The Journal of Immunology

Complement C5a Functions as a Master Switch for the pH
Balance in Neutrophils Exerting Fundamental
Immunometabolic Effects

Stephanie Denk,*! Miriam D. Neher,*! David A. C. Messerer,* Rebecca Wiegner,*
Bo Nilsson,” Daniel Rittirsch,” Kristina Nilsson-Ekdahl,§ Sebastian Weckbach,'H
Anita Ignatius," Miriam Kalbitz,” Florian Gebhard,” Manfred E. Weiss, **

Josef Vogt,”” Peter Radermacher,”” Jorg Kohl,*%% John D. Lambris,"’ and
Markus S. Huber-Lang*

During sepsis, excessive activation of the complement system with generation of the anaphylatoxin C5a results in profound
disturbances in crucial neutrophil functions. Moreover, because neutrophil activity is highly dependent on intracellular pH
(pH;), we propose a direct mechanistic link between complement activation and neutrophil pH;. In this article, we demonstrate
that in vitro exposure of human neutrophils to C5a significantly increased pH; by selective activation of the sodium/hydrogen
exchanger. Upstream signaling of C5a-mediated intracellular alkalinization was dependent on C5aRl1, intracellular calcium,
protein kinase C, and calmodulin, and downstream signaling regulated the release of antibacterial myeloperoxidase and lacto-
ferrin. Notably, the pH shift caused by C5a increased the glucose uptake and activated glycolytic flux in neutrophils, resulting in a
significant release of lactate. Furthermore, C5a induced acidification of the extracellular micromilieu. In experimental murine
sepsis, pH; of blood neutrophils was analogously alkalinized, which could be normalized by C5aR1 inhibition. In the clinical
setting of sepsis, neutrophils from patients with septic shock likewise exhibited a significantly increased pH;. These data suggest a
novel role for the anaphylatoxin C5a as a master switch of the delicate pH; balance in neutrophils resulting in profound

inflammatory and metabolic changes that contribute to hyperlactatemia during sepsis. The Journal of Immunology, 2017, 198:

4846-4854.

fter severe tissue trauma or infections, patients are ex-

posed to various danger- and pathogen-associated mo-

lecular patterns that trigger a robust activation of the
complement and neutrophil defense systems, which are clinically
manifested as systemic inflammatory response syndrome or sepsis
(1, 2). The complement activation product C5a functions as a
central molecule in the development of the overwhelming in-
flammatory response in sepsis (3, 4). Studies revealed that high
levels of C5a and its interaction with C5aR1 resulted in over-
activation of central neutrophil functions, including cytoskeletal
reorganization, chemotaxis, phagocytosis, cytokine release, and re-
spiratory burst (5, 6). Remarkably, all of these cellular functions
were reported to be dependent on intracellular pH (pH;) modulation

(7-10). Moreover, C5a and cellular pH changes effectively control
apoptosis, as well as drive tumor growth and invasion (11, 12). In
these pathological and inflammatory conditions, the pH; homeo-
stasis of cells is substantially challenged due to a decreased
extracellular pH microenvironment that results from enhanced
anaerobic metabolism (13, 14). In addition, intracellular accu-
mulation of detrimental acid equivalents generated by activation
of the NADPH oxidase or the pentose phosphate pathway, for
example, represents a potential risk for intracellular acidification
of neutrophils (15, 16). Physiologically, neutrophils can minimize
intracellular H* excess through several proton-extrusion systems,
including the sodium/hydrogen exchanger 1 (NHE1), proton-
translocating V-type adenosine triphosphatases (V-ATPases), and
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NADPH oxidase—associated H" conductance channels (17-19). A
well-adjusted regulation of these H* exporter systems is crucial to
modulate neutrophil pH; and especially to guarantee efficient
microbicidal functions of neutrophils. In this context, it is established
that cellular activation is further associated with an increased
energy demand/consumption. Studies indicate that, in neutrophils,
the energy required for chemotaxis, phagocytosis, and radical
formation is primarily derived from glycolysis (20-22), whereas
the few mitochondria mainly serve to control apoptosis (23, 24).
Although an increased glycolytic activity has been proposed after
stimulation with trypsin-digested C5, a direct linkage among
complement activation, pH; regulation, and metabolic activity has
been not investigated.

