reader (BioTek) and analyzed using
CellProfiler (Version 3.1.9).
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Real-Time Activation of Macrophages

To track glycolysis and oxidative metabolism during activation of
macrophages in real time, 1 x 10° macrophages/well were plated
in XF96 V3 cell culture plates and cultured overnight. The cell
culture medium was replaced with 180 pl Seahorse XF RPMI
medium with 10 mM D-glucose and 4 mM L-glutamine (pH 7.4).
After incubation without CO, for 45 min, OCR and ECAR were
recorded at basal level and for at least 4h after addition of 20
or 50 wg/ml LPS, 0.5 mg/ml cAMP, or medium for unstimulated
controls as the first injection in the Seahorse run. The standard
20 min equilibration cycle at the beginning of a Seahorse run was
replaced by an incubation for 10 min without additional mixing.
Measurement cycles consist of 30 s mixing, 1.5 min waiting, and
3 min measuring. A minimum of four technical replicates were
used for each condition.

Gene Expression Analysis of irg1
Transcriptome sequencing was performed as described
previously (22, 23). After reads were aligned to the latest
genome assembly of common carp (BioProject: PRINA73579)
(22), differential gene expression was analyzed using the
bioinformatics package DESeq 2.0 (v1.22.2) and R statistical
software (3.5.5) (24) as described before (23). Statistical analysis
was performed using a paired design with unstimulated cells
as control and performed for LPS-stimulated (30 pwg/ml) and
cAMP-stimulated (0.5 mg/ml) macrophages independently
(n = 3 independent cultures for each stimulus).

Statistics

The mean of technical replicates was used for paired statistical
analysis of n = 6 biological replicates (NO production, arginase
activity, and Mito Stress test), n = 5 biological replicates (lactate
assay), or n = 3 biological replicates (gene expression).

Analysis of NO, arginase assays, and lactate assays was
performed with a repeated-measures ANOVA followed by
Tukey’s post hoc tests to determine significant differences between
treatments. Normal distributions were confirmed (Shapiro-
Wilk test), and in the absence of sphericity (Mauchly’s test of
sphericity), the Greenhouse-Geisser correction was applied. For
Mito Stress test analysis, Friedman’s two-way ANOVA by ranks
was used followed by Dunn’s post hoc tests for the non-normally
distributed samples. Statistical analysis was performed using
IBM SPSS statistics Version 26 and GraphPad Prism 5. Gene
expression analysis was performed using DESeq2 as described
above. Differences were considered significant when p < 0.05.

RESULTS

Metabolic Signatures of Polarized Carp

Macrophages

Macrophages were confirmed as polarized prior to determining
their metabolic pathways. LPS-stimulated M1 macrophages
showed increased NO production compared to unstimulated
macrophages, while cAMP-stimulated macrophages did not
(Figure 2A). cAMP-stimulated M2 macrophages showed
increased arginase activity compared to unstimulated
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FIGURE 2 | Polarized macrophages of carp show indications of distinct
metabolic profiles. Carp macrophages were left unstimulated (gray, control) or
were polarized for 24 h with LPS (red; 20 or 50 pg/ml) or with cyclic AMP (blue;
0.5 mg/ml). (A) Nitric oxide production measured as nitrite concentration (wM).
(B) Arginase activity measured as conversion of L-arginine to urea by arginase
(nmol/min/10° cells). (C) Lactate concentration (mM). Shown are individual fish
(each indicated by a unique symbol) and the mean and standard deviation of n
=6 (A,B) or n = 5 (C) biological replicates. (D) Gene expression of two carp
irg1 paralogs [cypCar_00026281 (star) and cypCar_00007908 (diamond)]
stimulated for 6 h with 30 wg/ml LPS (red) or with 0.5 pg/ml cAMP (blue)
analyzed by DEseq?2 after transcriptome sequencing. Gene expression data
are shown as log2 fold change compared to unstimulated controls (n = 3
biological replicates). Data (A-C) were analyzed using a repeated-measures
ANOVA with Geisser-Greenhouse correction followed by Tukey’s post hoc
tests. Data (D) were analyzed by DEseq?2 as part of a transcriptional study.
Differences were considered significant when p < 0.05. Asterisks (*) indicate
significant differences between stimulated and control groups or between
groups (line with asterisk). Since there were no clear differences between the
two concentrations of LPS, experiments were continued with 20 ug/ml LPS.

macrophages, while LPS-stimulated macrophages did
not (Figure 2B).

