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Abstract

A sufficient response of neutrophil granulocytes stimulated
by interleukin (IL)-8 is vital during systemic inflammation, for
example, in sepsis or severe trauma. Moreover, IL-8 is clini-
cally used as biomarker of inflammatory processes. Howev-
er, the effects of IL-8 on cellular key regulators of neutrophil
properties such as the intracellular pH (pH;) in dependence
of ion transport proteins and during inflammation remain to
be elucidated. Therefore, we investigated in detail the fun-
damental changes in pH;, cellular shape, and chemotactic
activity elicited by IL-8. Using flow cytometric methods, we
determined that the IL-8-induced cellular activity was large-
ly dependent on specificion channels and transporters, such
as the sodium-proton exchanger 1 (NHE1) and non-NHE1-
dependent sodium flux. Exposing neutrophils in vitro to a

proinflammatory micromilieu with N-formyl-Met-Leu-Phe,
LPS, or IL-8 resulted in a diminished response regarding the
increase in cellular size and pH. The detailed kinetics of the
reduced reactivity of the neutrophil granulocytes could be
illustrated in a near-real-time flow cytometric measurement.
Last, the LPS-mediated impairment of the IL-8-induced re-
sponse in neutrophils was confirmed in a translational, ani-
mal-free human whole blood model. Overall, we provide
novel mechanistic insights for the interaction of IL-8 with
neutrophil granulocytes and report in detail about its altera-
tion during systemic inflammation.
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Introduction

Neutrophil granulocytes are the most abundant cells
of the innate immune system. An appropriate activation
of these cells is vital for the sufficient clearance of patho-
gens, particularly during systemic inflammation as in
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sepsis. Following stimulation with potent chemoattrac-
tants, including the complement activation product 5a
(C5a) and the chemokine interleukin (IL)-8 (synonym:
C-X-C motif chemokine ligand 8, CXCLS8), neutrophils
become activated and migrate to the inflammatory envi-
ronment, where they form the “first cellular line of de-
fense” [1-3]. However, prolonged and excessive inflam-
matory stimulation can lead to neutrophil dysregulation
and dysfunction, which represent major drivers of innate
immune dysfunction and multiorgan dysfunction syn-
drome during sepsis [4, 5].

ILs such as IL-6 and IL-8 are widely used as a diagnos-
tic and prognostic marker for infectious (e.g., septic) and
other inflammatory (e.g., traumatic) conditions [6, 7].
However, the relevance of IL-8 during systemic inflam-
mation is not completely understood [6-9]. The main
function of IL-8 regarding neutrophils is the induction of
chemotaxis. In addition, IL-8 causes a release of lysosom-
al enzymes, an upregulation of adhesion molecules, an
increase of intracellular calcium, and priming of the oxi-
dative burst [10-14]. These effector functions are medi-
ated by two G-protein coupled chemokine receptors
CXCR1 (CD181) and CXCR2 (CD182), with CXCR2 be-
ing more relevant for chemotaxis and cellular functions
during inflammatory conditions and being significantly
downregulated in patients with sepsis [15-17].