In the present study, we propose that C5a, as a key mediator of
innate immunity, tips the pH balance of neutrophils, exerting ef-
fects on fundamental immune-modulatory and metabolic functions,
especially under systemic inflammatory conditions.

Materials and Methods

Reagents

Unless otherwise indicated, all reagents were purchased from Sigma-
Aldrich.

Isolation of human neutrophils

Whole blood from healthy volunteers was drawn into syringes containing
10% anticoagulant citrate dextrose (Fresenius Kabi) within a prospective
observational clinical study, as approved by the Independent Local Ethics
Committee of the University of Ulm (approval number 16303). Neutrophils
were isolated using Ficoll-Paque gradient centrifugation (Amersham
Biosciences), followed by a dextran sedimentation step. After hypotonic
lysis of residual erythrocytes, neutrophils were resuspended, as specified
below, in Dulbecco’s PBS (DPBS; Life Technologies) or HBSS (Life
Technologies).

Neutrophil stimulation

Isolated human neutrophils (2 X 10° cells per milliliter, in DPBS) were
incubated in the presence or absence of human rC5a (0.1-100 nM) or C3a
(0.1-100 nM; both from Calbiochem) for 1-30 min at 37—C. For blockade
of C5aR1, neutrophils were treated with increasing concentrations (0.01—
10 wM) of the selective small peptide C5aR1 antagonist (C5aR1A), AcF
[OPdChaWR] (25, 26), for 10 min at 37°C.

Inhibition of proton-extrusion and intracellular signaling
mechanisms

To investigate different mechanisms of proton extrusion, isolated human
neutrophils were incubated at 37°C with a hydrogen potassium ATPase
inhibitor (omeprazol, 10 M, 10 min), a V-ATPase inhibitor (bafilomycin
Al, 0.1 pM, 5 min), an inhibitor of NADPH oxidase—associated H*
channels (zinc chloride, 50 wM, 5 min), a sodium exchanger inhibitor
(amiloride hydrochloride hydrate, 200 wM, 5 min) or an acylguanidine der-
ivate [(4-cyanobenzo[b]thiophene-2-carbonyl)guanidine, methanesulfonate]
(Calbiochem) as a specific NHE! inhibitor (NHE1-Inhib; 5 M, 10 min). For
assessment of underlying signaling mechanisms, neutrophils were exposed to
BAPTA-AM (10 pM, 60 min), PD98059 (50 wM, 60 min), staurosporine
(0.7 uM, 30 min), Y-27632 (10 uM, 30 min) (BioSource), thapsigargin
(2 uM, 30 min), SKF-96365 (12.5 and 50 uM, 30 min), EDTA (10 mM,
10 min), or the calmodulin antagonist W-7 (40 uM, 30 min) (Biomol).

Sodium-free medium

To compare cellular responses in Na*-containing and Na*-free medium,
neutrophils were resuspended in buffers containing 5 mM KCI, 1 mM
MgCl,, 1 mM CaCl,, 10 mM HEPES, 10 mM glucose, and either 140 mM
NaCl (pH 7.3) or equiosmolar amounts of N-methyl-p-glucamine (pH 7.3).

Neutrophil pH;

For measurement of pH;, neutrophils were incubated with 1 wM carboxy-
seminaphthorhodafluor-1 acetoxymethyl ester acetate (Life Technologies)
for 20 min at 37°C. After washing, cells were resuspended in DPBS. Flow
cytometric measurement was performed using a FACSCanto II cytometer
(BD Biosciences). The ratio of emitted mean fluorescence intensities
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(MFIs) at 585 and 682 nm, after excitation at 488 nm, was determined.
MFI ratios were converted to pH units using the nigericin/high K* method
of calibration, as previously described (27).

Extracellular pH

Isolated human neutrophils (5 X 10° cells per milliliter) were resuspended
in HBSS without Ca®*/Mg** + 0.1% glucose. Cells were pretreated with
C5aR1A (10 pM, for 10 min) before stimulation with human rC5a (10 nM,
for 15 min) at 37°C in a total volume of 500 wl. The extracellular pH was
determined in the cell supernatant (800 X g, 5 min, 4°C) using a clinical
blood gas analyzer (Radiometer ABL700 Series; Radiometer, Copenhagen,
Denmark).