Metabolic signatures of polarized carp macrophages were
examined by measuring extracellular lactate production,
expression of irgl, and accumulation of intracellular citrate and
succinate. All these parameters were shown to play a role in the
metabolic reprogramming of murine M1 macrophages from
OXPHOS toward glycolysis. In carp macrophages, increased
lactate concentrations were measured in culture supernatants
of M1 but not M2 macrophages compared to unstimulated
macrophages (Figure 2C). Also, gene expression of irgl was

increased to a much higher extent in M1 than M2 macrophages
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FIGURE 3 | Oxygen consumption rates (OCRs) and extracellular acidification rate (ECAR) of polarized carp macrophages. Carp macrophages were left unstimulated
(gray, control) or were polarized for 24 h with LPS (red; 20 j.g/ml) or with cyclic AMP (blue; 0.5 pg/ml). Graphs display Mito Stress test profiles of (A) OCR and (B)
ECAR at basal level (time range a) and after subsequent addition of oligomycin (time range b), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (time
range c), and antimycin/rotenone (time range d). Normalized rates are shown as mean and SEM of one representative experiment out of n = 6 biological replicates.

(Figure 2D). Accumulation of intracellular citrate did not ETC and as such inhibits ATP production. Both M1 and M2
show differences between M1 and M2 macrophages, whereas = macrophages therefore decreased oxygen consumption while
intracellular succinate could not be quantified because levels  increasing extracellular acidification (time range b). Disruption
were below the detection limit (data not shown). Overall, the  of the mitochondrial membrane potential by injection of FCCP
combination of increased lactate production and increased induces maximal oxygen consumption. Indeed, after FCCP
irgl expression indicated that carp M1 macrophages showed a  injection, M1 and M2 macrophages both increased oxygen
metabolic reprogramming toward glycolysis. consumption, but M1 macrophages clearly showed much lower
OCR than control or M2 macrophages (time range c). Finally,
. injection of antimycin A and rotenone inhibits complex IIV and
OCR and ECAR of Polarized Carp coJmplex I of the YETC, thereby completely blockigg the ETC.
Macrophages M1 and M2 macrophages did not show differences in non-
To study in detail mitochondrial function and oxidative capacity = mitochondrial respiration after antimycin A and rotenone were
in polarized carp macrophages, we first optimized the Seahorse injected (time range d).
Mito Stress test for use with carp macrophages at a lower (27 C) Oxygen consumption and extracellular acidification data
temperature. We optimized cell density to 1 x 10° cells/welland  were used to quantify different metabolic parameters. Basal
found carp macrophages to be particularly sensitive to FCCP  respiration and ATP-linked respiration (OCR used for ATP
with a relatively low optimum concentration of 0.2 uM (tested  synthesis) were not significantly different between control and
range 0.1-3 uM). Then, we determined OCR (Figure 3A) as a  polarized carp macrophages. However, spare respiratory capacity
measure for oxidative metabolism and ECAR (Figure 3B) as  after injection with FCCP (time range c) was significantly
a measure for glycolysis. M1 and M2 macrophages did not  impaired in M1 carp macrophages, which reflected the impaired
show clear differences in OCR or ECAR at basal level (time  capacity of M1 macrophages to increase respiration and meet
range a). Injection of oligomycin blocks complex V of the increased energy demands when stressed. Maximal respiration

Frontiers in Immunology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 152


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Wentzel et al.