Exposure of neutrophils to chemoattractants, for ex-
ample, C5a or N-formyl-Met-Leu-Phe (fMLF, formerly
termed fMLP), resulted in a defined cellular response as
reported in previous studies. This process involves a rise
in intracellular calcium, cellular depolarization, and in-
tracellular alkalization as well as a change in cellular mor-
phology toward an oval shape, and activation of glucose
uptake (GlcU) [18-23]. There is increasing evidence that
these cellular responses after stimulation become defec-
tive in the setting of systemic inflammation [19-22] and
thus are hallmarks of neutrophil dysfunction under such
conditions. Consequently, they are of growing interest as
diagnostic and/or prognostic markers and promote the
development of immunomodulatory strategies during
excessive inflammation [22-24]. Moreover, the rele-
vance of these physiological parameters is illustrated by
the fact that they are closely associated with cellular ef-
fector functions. For example, a lower cytosolic pH is as-
sociated with higher rates of apoptosis and a reduced
ability to migrate, whereas an alkaline pH seems to pre-
vents apoptosis [25, 26]. In addition, changes in intracel-
lular pH (pH;) modulate cellular migration of neutro-
phils [27-30].
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A previous report demonstrated that after IL-8 stimu-
lation, similar cellular changes may occur in adherent
neutrophils, including transient depolarization and alka-
lization [29]. However, the mechanistic involvement of
various ion transport proteins in these alterations and the
relationship with an inflammatory environment are hith-
erto not completely elucidated [29, 31, 32]. Several studies
indicated the relevance of these underlying ion currents
and signaling mechanisms, both for the regulation of cel-
lular effector functions and inflammatory processes [20,
21, 24, 28, 30, 33]. Of note, these studies were frequently
performed with adherent cells and/or in the absence of
extracellular HCO;™ in the buffer medium, although this
ion is essential for physiological homeostasis and is in-
volved in transport processes that are relevant for various
neutrophil functions [20, 34-36]. Furthermore, IL-8 has
been linked to changes in crucial immune functions, for
example, chemotaxis and NETosis [14, 37], rendering a
change in pH; and metabolism likely. In this context, an-
tagonists of IL-8 are already used in the treatment of se-
vere inflammatory conditions. However, the data are still
limited and partly inconsistent [38-40]. Overall, IL-8
clearly plays an important role during systemic inflam-
mation [6, 9, 10, 41, 42]. Therefore, a better understand-
ing of the IL-8-induced neutrophil activation and par-
ticularly its underlying mechanisms during systemic in-
flammation are of great scientific and clinical interest
because they might reveal pharmacological targets for the
regulation of an IL-8-induced excessive inflammatory re-
sponse and to identify potential diagnostic markers of
cellular dysfunction in sepsis.

In the present study, we (1) analyze the rapid physio-
logical response of neutrophils upon IL-8 stimulation, (2)
compare it with the response to other clinically relevant
inflammatory mediators, (3) identify involved ion chan-
nels and transporters, and (4) report significant changes
of IL-8-induced responses during ex vivo simulated sep-
sis.

Materials and Methods

All reagents were purchased from Merck (Darmstadt, Germa-
ny), when not indicated otherwise.

Granulocyte Preparation

Following ethical approval by the Local Independent Ethics
Committee of the University of Ulm (number 459/18; 94/14), in-
formed written consent was obtained from healthy human volun-
teers (age 18-35 years, male and female) without acute or chronic
medication and with no signs of infection. Whole blood was drawn
by peripheral venipuncture as described by the World Health Or-
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ganization guidelines [43]. Blood was drawn into syringes contain-
ing 3.2% trisodium citrate (Sarstedt, Niimbrecht, Germany). Neu-
trophils were isolated by Ficoll-Paque (GE Healthcare, Uppsala,
Sweden) density gradient centrifugation (30 min, 340 g, room tem-
perature) and subsequent dextran sedimentation (30 min, room
temperature). Residual erythrocytes were removed by hypotonic
lysis (10 s of resuspension in distilled and sterile water). Hypo-
tonic lysis might affect forward scatter of neutrophils; however, in
previous experiments, cellular swelling relapsed to baseline level if
isotonicity is restored [44]. For faster preparation of neutrophils in
the presence of other leukocytes, the initial density gradient cen-
trifugation was skipped. All experiments were conducted with iso-
lated neutrophils if not indicated otherwise (see online suppl. Ta-
ble 1; see www.karger.com/doi/10.1159/000514885 for all online
suppl. material). The cell count was adjusted to 2 x 10° cells/mL
and stored in Hank’s Balanced Salt Solution (HBSS*'*; Thermo
Fisher, Darmstadt, Germany) adjusted to a pH of 7.3 until later
use.