Myeloperoxidase and lactoferrin assays

For assessment of myeloperoxidase (MPO) activity, neutrophil supernatant
or standard human MPO (Merck) was incubated with tetramethylbenzidine
(100 pg/ml) and H,0, (0.0016%) at 37°C. After 5 min, the reaction was
terminated by the addition of 2 M H,SO,, and the absorbance was de-
termined using a spectrophotometric reader at 450 nm (CytoFluor Series
4000; Perspective Biosystems). Concentrations of lactoferrin in neutrophil
supernatants were measured using a commercially available ELISA kit,
specific for human lactoferrin, according to the manufacturer’s instructions
(Assaypro).

Lactate production

The glycolytic activity of neutrophils was determined by measuring the
extracellular lactate concentration. Isolated human neutrophils (5 X 10°
cells per milliliter, in HBSS without Ca®*/Mg** + 0.1% glucose) were
incubated in the presence or absence of human rC5a (1-100 nM) for
15 min at 37°C. For C5aR1 blockade, cells were pretreated with C5aR1A
(10 uM) before C5a stimulation (10 nM). The L(*)-lactate concentration
was determined in the cell supernatant (800 X g, 5 min, 4°C) using the
commercially available lactate assay kit II.

Glucose-uptake assays

Glucose uptake was analyzed using the fluorescent glucose analog 2-[N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-6-deoxyglucose (2-NBDG; Mo-
lecular Probes). Neutrophils were equilibrated in DPBS and pretreated with
C5aR1A (10 uM), NHE1-Inhib (50 wM), or DPBS (control) for 10 min at
37°C. 2-NBDG (15 M) was added, and basal 2-NBDG uptake was deter-
mined as FITC MFI by flow cytometry. Neutrophils were then stimulated
using C5a (10 nM), and 2-NBDG uptake was measured after 1, 5, and
10 min. The C5a-induced glucose uptake was calculated as the fold in-
crease between the C5a-stimulated 2-NBDG uptake and the basal 2-NBDG
uptake for each sample.

Determination of glycolytic flux and relative activity of the
pentose-phosphate shunt

To determine the origin of lactate in the neutrophil supernatant fluid, gas
chromatography/mass spectrometry was performed. Isolated human neu-
trophils (5 X 10° cells per milliliter) were incubated with C5a (15 min) in
the presence or absence of the NHE1-Inhib (50 wM) in 50% 1,2-["*C]
glucose—enriched HBSS medium. After incubation, a 100-pu1 sample of the
incubation medium before and after incubation was spiked with 50 pg
1,2,3-l3 C-labeled lactate. The dried and spiked samples were derivatized
with 25 l of N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (abcr) to
form the tert-butyldimethylsilyl derivative of lactate as the derivative. The
derivatized samples were injected into an Agilent 6980 gas chromatograph/
5975 mass spectrometer system, and the mass distribution of the molecular
ion was assessed in the range m/z 261-265 by integration of the corresponding
mass traces. The mass distribution was converted to the mole fractions of
lactate molecules carrying 0, 1, 2, or 3 labeled carbons (M0, M1, M2, M3)
using the approach of Vogt et al. (28). The (MO+M1+M2)/M3 ratio was
taken as the ratio of the lactate amount produced by granulocytes over the
amount of the 1,2,3—[13C] lactate spike, and the difference between pre- and
postincubation values was used to assess the amount of lactate accumulated
during incubation. The M2/M1 ratio was used to assess the fractional
contribution of the pentose-phosphate shunt to the lactate accumulation
using the formulas of Lee et al. (29).

Animals

For experimental sepsis, male C57BL/6 mice (weighing 25-30 g; pur-
chased from the Jackson Laboratory) were used. All animals had unre-
stricted access to food and water. The in vitro stimulation experiments
were conducted on neutrophils from homozygous C5aR1 (C5aR1~'7) or
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C5aR2 (C5aR27/7) gene—knockout mice on a C57BL/6 background and
strain-matched wild-type animals (5-6 mo old, weighing 25-35 g). The
knockout mice were generated by Dr. C. Gerard (Boston Children’s
Hospital, Boston, MA).