Metabolism of Polarized Fish Macrophages?

é Basal respiration _ ATP-linked _ Spare respiratory _ Maximal respiration
£ 100+ £ 100+ respiration £ 100+ capacity £ 200+
3 v 8 8 8
?2 80 v “"9 80 - "é 80 ; = vé 1504 ¥
< < e <
= 60+ = 604 = 604 =
5 5 ' 5 N 510044
2 404 2 404 ° 2 404 @
: : : : :
5 204 & 201 ¥ & 201 i s 999 L
o ' o o
[} 04 Q 04 Q 04 ¢ (&) 04
(@] N e e—— o - T T @) (@] N e e——
C LPS cAMP C LPS cAMP C LPS cAMP C LPS cAMP
B C
Basal acidification Glycolytic reserve Basal Log?2 fold change  ATP-linked
g‘ 100+ z 1004 respiration 0.5 respiration
Q [0}
o 80- o 80 . c
< 60 . Z 60 — LPS
E . v E v v — cAMP
é_ 40+ ¥ E_ 404 % %
o 20—‘é % x 204 ) Spare
(<) 6 glggsvlitlc respiratoy
w 0__Iﬁ—l_ w 0_—|—r—|— capacity
C LPS cAMP C LPS cAMP

Maximal
respiration

Basal
acidification

FIGURE 4 | Metabolic parameters underline differences in oxidative potential between polarized carp macrophages. Carp macrophages were left unstimulated (gray,
control) or were polarized for 24 h with LPS (red; 20 wg/ml) or with cyclic AMP (blue; 0.5 mg/ml). (A) Oxidative parameters based on OCR include basal respiration
(OCRa—OCRy), oxygen used for ATP synthesis (OCR,—OCRy,), maximal respiration (OCR;—OCRy), and spare respiratory capacity (OCR.-OCRj). (B) Glycolytic
parameters based on ECAR include basal acidification rate (ECAR,) and glycolytic reserve (ECAR,—ECAR,). (C) Spider plot depicting both oxidative and glycolytic
parameters of polarized carp macrophages (mean log2 fold change compared to respective controls). Metabolic parameters were calculated from normalized Mito
Stress test profiles of polarized macrophages and based on the mean of three consecutive measurements as indicated in Figure 3 with time periods a, b, ¢, or d.
Normalized rates are shown for individual fish (each indicated by a unique icon) and the mean and SD of n = 6 biological replicates. Differences were considered

significant when p < 0.05. Asterisks (*) indicate significant differences between stimulated and control groups.

was therefore also significantly reduced in M1 carp macrophages
(Figure 4A). In contrast, basal acidification or glycolytic reserve
did not change with polarization (Figure 4B), indicating that
the above-discussed reduction in oxidative capacity of M1
was not mirrored by an increase in glycolysis. Taking all
parameters together, polarized M1 macrophages of carp clearly
show a different metabolic profile compared to control and M2
macrophages (Figure 4C).

Although lactate levels were increased in M1 macrophage
culture supernatants (see Figure 2C), polarized carp
macrophages did not show differences in basal ECAR or in
glycolytic reserve after 24 h of polarization (see Figures 3B, 4B).
This could indicate that ECAR normalized after 24 h to control
ECAR levels and that ECAR peaked at earlier time points than
24 h. We thus performed a preliminary real-time measurement of
OCR and ECAR before, during, and immediately after activation
of carp macrophages. We observed a rapid, dose-dependent
increase in ECAR that remained high for the duration of the
experiment, but only in M1 macrophages (LPS stimulation)
(Figure 5B). In contrast, M2 macrophages (cAMP stimulation)

showed a rapid but very short increase in ECAR which rapidly
returned to values below controls. No differences in OCR were
observed within this time frame (Figure5A). These results
suggest that M1 carp rapidly increase their basal glycolysis and
that this increase is sustained up to 4 h but reverts to basal levels
at24 h.