Flow Cytometry and Neutrophil Stimulation

Human neutrophils were gated based on their properties of for-
ward and sideward scatter area and analyzed as described previ-
ously [19-21] and summarized in online suppl. Figure 1. The for-
ward scatter area (FSC) was assessed as a surrogate for the cellular
cell shape (a rise indicating an elongated cellular shape with an
increased length/width ratio [20]) and the side scatter area (SSC)
for cellular granularity. The fluorescent dyes bis(1,3-dibutylbarbi-
turic acid) trimethine oxonol (DiBAC,[3]), 50 nM, and SNARF™
5-(and-6)-carboxy-SNARF-1 (SNARF), 1 uM (Thermo Fisher),
and 2-deoxy-2-([7-nitro-2,1,3-benzoxadiazol-4-yl]Jamino)-D-glu-
cose (2NBDG), 30 pM, were used to determine membrane poten-
tial (MP), pH;, and GlcU, respectively. For the FSC, MP, and pH;,
cells were stained for 20 min in HBSS** pH 7.3 in a dark water
bath at 37°C with the respective dye. Following centrifugation
(340 g, 5 min, room temperature), neutrophils were resuspended
in RPMI medium with an extracellular pH (pH,) adjusted to 7.3,
when not indicated otherwise. To cells stained with DiBAC,4[3],
the dye was added again for 10 min after centrifugation. For the
GlcU, cells were resuspended in RPMI and directly stained with
2NBDG. Following a resting period of 10 min, the cells were stim-
ulated with IL-8 (0.05-500; 50 ng/mL (corresponding to 6 nM)
when not indicated otherwise), C5a (100 ng/mL = 9.1 nM; Comple-
ment Technology, Tyler, TX, USA), fMLF (10 um), IL-1f (500 pg/
mL = 29 pM), IL-6 (2 ng/mL = 90 pM), IL-10 (500 pg/mL = 29 pm),
IL-13 (10 ng/mL = 800 pMm), LPS (100 ng/mL), or LPS-binding pro-
tein (LBP; 2 ng/mL). For the measurement of near-real-time kinet-
ics, the neutrophils were acquired for a 5-min period continuous-
ly and analyzed using the statistic language R (R Core Team, Vi-
enna, Austria). Time-series data were smoothed by applying a
nonweighted moving average with a window width of 1 s contain-
ing an average of 3,019 + 498 neutrophils per second. All data were
acquired with a FACSCantollI cytometer (BD Biosciences, Heidel-
berg, Germany). Absolute values of FSC differ in online suppl. Fig-
ure 2 since they have been generated after a routine recalibration
of the device, however, with little effects to relative changes in-
duced by IL-8.

Coulter Counter
To investigate changes in cell volume and diameter, isolated
neutrophils were stimulated for 10 min and measured using a cell
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counter working through electronic current exclusion (Cell Coun-
ter CASY, OLS OMNI Life Science, Bremen, Germany).

Ion Channel Modulators, Extracellular Acidosis, and LPS

Preincubation

To determine the involved ion transport proteins and underly-
ing intracellular signaling pathways of the IL-8-induced effects,
neutrophils were incubated at 37°C with the subsequently listed
substances (their proposed targets are given within the brackets):
amiloride (200 pM, 10 min, Na*-channels), (4-cyanobenzo[b]thio-
phene-2-carbonyl)guanidine, methanesulfonate (5 uM, 10 min,
sodium-proton exchanger 1 [NHEI1]; Calbiochem, Darmstadt,
Germany), omeprazole (10 uM, 30 min, H*/K*-ATPase), NPPB
(100 pM, 10 min, Cl™-channels), UK5099 (400 pM, 30 min, mito-
chondrial pyruvate carrier [MPC]), ZnCl, (50pM, 30 min, voltage-
gated H* channel), KB-R7943 (5 uM, 30 min, Na*/Ca?* exchanger),
thapsigargin (2 puM, 30 min, reuptake inhibitor of Ca®* into the
endoplasmatic reticulum), W7 (40 uM, 30 min, calmodulin), SKF-
96365 (50 uM, 30 min, blocker of the receptor-mediated Ca* entry
from the extracellular medium), DPI (100 pM, 30 min, NADPH
oxidase), suramin (200 pM, 30 min, P2Y receptor), 2-deoxyglucose
(2 mMm, 30 min, glycolysis antimetabolite), CuSO, (1 mM, 10 min,
aquaporin 9), DMOG (1 mM, 30 min, hypoxia inducible factor
1-alpha inductor), calphostin C (50 nM, 30 min, protein kinase C
[PKC] inhibitor; Cayman Chemicals, Hamburg, Germany), S0859
(30 um, 30 min, Na*/HCO;~ cotransporter [NBC], monocarboxyl-
ate transporter), BAPTA-AM (10 pM, 30 min, chelator of intracel-
lular Ca2*), Y-27623 (10uM, 30 min, rho-kinase inhibitor), nifedip-
ine (3 puM, 5 min, L-type Ca®* channel), and ouabain (100 pM, 30
min, Na*/K*-ATPase). After pre-incubation, the samples were
split and treated as control or stimulated with IL-8.