Experimental sepsis by cecal ligation and puncture

The study was approved by the University of Ulm Committee on the Use
and Care of Animals (approval number 988). Mice from the same litters
were randomly assigned to each experimental group. Experimental sepsis
was induced by cecal ligation and puncture (CLP), as previously described
(30). In brief, after abdominal midline incision, 50% of the cecum was
ligated below the ileocecal valve (midgrade CLP). The cecum was then
punctured by a single through-and-through perforation (21-gauge needle),
and a small portion of feces was extruded. Mice received buprenorphine
(0.01 mg/kg body weight) s.c. every 8 h after surgery. For blockade of
C5aR1, mice received a single i.v. injection of C5aR1A AcF[OPdChaWR]
(1 pg/g body weight) in 300 pl of sterile DPBS immediately after the CLP
procedure in a nonblinded manner; control animals were injected with a
scrambled control peptide at the same concentration. Sham-operated mice
received sterile DPBS (300 wl) after undergoing identical procedures as
CLP mice, with the exception of ligation and puncture of the cecum.
Whole blood was collected 24 h after surgery into EDTA-containing sy-
ringes, and neutrophil pH; was determined by flow cytometry. No animal
or extracted sample was excluded from any of the analyses, with the ex-
ception of nonsurviving septic animals.

Clinical sepsis

Ten patients who fulfilled the clinical criteria for severe sepsis or
septic shock (based on the guidelines of the American College of Chest
Physicians/Society of Critical Care Consensus Conference Committee)
were analyzed within a prospective observational monocenter study
(NCTO00736723). Ten sex- and age-matched healthy volunteers served as a
control group. Blood was drawn from patients in the early phase of septic
shock (within 6 h), and blood samples from patients and volunteers were
analyzed for neutrophil pH; by flow cytometry. Written informed consent
was obtained for all study participants. The study was performed with the
permission of the Independent Local Ethics Committee of the University
of Ulm (approval number 11407).

Statistical analysis

Results are presented as mean = SEM; n values indicate the numbers of
different donors used. Donors were used only once per experiment to
account for donor-to-donor variability. Statistical analysis was performed
using SigmaStat 3.5 (Systat Software). Data sets were analyzed using one-
way ANOVA, followed by the Student—Newman—Keuls test as a post hoc
test for multiple comparisons. In the case of nonparametric distribution,
Kruskal-Wallis ANOVA on ranks, followed by the Dunn method, was
performed. For analysis of differences between two normally distributed
groups, a two-tailed 7 test was used. The p values <0.05 were considered
statistically significant.

Results

CSa-induced intracellular alkalinization of neutrophils

To assess the effects of the anaphylatoxin C5a on pH; regulation of
neutrophils, complement activation was first simulated in vitro.
Isolated human neutrophils were incubated with DPBS alone
(control) or with 10 nM human rC5a for 1-30 min at 37°C, and its
potential impact on neutrophil pH; was determined by flow
cytometry. At concentrations found in plasma during sepsis (31-33),
C5a induced a rapid and transient elevation in pH;, reaching its
maximum 5 min after stimulation (Fig. 1A). This alkalinization
was dose dependent and reached a plateau at C5a concentrations
> 2.5 nM, whereas human C3a failed to significantly alter pH;
(Fig. 1B). To characterize the specificity of the C5a effect and to
determine the role of C5aR1 in the observed pH; increase, neu-
trophils were treated with increasing concentrations (0.01-10 M)
of the selective small peptide C5aR1A AcF[OPdChaWR] (25)
prior to C5a stimulation; control cells were incubated with DPBS
only. As shown in Fig. 1C, C5aR1A reduced the C5a-induced
alkalinization in a dose-dependent manner. At C5aR1A concentra-
tions = 1 pM, the C5a effect was completely abolished, indicating

C5a-INDUCED pH CHANGES IN NEUTROPHILS

that the C5a-induced increase in pH; was dependent on upstream
C5aR1 signaling.