DISCUSSION

Previous studies have shown a general conservation of carp
macrophage immune function with respect to their ability to
polarize toward a pro- or anti-inflammatory profile in response
to conventional M1 or M2 stimuli. These observations led
us to hypothesize the occurrence of metabolic reprogramming
of polarized macrophages of carp. To study this hypothesis,
we determined the oxidative and glycolytic capacity of M1
and M2 carp macrophages by measuring OCRs and ECARs
under basal and stressed conditions in real time. Carp Ml
macrophages show (i) reduced maximal respiration and (ii)
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FIGURE 5 | Real-time measurements of ECAR after activation with LPS or
cyclic AMP. Carp macrophages were left unstimulated (gray, control) or were
stimulated with LPS (red; 20 pg/ml or 50 wg/ml) or with cyclic AMP (blue; 0.5
mg/ml) by injection after determining basal OCR and ECAR levels. Panels
represent real-time measurements of OCR (A) and ECAR (B) for one
representative fish out of two. Means of three consecutive OCR and ECAR
measurements were normalized to basal level for each well using the mean of
three basal measurements before injection of the stimulus. Markers represents
the mean and SEM of technical replicates expressed relative to basal rates.

reduced spare respiratory capacity, both indicative of a reduction
in oxidative capacity. Furthermore, carp M1 macrophages show
(iii) increased lactate production after activation with LPS and
a rapid increase in ECAR which is sustained up to 4h but not
24 h. Finally, carp macrophages show (iv) increased production
of NO and (v) increased gene expression of irgl, which encodes
an enzyme that converts citrate to itaconate. Itaconate is a
metabolite that can inhibit both the TCA cycle and the ETC, thus
contributing to reduced oxidative capacity. Overall, carp M1 but
not M2 macrophages show reduced oxidative metabolism and
increased glycolysis.

To date, immunometabolic reprogramming of polarized
macrophages has been demonstrated primarily in mice,
where polarized macrophages show opposing pathways for
energy metabolism: M2s rely on OXPHOS, whereas Mls
are metabolically reprogrammed toward glycolysis. Our results
indicate that carp M1 macrophages alter their energy metabolism
in a manner similar to what has been described for murine M1
macrophages. On the other hand, carp M2 macrophages did not
significantly alter their energy metabolism from control cells.
Using real-time measurements similar to the ones applied in the
present study for carp, M1 murine macrophages were shown to
reprogram their energy metabolism toward glycolysis (25-27).

At basal level, murine M1 macrophages show increased
glycolysis and reduced OXPHOS. When pushed toward maximal
capacity, murine M1 macrophages show a drastic decrease
in maximal respiration and spare respiratory capacity. This
metabolic reprogramming appears to be responsible for their
inability to repolarize from M1 to M2, as they do not regain
their oxidative capacity upon repolarization, whereas M2 can
repolarize into M1 macrophages without problems (26). At basal
level, carp M1 macrophages did not show the increased glycolysis
and reduced OXPHOS observed for murine M1 macrophages.
This could be because the initial reprogramming of carp LPS-
stimulated macrophages toward glycolysis had already been
normalized at the start of our measurements. The absence
of differences at basal level could be the result of several
differences in experimental circumstances between the studies
on macrophages of mouse and carp, among which are the
exact origin of macrophages, stimuli, and temperature. However,
the absence of a difference at basal level may also suggest
that carp M1 macrophages were not terminally differentiated
by LPS and could possibly still repolarize from M1 to M2, a
hypothesis of interest for future studies. Overall, and similar
to what has been observed for murine macrophages, carp M1
macrophages show reduced oxidative capacity when pushed
to maximal respiration (Figures 6A,B). Although the absolute
difference between polarized M1 and M2 macrophages appears
smaller in carp than in mice, the energy metabolism of carp M1
macrophages appears similar to that of murine M1 macrophages.