Extracellular alkalosis or acidification was achieved by resus-
pending neutrophils in RPMI adjusted to a pH of 6.6, 7.0, 7.4, or
7.8 with either HCI or NaOH, respectively, followed by an incuba-
tion period in the altered medium for 10 min prior to measure-
ment. For the in vitro pretreatment with LPS or chemokines, neu-
trophils were incubated in HBSS** pH 7.3 for 1 h with LPS (100
ng/mL), LPS (100 ng/mL) and LBP (2 ng/mL), fMLF (10 um), or
IL-8 (50 ng/mL). Subsequently, the cells were centrifuged and re-
suspended in RPMI pH 7.3 as well as the previously supplemented
substance.

RNA Extraction and Real-Time PCR

Isolated neutrophils were incubated in HBSS*/* adjusted to a pH
of 7.3 with or without LPS 100 + LBP 2 ng/mL for 1 h. After centrif-
ugation for 5 min with 300 g at 4°C, neutrophils were resuspended
in TRIzol (Thermo Fisher Scientific, Rockford, IL, USA) in order to
isolate RNA according to the manufacturer’s protocol. The RNA
yield was quantified with a Qubit 2.0 fluorometer using the Qubit
RNA BR Assay Kit (Thermo Fisher Scientific). cDNA was generated
using the AffinityScript gPCR cDNA Synthesis Kit (Agilent Tech-
nologies, Santa Clara, CA, USA) with oligo(dT) primer and stored at
—80°C until further use. RT-qPCR was performed with the Brilliant
II Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technolo-
gies) using the qPCR cycler Mx3000P (Agilent Technologies). Prim-
ers were purchased from Qiagen (Hilden, Germany): SDHA
(#QT00059486, used as house-keeping gene), CXCRI
(#QT000212919), and CXCR2 (#QT00000518). The relative gene ex-
pression was calculated by the 2-22Ct method [45] and results are
reported as fold change compared to unstimulated control cells.
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Whole Blood Model

The effects of LPS were studied in a human ex vivo whole
blood model of a pathogen-associated molecular pattern
(PAMP)-driven inflammation as described and validated previ-
ously [46]. Following the addition of 0.5 IU/mL heparin (B.
Braun Melsungen AG, Melsungen, Germany) and LPS (100 ng/
mL) or PBS (control) in native monovettes (Sarstedt, Niirnberg,
Germany), 9 mL whole blood was drawn. The specimens were
directly transferred under sterile conditions into a system con-
sisting of a Cortiva BioActive Surface (Medtronic, Meerbusch,
Germany) coated tubing system. Both ends of the tubes were
linked to a circuit using a connector (Medtronic) prepared with
the same heparin-based coating technique. This circuit system
was mounted on a spinning wheel (Snijders Labs, Tilburg, The
Netherlands), rotating at 3 rpm at 37°C. An air bubble inside the
system simulated continuous blood circulation. After 1 h, the
whole blood was directly transferred into citrate anticoagulated
monovettes (Sarstedt) and neutrophils were immediately isolat-
ed as described above. In addition, blood gas analysis and com-
plete blood count were performed showing no relevant altera-
tions in pH as well as stable leukocyte, erythrocyte, and platelet
count within the incubation period of 1 h (data not shown). To
determine CXCR1 (CD181) and CXCR2 (CD182) expression
before blood contact with the circuit system and after 1 h with
or without 100 ng/mL LPS, whole blood was stained with anti-
CD181 PE-Cy7 (BioLegend, San Diego, USA, #320620, final di-
lution 1:10) and anti-CD182 FITC (BioLegend, #320704, final
dilution 1:625), or appropriate isotype controls, for 15 min at
37°C followed by incubation with 1x BD FACS lysing solution™
(BD Biosciences, San Jose, CA, USA) for 30 min at room tem-
perature.