CSa-induced pH; increase is mediated by NHE]

To define the proton-expelling mechanisms involved in the C5a-
triggered pH; response in an initial screening, neutrophils were
treated with inhibitors of the main pH; regulatory pumps and
channels prior to C5a stimulation. Blockade of hydrogen potas-
sium-ATPase, V-ATPases, or NADPH oxidase-associated H*
channels all failed to affect the C5a-induced pH; increase (Fig. 2A).
In striking contrast, blockade of sodium channels by amiloride
(Fig. 2A) completely abolished the C5a effect. To further charac-
terize the involved transporter, we proceeded to specifically block
NHEI using a highly selective NHE1-Inhib (15), (4-cyanobenzo[b]
thiophene-2-carbonyl)guanidine, methanesulfonate (Fig. 2B).
Moreover, replacement of extracellular Na™ (by equiosmolar
amounts of N-methyl-p-glucamine) as a driving force for NHE1
led to a marked decrease in the resting pH; of unstimulated cells,
suggesting a relevant role for NHE1 in the regulation of pH; under
basal conditions. Subsequent exposure of neutrophils to C5a
prevented the C5a-induced pH; increase (Fig. 2C), demonstrating
that the complement-mediated pH; regulation in neutrophils is
highly dependent on NHE1 activity. In this regard, isolated
neutrophils from C5aR1 ™'~ mice were unable to increase their
pH; in response to C5a stimulation, which was contrary to the
significant pH; increase observed for neutrophils from wild-type
or C5aR2™'~ mice (Fig. 2D), ruling out a substantial contribution
of C5aR2 to the observed pH shift.

CSa-induced activation of NHEI is dependent on intracellular
Ca?*/calmodulin and protein kinase C

To assess the underlying NHEI1 activation pathway, human neu-
trophils were treated with a series of signaling inhibitors before C5a
stimulation (Table I). C5a-mediated pH; changes were not signif-
icantly affected by PD98059 (50 uM for 60 min) as selective in-
hibitor of MEK-1 or Y-27632 (10 uM for 30 min) as inhibitor of
the Rho-associated protein kinase (ROCK). In contrast, the intra-
cellular Ca®* chelator BAPTA-AM, as well as the protein kinase
C (PKC) inhibitor staurosporine, significantly reduced the CSa-
induced alkalinization. To further characterize the Ca2+-dependent
regulation of neutrophil pH;, we used several inhibitors for blockade
of intra- or extracellular Ca®*. Thapsigargin, which depletes intra-
cellular Ca®* stores in neutrophils by inhibiting the reuptake of
Ca®" into the endoplasmic reticulum through Ca®*-dependent
ATPases (15, 34), significantly reduced the C5a-induced alkalin-
ization of neutrophils. In contrast to thapsigargin, SKF-96365
selectively blocks receptor-mediated Ca>* entry from the extra-
cellular medium while sparing internal Ca”* release at concentra-
tions that cause ~50% inhibition of the Ca* influx (ICsp 11.2 £
1.4 uM); at higher concentrations, additional effects on internal
Ca>* release could be demonstrated (35). Preincubation of neu-
trophils with 12.5 uM SKF-96365 did not affect pH; regulation
by C5a, whereas the C5a effect was significantly decreased in the
presence of 50 wuM SKF-96365. The role of extracellular Ca** was
further assessed by the addition of 10 mM EDTA to the stimu-
lation medium as a chelator of external Ca”*. However, no re-
duction in the C5a-induced decrease in pH; could be detected after
depletion of extracellular Ca**. To discover a potential link be-
tween the Ca>* dependency of the C5a response and the direct
regulation of NHEI, involvement of the Ca®*-binding protein
calmodulin was determined. The calmodulin antagonist W-7 blocked
the CS5a-mediated pH shift (Table I), revealing a crucial contribution
of Ca®*/calmodulin in the activation cascade of NHE1 induced by
C5a.
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NHE]I blockade attenuates neutrophil degranulation

With regard to the functional effects downstream of the NHEI1-
mediated pH; increase, we analyzed neutrophil degranulation as a
hallmark of endogenous antibacterial defense. Short-term exposure
of neutrophils to C5a already enhanced the release of azurophilic
granules (MPO) and specific granules (lactoferrin), both of which
were significantly decreased after NHE1 inhibition (Fig. 3). Thus,
C5a-induced degranulation in neutrophils might be regulated by a
pHj-dependent mechanism.
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CSa-induced activation of glycolytic flux is pH dependent