In this study, we gained important insights into the metabolic
pathways used by carp M1 macrophages and compared these to
the metabolic pathways described for M1 polarized macrophages
of mice (Figure 6C). Carp M1 macrophages increase lactate
production and shift toward glycolysis immediately after
stimulation with LPS, although the exact kinetics remain to be
studied. Although we could not detect differences between M1
and M2 in citrate accumulation, we did detect an upregulation of
irgl expression, which potentially leads to increased itaconate. In
mice, both itaconate and NO can contribute to an inhibition of
the ETC. Although we can detect increased inos gene expression
and increased production of NO in carp M1 macrophages, the
contribution of itaconate and/or NO to inhibition of the ETC in
carp macrophages remains to be studied. Furthermore, although
we previously reported an upregulation of il-18 in macrophages
stimulated with LPS (10, 14) and although it is known that Hifla
is stabilized and linked to il-18 expression during mycobacterium
infection of zebrafish (16, 17), it remains to be confirmed if Hifla
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FIGURE 6 | Schematic representation of metabolic reprogramming of carp M1 macrophages upon stimulation with LPS. Schematics of OCRs for (A) murine bone
marrow—derived macrophages [BMDMs; based on (25, 26)] and (B) carp head kidney-derived macrophages (HKDMs; this study). Colors represent control
macrophages (gray), polarized M1 macrophages (red), or M2 macrophages (blue). (C) Schematic representation of metabolic reprogramming toward glycolysis in
murine macrophages, but modified for carp M1 macrophages. Pathways in black are enhanced and pathways in gray with dashed lines are decreased in murine M1
macrophages. Text in green refers to intermediates with regulation in LPS-stimulated carp macrophages similar to regulation in mice. Text in blue refers to intermediates
present in zebrafish but not yet studied in carp. Text in red refers to mechanisms present in carp M1 macrophages but not regulated similarly to those in mice. Figure
based on (6). Description: (l) Increased lactate in culture supernatants suggests increased glycolysis. (Il) LPS-stimulated macrophages show increased irg7 expression
and (Ill) increased inos gene expression and NO production. (IV) Reduced oxidative capacity suggests inhibition of the ETC to some degree, but the mechanism needs
confirmation. Succinate accumulation could not be confirmed at this point. (V) Hif1a stabilization exists under inflammatory conditions and is linked to increased i-18
transcription in zebrafish (16, 17). Increased il-18 expression has been shown in carp (14), but causation has yet to be determined. ROS production occurs in carp

macrophages but is low after LPS stimulation (28). Both succinate and ROS can theoretically stabilize Hif-1a, but the mechanisms need to be confirmed for carp.

stabilization is required for il-1/ expression in carp. Since we do
not generally observe ROS production by carp macrophages in
response to LPS (28) and were not able to measure intracellular
succinate, it remains to be determined which of the two would
contribute to the stabilization of Hifla. Overall, we provide
evidence of clear similarities as well as differences between
polarized macrophages of mouse and carp.

Carp M2 macrophages did not show a clear increase in
maximal respiration compared to controls. Moreover, differences
between basal and maximal capacity appeared to be relatively
small when compared to those of mice (26). Again, differences
in experimental conditions between the studies on macrophages
of mouse and carp, among which are the exact origin of
macrophages, stimuli, and temperature, can maybe help explain
such differences. However, respiration in carp macrophages
may also be regulated within more narrow boundaries than in
mice: controlled use of oxygen may be particularly important in
animals that breathe under water, where available oxygen levels
can be more often critical than in air. Studies into the effect of
oxygen availability on cellular energy metabolism, in particular,
the metabolic reprogramming of innate immune cells, may
therefore be of high interest for aquatic animals. Furthermore,

oxygen availability is inversely related to temperature (29),
and temperature can also directly influence mitochondrial
function. For example, at lower temperatures, composition of
the mitochondrial membrane changes to counteract reduced
membrane fluidity, which in turn changes the ADP affinity of
the mitochondria [reviewed by (30)]. Temperature may thus
play an important role in metabolic reprogramming. Carp are
ectothermic fish that can be acclimatized to a large temperature
range and a large range of oxygen pressures, which makes
our model adaptable to study mitochondrial functioning and
metabolic reprogramming of innate immune cells under varying
environmental conditions.