Chemotaxis

To investigate the relationship of ion fluxes and intracellular
signaling on IL-8-induced cellular migration, we used a chemo-
taxis assay in which isolated neutrophils, resuspended in HBSS*'*
+0.1% bovine serum albumin, were incubated with the fluorescent
dye 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF, 1.6 pug/mL) for 30 min at 37°C. In parallel, neutrophils
were incubated with the listed agents: amiloride (200 uM, 10 min,
Na*-channels), UK5099 (400 pM, 30 min, MPC), (4-cyanobenzo[b]
thiophene-2-carbonyl)guanidine, methanesulfonate (5 pm, 10
min, NHE1; Calbiochem), W7 (40 M, 30 min, calmodulin), sura-
min (200 uM, 30 min, P2Y receptor), calphostin C (50 nM, 30 min,
PKC; Cayman Chemicals), 2-deoxyglucose (2 mM, 30 min, gly-
colysis antimetabolite). Following centrifugation, the neutrophils
were resuspended with the corresponding inhibitor in HBSS™/* +
0.1% bovine serum albumin and placed into the upper wells of a
96-well chamber (Neuro Probe, Gaithersburg, MD, USA), sepa-
rated by a polycarbonate filter with 3 um pores (Neuro Probe). The
chemoattractant IL-8 (or PBS as control) was added to the lower
wells of the chamber, which prompted neutrophil migration of the
labeled cells in the pores of the membrane. For all experiments, the
pharmacological inhibitors were present in both chambers. After
30 min, the increase in BCECF fluorescence was measured in the
membrane in order to quantify chemotactic activity. The fluores-
cence was measured at a wavelength of 485/538 nm using a Fluo-
roskan Ascent (Thermo Scientific) with the Ascent Software ver-
sion 2.6.
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Data Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software Inc., San Diego, USA) and Microsoft Excel
(version 16.32). All data are depicted as mean + SD, when not
stated otherwise. Outliers were identified and purged using the z-
score. All data were considered to be nonparametric. The signifi-
cance levels of p < 0.05, <0.01, and <0.001 are represented by *, **,
and ***, respectively.

Results

IL-8 induced a defined response pattern of neutrophils
with significant differences to other inflammatory media-
tors.

Stimulation of neutrophils with IL-8 (50 ng/mL) re-
sulted in a defined response pattern analyzed by multipa-
rametric flow cytometry as measured after 1, 5, 10, 20, 30,
and 60 min. Neutrophils responded with a rapid rise in
the FSC (summarized in Fig. 1a, representative donor in
online suppl. Fig. 1), with a maximum increase of 107 +
11% after 10 min. The expansion in cellular size was con-
firmed by a coulter counter measurement which revealed
arise in diameter from 9.3 0.1 um under control condi-
tions to 9.6 + 0.2 um after 10 min of stimulation with IL-8
(p < 0.05, n = 7, data not shown). Furthermore, IL-8 in-
duced anincrease in pH; (Fig. 1b), peaking at 5 min (+0.40
+ 0.05, p < 0.001 vs. Ctrl). Both effects returned toward
the respective control level after 60 min but remained
slightly elevated. In addition, neutrophils responded to
IL-8 stimulation with depolarization (+3.8 + 1.6 mV after
1 min, p < 0.05 vs. Ctrl, returning to Ctrl levels within
5 min), elevated GlcU (+97 + 47%, after 10 min p < 0.001
vs. Ctrl, Fig. 1¢), and an increase in the SSC (+16 £ 3%,
after 20 min, p < 0.001 vs. Ctrl, Fig. 1c). Stimulating neu-
trophils with a higher concentration of IL-8 (500 ng/mL)
did not resultin a further increase in pH; and FSC (Fig. 1¢)
but induced a slightly more pronounced depolarization
(+5.7 £ 1.6 mV after 1 min, p < 0.05 vs. Ctrl, data not
shown). No sex-specific differences were observed for all
these effects (Fig. 1c). The IL-8 effects on FSC and pH;
were determined to be dose dependent: FSC-ECs5, 11.5
ng/mL, confidence interval (Clgsy): 7.8-16.4 ng/mL
(Fig. 1c); pHi-ECsy 9.2 ng/mL, CI: 5.8-14.3 ng/mL
(Fig. 1c). The response of neutrophils was similar com-
paring a faster preparation procedure in the presence of
monocytes and leukocytes (online suppl. Table 1).