Because cellular activation, in general, is associated with increased
energy demand/consumption, we determined the uptake of the
fluorescent glucose analog 2-NBDG immediately after C5a stim-
ulation. As depicted in Fig. 4A, C5a significantly increased the
glucose uptake in neutrophils, which could be completely abol-
ished by pretreatment with NHE1-Inhib or C5aR1A. Furthermore,
in C5aR1-knockout mice, neutrophils were incapable of increasing
the glucose uptake after stimulation with murine C5a (Fig. 4B).
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Table 1.  Effect of extra- and intracellular signaling modulators on the C5a-induced pH; change in neutrophils

C5a-Induced pH; Changes

Modulator (Concentration, Versus Control

Versus Modulator

Preincubation Time) (ApH Units) (ApH Units) Inhibition (%) p Value® Inhibition of
PD98059 (50 uM, 60 min) 0.209 £ 0.03 0.162 £ 0.03 225 0.28 MEK
Y-27632 (10 pM, 30 min) 0.227 *+ 0.03 0.224 = 0.05 1.3 0.94 ROCK
BAPTA-AM (10 puM, 60 min) 0.208 = 0.03 0.054 £ 0.03 73.7 0.009 Intracellular Ca>*
Staurosporine (0.7 M, 30 min) 0.235 = 0.03 0.002 = 0.01 99.2 <0.001 PKC
Thapsigargin (2 pM, 30 min) 0.247 = 0.02 0.057 £ 0.01 76.9 <0.001 Reuptake of Ca** into the ER
SKF-96365 (12 pM, 30 min) 0.235 £ 0.03 0.232 = 0.04 1.3 0.95 Recegtor—mediated uptake of [Ca®*]ex
SKF-96365 (50 pM, 30 min) 0.235 £ 0.03 0.075 = 0.04 68.1 0.006 Ca“* release from internal stores
EDTA (10 mM, 10 min) 0.243 = 0.02 0.260 = 0.06 0 1 [Ca®ex
W-7 (40 uM, 30 min) 0.221 £ 0.03 0.064 £ 0.04 71.0 0.01 Calmodulin

Freshly isolated human neutrophils were incubated in the absence (control) or presence of the indicated modulators before C5a stimulation (10 nM, 5 min; n = 5-8). At low
concentrations (12 uM), SKF-96365 selectively blocks receptor-mediated Ca®* entry, whereas at higher concentrations (50 wM), internal Ca®* release is blocked.
“p values < 0.05 (bold) indicate a significant inhibitory effect of the modulator on the C5a-mediated pH; change compared with control.

[Ca2+]cx, extracellular calcium; ER, endoplasmic reticulum.

To investigate whether the increased glucose uptake was associated
with an increased glycolysis rate, we determined lactate generation
by neutrophils as an indicator for glycolytic activity. As depicted in
Fig. 4C, C5a resulted in a significant concentration-dependent
increase in extracellular lactate generation. Gas chromatography/
mass spectrometry analysis showed that the C5a-induced lactate
completely originated from aerobic glycolysis compared with the
pentose phosphate pathway (Fig. 4D). That the CSa-induced ac-
tivation of glycolytic flux was sensitive to pH; changes could
be demonstrated by blocking this pathway with NHEI1-Inhib
(Fig. 4E), which significantly reduced the lactate generation due
to C5a incubation. These results illustrate a novel mechanistic
link between the complement system and immune-metabolic
adaptation.

Sepsis-induced increase in pH; in neutrophils is C5a dependent

Because acidosis is a frequent finding in patients with severe
sepsis, we investigated whether C5a stimulation of neutrophils
results in acidification of the extracellular micromilieu. Indeed,
in vitro exposure of isolated neutrophils to C5a led to a significant
decrease in pH of the external buffer within 15 min that could be
normalized with the specific C5aR1A (Fig. 5A).

To extrapolate the pH; findings into the complex in vivo setting
of sepsis, we determined the pH; of blood neutrophils from mice
24 h after CLP-induced sepsis or sham intervention. During fully
established sepsis, pH; of neutrophils was significantly increased
compared with sham animals (Fig. 5B). Administration of C5aR1A
(1 pg/g body weight) immediately after sepsis induction normalized
the neutrophil pH;, whereas a control peptide failed to do so.