Our studies confirm the general conservation of carp
macrophage immune function with respect to their ability
to polarize toward a pro- or anti-inflammatory profile in
response to conventional M1 or M2 stimuli, and further
studies could refine the extent of this conservation. Our
studies also help to improve the understanding of fundamental
mechanisms underlying energy metabolism and metabolic
reprogramming of immune cells in teleost fish and open
a field of comparative immunometabolism for exothermics
aquatic vertebrates.

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 152


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Wentzel et al.

Metabolism of Polarized Fish Macrophages?

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal

Experiments ~ Committee  of = Wageningen  University
and Research.
AUTHOR CONTRIBUTIONS

AW, JJ, VB, and GW contributed to the design of the
experiments. AW performed experiments, and AW, WV, MFE, and
GW contributed to the analysis of data. GW acquired funding.

REFERENCES

1. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, et al.
Transcriptome-based network spectrum  model
of human macrophage activation. (2014)  40:274-88.
doi: 10.1016/j.immuni.2014.01.006

2. Nathan CE Hibbs JB. Role of nitric oxide synthesis in macrophage
antimicrobial ~ activity. ~ Curr  Opin  Immunol.  (1991)  3:65-70.
doi: 10.1016/0952-7915(91)90079-G

3. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hil AM. M-1/M-2
Macrophages and the Th1/Th2 paradigm. J Immunol. (2000) 164:6166-73.
doi: 10.4049/jimmunol.164.12.6166

4. Fang FC. Antimicrobial actions of reactive oxygen species. MBio. (2011)
2:e00141-11. doi: 10.1128/mBi0.00141-11

5. O'Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. (2016) 16:553-65. doi: 10.1038/nri.2016.70

6. Van den Bossche J, O’Neill LA, Menon D. Macrophage Immunometabolism:
where are we (going)? Trends (2017)  38:395-406.
doi: 10.1016/.it.2017.03.001

7. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick
AF, Goel G, et al. Succinate is an inflammatory signal that induces IL-1p
through HIF-1a. Nature. (2013) 496:238-42. doi: 10.1038/nature11986

8. Littlewood-Evans A, Sarret S, Apfel V, Loesle P, Dawson ], Zhang J,
et al. GPRI1 senses extracellular succinate released from inflammatory
macrophages and exacerbates rheumatoid arthritis. /| Exp Med. (2016)
213:1655-62. doi: 10.1084/jem.20160061

9. O'Neill LAJ, Artyomov MN. Itaconate: the poster child of metabolic
reprogramming in macrophage function. Nat Rev Immunol. (2019) 19:273-81.
doi: 10.1038/541577-019-0128-5

10. Joerink M, Ribeiro CMS, Stet RJM, Hermsen T, Savelkoul HFJ, Wiegertjes
GF. Head kidney-derived macrophages of common carp (Cyprinus carpio L.)
show plasticity and functional polarization upon differential stimulation. J
Immunol. (2006) 177:61-9. doi: 10.4049/jimmunol.177.1.61

11. Forlenza M, Fink IR, Raes G, Wiegertjes GF. Heterogeneity of
macrophage activation in fish. Dev Comp Immunol. (2011) 35:1246-55.
doi: 10.1016/j.dci.2011.03.008

12. Wiegertjes GF, Wentzel AS, Spaink HP, Elks PM, Fink IR. Polarization
of immune responses in fish: The ‘macrophages first point of
view. Mol Immunol. (2016) 69:146-56. doi: 10.1016/j.molimm.2015.
09.026