In the next step, the IL-8-induced response of neutro-
phils was compared to other inflammatory mediators. All
chemoattractants acting through G protein-coupled re-
ceptors (IL-8, C5a, and fMLF) evoked a similar response

Bernhard et al.
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Fig. 1. Concentration dependency and maximal response during the first 60 min of IL-8-induced changes of hu-
man neutrophils: a Time-dependent effect of the IL-8-induced (50 ng/mL) increase in neutrophil cell shape as-
sessed by FSC; n = 31-42; ***, p <0.001 compared to the corresponding Ctrl (Mann-Whitney test). b Time course
of the IL-8-induced (50 ng/mL) change in pH; in neutrophils; n = 31-42; *, p < 0.05; ***, p < 0.001 compared to
the corresponding Ctrl (Mann-Whitney test). ¢ Maximal effect for each measured parameter displayed for all test
persons and differentiated by sex and calculated values for ECsy. d Dose response of the change in cellular shape
(FSC) after 10 min and pH; after 5 min incubation with 0.05-500 ng/mL IL-8; n = 6-42. IL, interleukin; pHj, in-
tracellular pH; FSC, forward scatter area; Ctrl, control; ECs, half-maximal effective concentration; SSC, side
scatter area; GlcU, glucose uptake; MP, membrane potential; Ctrl, control; n.d., not determined.

pattern for FSC and pH; compared to ILs acting through
receptors of the immunoglobulin-superfamily (IL-1 and
IL-13), type 1 (IL-6), or type 2 (IL-10) cytokine receptors.
For LPS as toll-like receptor 4 agonist, no rapid response
of neutrophils was detected (Fig. 2 and online suppl. Fig.
2). Compared to fMLF and C5a, IL-8 differed only in its
smaller effect on the MP (Fig. 2a, b). IL-8 also induced a
minor depolarization but was at the dose applied inferior
to C5a and fMLF (Fig. 2¢). IL-8, fMLF, and C5a but no
other ILs included in this screening evoked an increase in
the SSC after 20 min of stimulation (Fig. 2d).

pH; and Cell Shape Regulation beyond NHE]I

The role of several ion channels and transporters on
the cellular response after IL-8 stimulation was analyzed
with a focus on cellular shape change (FSC) and pH;. The

IL-8-Induced Response of Granulocytes

analyzed proteins and their pharmacological inhibitors
were selected based on previous reports on fMLF and
C5a [20, 21, 30]. A significant reduction of the IL-8-trig-
gered activity in cellular swelling and intracellular alka-
lization was obtained by the broad-spectrum inhibition
of Na*-fluxes by amiloride and by the blocking of CI™-
channels by NPPB (p < 0.05, Fig. 3a, b). In this context,
while a highly selective NHE1 inhibitor did diminish the
change of the pH; (p < 0.05, Fig. 3a, b), it did not affect
the cellular shape change, indicating the involvement of
a NHEI-independent sodium flux that could be inhib-
ited by amiloride (Fig. 3a, b). In contrast, the inhibition
of the NBC by S0859 did not inhibit the IL-8-induced
response of neutrophils for the cellular shape change and
intracellular alkalization (online suppl. Table 1). Fur-
thermore, the blockade of the MPC by UK5099 and of
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Fig. 2. Comparison of multiple stimuli on the neutrophil cell shape (FSC), pH;, MP, and granularity (SSC). a In-
fluence of various stimuli on the neutrophil cell size after 10 min of incubation with the indicated molecule; n =
6-12; *p < 0.05 versus Ctrl (Wilcoxon signed-rank test). b Change in pH; after 5 min of stimulation with the in-
dicated molecule; n = 6-12; *p < 0.05 versus Ctrl (Wilcoxon signed-rank test). ¢ Effects of numerous stimuli on
the resting MP after 1 min of stimulation; n = 6-12; *p < 0.05 versus Ctrl (Wilcoxon signed-rank test). d Change
in neutrophil granularity approximated by the SSC after 20 min of stimulation n = 6-12; *p < 0.05 versus Ctrl
(Wilcoxon signed-rank test). FSC, forward scatter area; pH;, intracellular pH; MP, membrane potential; SSC, side

scatter area; Ctrl, control; fMLF, N-formyl-Met-Leu-Phe; C5a, complement activation product 5a.