In a clinical study, patients suffering from severe sepsis or
septic shock caused by various underlying diseases all exhibited a

significantly elevated neutrophil pH; compared with age- and sex-
matched healthy volunteers (Fig. 5C). Remarkably, the extent of
the pH; shift during sepsis was similar to the pH; changes observed
in septic animals and after in vitro exposure of neutrophils to C5a.
These results indicate that, during sepsis, high levels of C5a lead
to an increase in the neutrophil pH; that is associated with func-
tional and metabolic activation (Fig. 6).

Discussion

During inflammatory conditions, complement activation triggers
the activation of crucial neutrophil functions. The modulation of
neutrophil functionality is further highly dependent on pH; regu-
lation. In the current study, we demonstrate a direct mechanistic
linkage between the complement system and the tightly regulated
pH; homeostasis of neutrophils that is decisive for functional and
metabolic activation (Fig. 6). Interaction of C5a with the G protein—
coupled C5aR1 was found to increase neutrophil pH; by stimu-
lation of NHEI, which resulted in increased degranulation and
activation of glycolytic flux in neutrophils.

For the activation of NHE1, an intracellular proton load has been
considered the driving force. However, NHE1 activity can also be
regulated by different hormones, growth factors, and inflammatory
mediators that are supposed to induce modifications (phosphory-
lation, binding) of the C-terminal cytoplasmic domain of the
exchanger and, thus, alter the affinity for intracellular protons (15,
18). In most cell types, G protein—coupled regulation of NHE1 has
been reported to be unresponsive to changes in cAMP; rather, it
depends on Ca**/PKC, Ca>*/calmodulin, or RhoA/ROCK sig-
naling (15). In this regard, a high-affinity calmodulin binding
site was described to regulate NHE1 activity in response to the
Ca®*-triggered signaling pathway (36, 37). Furthermore, tyrosine
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FIGURE 4. Effect of the C5a-induced
pH; change on human neutrophil metabolic
activity. (A) Glucose uptake of neutrophils
using the fluorescent glucose analog 2-
NBDG. Neutrophils were treated with
C5aR1A (10 uM), NHE1-Inhib (50 uM), or
DPBS (Ctrl) for 10 min before C5a stimu-
lation (10 nM, for 1 min) (n = 4-6). (B) 2-
NBDG uptake of neutrophils from wild-type
(WT), C5aR2-knockout (C5aR27'7), and
C5aR1-knockout (C5aR17/7) mice 1 min
after stimulation with murine C5a (10 nM)
or DPBS (Ctrl) (n = 3-5). C5a-induced
glucose uptake was calculated as the fold
increase between the C5a-stimulated and
the basal 2-NBDG uptake (before stimula-
tion) for each sample (a + b). (C) Lactate
concentration in the supernatant of neutro-
phils 15 min after incubation with increas-
ing concentrations of C5a (n = 7); at 10 nM
C5a, an additional set of neutrophils (n = 4)
was treated with C5aR1A (10 wM) before
C5a stimulation (n = 4). (D) Discriminative
analysis of lactate generation in the neu-
trophil supernatant (5 X 10° cells) origi-
nated from glycolysis and the pentose
phosphate pathway (PPP) after 15 min of
C5a exposure, as assessed by gas chroma-
tography/mass spectrometry (n = 10). (E)
Amount of glycolysis-derived lactate in the
neutrophil supernatant after pretreatment of
5 X 10° cells with NHEI-Inhib (50 uM),
followed by C5a stimulation (15 min) (n =
8). *p < 0.05 versus control, *p < 0.05
versus 10 nM C5a. Ctrl, control; n.s., not
significant.
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kinase receptors have been shown to increase NHE1 activity via lease from internal stores, which subsequently induced direct
cascades including MEK1/2 and MAPK. Results from the current activation of NHEI via interaction of PKC and calmodulin.
study clearly demonstrate that C5a stimulation leads to Ca* re- In contrast, an indirect NHE1-activation mechanism has been
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FIGURE 6. Model for the C5a-induced intra-
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assumed for fMLF. Studies revealed that stimulation of neutro-
phils with fMLF resulted in an initial pH; decrease through the
accumulation of acidic metabolites that was counteracted by
compensatory proton-induced NHET1 activation (10) and sustained
intracellular alkalinization.