13. Saeij JPJ, Stet RJM, Groeneveld A, Verburg-van Kemenade LBM, van
Muiswinkel WB, Wiegertjes GF. Molecular and functional characterization of
a fish inducible-type nitric oxide synthase. Immunogenetics. (2000) 51:339-46.
doi: 10.1007/s002510050628

14. Piazzon MC, Savelkoul HFJ, Pietretti D, Wiegertjes GF, Forlenza M. Carp
1110 has anti-inflammatory activities on phagocytes, promotes proliferation

reveals a
Immunity.

analysis

Immunol.

AW drafted the manuscript, and GW, WV, ME, J], and VB
critically reviewed the manuscript.

FUNDING

This research was funded by the European Commission
under the 8th (H2020) Framework Program for Research
and Technological Development of the European Union
(PARAFISHCONTROL Grant No. 634429). J] was funded by
the NWO-WIAS Graduate Programme 2016 Grant [Wageningen
Institute of Animal Sciences (WIAS) and Dutch Organization for
Scientific Research (NWO)].

ACKNOWLEDGMENTS

Marleen Scheer is gratefully acknowledged for her assistance in
obtaining head kidney leukocytes.

of memory T cells, and regulates B cell differentiation and antibody secretion.
J Immunol. (2015) 194:187-99. doi: 10.4049/jimmunol.1402093

15. Arts JAJ, Tijhaar EJ, Chadzinska M, Savelkoul HFJ, Verburg-van Kemenade
BML. Functional of carp interferon-gamma: evolutionary
conservation of classical phagocyte activation. Fish Shellfish Immunol.
(2010) 29:793-802. doi: 10.1016/j.£51.2010.07.010

16. Elks PM, Brizee S, van der Vaart M, Walmsley SR, van Eeden FJ], Renshaw
SA, et al. Hypoxia inducible factor signaling modulates susceptibility to
mycobacterial infection via a nitric oxide dependent mechanism. PLoS Pathog.
(2013) 9:€1003789. doi: 10.1371/journal.ppat.1003789

17. Ogryzko NV, Lewis A, Wilson HL, Meijer AH, Renshaw SA, Elks PM. Hif-
la-Induced Expression of Il-1B Protects against Mycobacterial Infection in
Zebrafish. ] Immunol. (2019) 202:494-502. doi: 10.4049/jimmunol.1801139

18. Hodgkinson JW, Fibke C, Belosevic M. Recombinant IL-4/13A and IL-4/13B
induce arginase activity and down-regulate nitric oxide response of primary
goldfish (Carassius auratus L.) macrophages. Dev Comp Immunol. (2017)
67:377-84. doi: 10.1016/j.dci.2016.08.014

19. Irnazarow I Genetic variability of polish and hungarian carp lines.
Aquaculture. (1995) 129:215. doi: 10.1016/0044-8486(95)91961-T

20. Zapata A, Amemiya CT. Phylogeny of lower vertebrates and their
immunological structures BT. In: Du Pasquier L, Litman GW, editors. Origin
and Evolution of the Vertebrate Immune System. Berlin; Heidelberg: Springer
Berlin Heidelberg (2000). p. 67-107. doi: 10.1007/978-3-642-59674-2_5

21. Saeij JPJ, Van Muiswinkel WB, Groeneveld A, Wiegertjes GF. Immune
modulation by fish kinetoplastid parasites: a role for nitric oxide. Parasitology.
(2002) 124:77-86. doi: 10.1017/S0031182001008915

22. Kolder ICRM, van der Plas-Duivesteijn SJ, Tan G, Wiegertjes GE
Forlenza M, Guler AT, et al. A full-body transcriptome and proteome
resource for the European common carp. BMC Genomics. (2016) 17:701.
doi: 10.1186/512864-016-3038-y

23. Petit J, Bailey EC, Wheeler RT, de Oliveira CAF, Forlenza M,
Wiegertjes GF. Studies into B-Glucan recognition in fish suggests a
key role for the C-type lectin pathway. Front Immunol. (2019) 10:280.
doi: 10.3389/fimmu.2019.00280

24. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

25. Van den Bossche J, Baardman J, de Winther MPJ. Metabolic characterization
of polarized M1 and M2 bone marrow-derived macrophages using real-time
extracellular flux analysis. J Vis Exp. (2015) 28:53424. doi: 10.3791/53424

26. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele
AE, van den Berg SM, et al. Mitochondrial dysfunction prevents
repolarization of inflammatory macrophages. Cell Rep. (2016) 17:684-96.
doi: 10.1016/j.celrep.2016.09.008

27. Vijayan V, Pradhan P, Braud L, Fuchs HR, Gueler F Motterlini R, et al.
Human and murine macrophages exhibit differential metabolic responses

analysis

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 152


https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.1016/0952-7915(91)90079-G
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1128/mBio.00141-11
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1016/j.it.2017.03.001
https://doi.org/10.1038/nature11986
https://doi.org/10.1084/jem.20160061
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.4049/jimmunol.177.1.61
https://doi.org/10.1016/j.dci.2011.03.008
https://doi.org/10.1016/j.molimm.2015.09.026
https://doi.org/10.1007/s002510050628
https://doi.org/10.4049/jimmunol.1402093
https://doi.org/10.1016/j.fsi.2010.07.010
https://doi.org/10.1371/journal.ppat.1003789
https://doi.org/10.4049/jimmunol.1801139
https://doi.org/10.1016/j.dci.2016.08.014
https://doi.org/10.1016/0044-8486(95)91961-T
https://doi.org/10.1007/978-3-642-59674-2_5
https://doi.org/10.1017/S0031182001008915
https://doi.org/10.1186/s12864-016-3038-y
https://doi.org/10.3389/fimmu.2019.00280
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3791/53424
https://doi.org/10.1016/j.celrep.2016.09.008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Wentzel et al.

Metabolism of Polarized Fish Macrophages?

28.

29.

30.

to lipopolysaccharide - A divergent role for glycolysis. Redox Biol. (2019)
22:101147. doi: 10.1016/j.redox.2019.101147

Pijanowski L, Scheer M, Verburg-van Kemenade BML, Chadzinska
M. Production of inflammatory mediators and extracellular traps by
carp macrophages and neutrophils in response to lipopolysaccharide
and/or interferon-y2. Fish Shellfish Immunol. (2015) 42:473-82.
doi: 10.1016/j.£51.2014.11.019

Wetzel RG. Oxygen. In: WETZEL RGBT, editor. Limnology. San Diego, CA:
Academic Press (2001). p. 151-68. doi: 10.1016/B978-0-08-057439-4.50013-7
O’Brien KM. Mitochondrial biogenesis in cold-bodied fishes. J Exp Biol.
(2011) 214:275-85. doi: 10.1242/jeb.046854

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wentzel, Janssen, de Boer, van Veen, Forlenza and Wiegertijes.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

February 2020 | Volume 11 | Article 152


https://doi.org/10.1016/j.redox.2019.101147
https://doi.org/10.1016/j.fsi.2014.11.019
https://doi.org/10.1016/B978-0-08-057439-4.50013-7
https://doi.org/10.1242/jeb.046854
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Fish Macrophages Show Distinct Metabolic Signatures Upon Polarization
	Introduction
	Materials and Methods
	Animals
	In vitro Culture and Polarization of Head Kidney–Derived Carp Macrophages
	NO Production
	Arginase Activity
	Extracellular Lactate
	Mito Stress Test
	Real-Time Activation of Macrophages
	Gene Expression Analysis of irg1
	Statistics

	Results
	Metabolic Signatures of Polarized Carp Macrophages
	OCR and ECAR of Polarized Carp Macrophages

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