The increase in pH caused by C5a appears to be a prerequisite for
the activation of neutrophil functions such as migration, chemotaxis,
and superoxide production (8, 9). Subsequent amplification of re-
active oxidants by MPO-dependent mechanisms, together with the
microbicidal activity of lactoferrin, ensure the fundamental defense
mechanisms of neutrophils. However, during sepsis, massive C5a
generation results in excessive neutrophil activation and degranu-
lation (3, 5, 38), which has the potential to trigger “innocent by-
stander” injury that promotes tissue damage and organ dysfunction
(39, 40). The extracellular acidification by C5a may also contribute
to this cytotoxic behavior. Importantly, inhibition of the C5a—C5aR1
interaction displayed protective effects at a cellular and organ level
and improved the overall outcome (26). The present results suggest
that the balancing effect on the pH; homeostasis of neutrophils
contributes to this protective behavior. In support of this, models of
ischemia and reperfusion injury, known to be complement driven,
also revealed protective effects on ischemia and reperfusion—
related tissue necrosis via blockade of NHE1 (41, 42).

Beyond the functional activation, our study reveals that
CSa-induced intracellular alkalinization led to enhanced acti-
vation of glycolytic flux, most likely via highly pH-sensitive
phosphofructokinase-1 (PFK1). Mechanistically, PFK1 serves as
a key control point within the glycolysis cascade and can be already
fully activated by equivalent pH increases (10, 43) that can be
achieved by C5a concentrations measured in patients with sepsis
(31, 32). Moreover, the C5a—C5aR1 interaction induced a rapid
pH-dependent increase in the glucose uptake, providing the source
for the enhanced glycolytic flux that is basically required for ac-
tivation of neutrophil functions. Thus, our present results are in
line with the notion of C5a acting as insulin for neutrophils (44)
and revealed a novel role for the complement-activation product
as a molecular switch for metabolic activation of neutrophils.
For monocytes, it has recently been shown that a mammalian

target of rapamycin (mTOR)/hypoxia-inducible factor-la
(HIF-1a)-mediated metabolic shift toward aerobic glycolysis is
fundamentally required for trained immunity (45). Although a
specific immunological memory through DNA accessibility and
gene expression is unlikely in neutrophils, a C5a-induced priming
effect (46) via glycolysis is conceivable. In this context, leuko-
cytes from septic patients exhibited an enhanced mTOR/HIF-1o—
dependent expression profile of glycolytic genes during the acute
phase, whereas in immune paralyzed cells, both glycolytic path-
ways and oxidative-metabolism pathways were substantially
downregulated (47). However, the present C5a-induced activation
mechanism of the glycolytic flux was independent of mTOR,
because pretreatment of neutrophils with the mTOR inhibitor
rapamycin did not impair the C5a effect (data not shown). Thus,
the rapid metabolic-activation process by C5a seems to be inde-
pendent of the known mTOR/HIF-1a axis and, instead, is medi-
ated by a pH; switch.

In patients with severe sepsis, enhanced lactate levels were
identified as an independent predictor of sepsis mortality (48).
Furthermore, systemic acidic conditions are frequently observed.
In accordance with this, our previous animal studies revealed that,
in rodent CLP sepsis, lactate levels were significantly increased,
and an increased blood pH was associated with a poor outcome.
All of these effects could be improved by a therapeutic C5a
blockade (38, 49), suggesting that hyperlactatemia and extra-
cellular acidification during sepsis might result from tissue
hypoperfusion or microcirculatory disorders, as well as from
complement-activated and primed immune cells. Mechanistically,
hyperlactatemia and acidification of the extracellular milieu could
be induced by increased glycolysis, with subsequent extrusion of
lactate and protons and activation of the Na*/H* exchanger due to
the C5a-mediated increase in pH;. This is of specific clinical rel-
evance because our in vivo data confirmed a sepsis-induced in-
crease in pH; in neutrophils after CLP-induced sepsis, as well as
during human sepsis. In rodent sepsis, this intracellular alkalin-
ization could be completely abolished by C5aR1 inhibition.
Therefore, complement-inhibitory strategies (50) might address
immune surveillance (51) and coagulation cross-talk (52, 53)
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during systemic inflammatory conditions, as well as balance basic
physiological mechanisms critical for pH homeostasis and meta-
bolic activity of neutrophils.
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