H*/K*-ATPase by omeprazole resulted in significant in-
hibition of the neutrophil response in terms of pH; and
the cell shape following IL-8 stimulation. Inhibition of
voltage-gated H* channel by zinc resulted in a slight re-
duction of the cell swelling but did not significantly alter
the response in the pH; (Fig. 3a, b). Inhibition of other
transporters and channels that were proposed in previ-
ous studies [20, 21, 30] to influence the response of neu-
trophils but had no significant effects on the IL-8-in-
duced changes are summarized in the online suppl.
Table 1.

In addition, intracellular signaling mechanisms were
analyzed. By influencing the intracellular calcium levels
with SKF-96365 and thapsigargin, IL-8-mediated cell
swelling and intracellular alkalization were significantly
reduced (p < 0.05, Fig. 3a, b). In agreement with this, the
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blockade of calmodulin with the antimetabolite W7 re-
sulted in a nearly complete abolishment of the IL-8-in-
duced effects (p < 0.05 vs. IL-8, Fig. 3a, b). Calphostin C,
used as a PKC inhibitor, displayed a minor effect on the
change in the FSC but not on the pH;.

Further comparison of cellular signaling based on the
reports for C5a revealed that neutrophils reacted to a
blockade of P2Y-purinoceptors by suramin and of aqua-
porin 9 by copper with a significantly decreased response
in cytosolic pH and cellular swelling (Fig. 3a, b). The
modulation of HIF-1a by the inductor DMOG revealed a
small reduction of the IL-8-induced cell swelling. Inhibi-
tion of NADPH oxidase by DPI and blockade of glycoly-
sis with 2-deoxyglucose, the main metabolic pathway, re-
sulted in a significantly reduced cell swelling and intracel-
lular alkalization (Fig. 3a, b).

Bernhard et al.
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Fig. 3. Effect of inhibition of various ion channels and cell signal-
ing molecules on the IL-8-induced change in neutrophil cell shape,
intracellular alkalization, and chemotactic activity. a Change in
IL-8-induced (50 ng/mL) increase in neutrophil cell shape after 5
min modulated by various inhibitors; n = 5-6; *p < 0.05 versus IL-8
(Wilcoxon signed-rank test). b Influence of the indicated inhibi-
tors on the intracellular alkalization initiated by IL-8 (50 ng/mL)
after 5 min; n = 5-6; *p < 0.05 versus IL-8 (Wilcoxon signed-rank
test). c Influence of key inhibitors of IL-8-induced cell swelling and

The chemotactic activity elicited by IL-8, as a central
effector function of neutrophils, could be significantly
suppressed by blockade of Na*-channels with amiloride
and to a lesser extent by targeting NHE1. Additionally,
MPC inhibition (UK5099) reduced IL-8-induced chemo-
tactic activity. Calmodulin (W7), P2Y-purinoreceptors
(suramin), PKC (calphostin C), and glucose metabolism
(2-deoxyglucose) were also identified as modulators of
chemotaxis (Fig. 3¢c). Figure 3d and online suppl. Table 1
summarize the pharmacological agents and their pro-
posed targets.

IL-8-Induced Response of Granulocytes

intracellular alkalization on the chemotactic activity, normalized
to the activity mediated by IL-8; n = 6-15; *p < 0.05 versus IL-8
(Wilcoxon signed-rank test). d Summary of the used inhibitors
and their suggested target proteins (NHE1* = [4-cyanobenzo[b]
thiophene-2-carbonyl]guanidine, methanesulfonate). IL, interleu-
kin; NHE1, sodium proton exchanger 1; FSC, forward scatter area;
MPC, mitochondrial pyruvate carrier; H,l, voltage-gated H*
channel; PKC, protein kinase C; Ctrl, control.

PAMP- and Chemotactic Peptides-Mediated

Inflammation but Not Acidosis Impaired the

Neutrophil Response to IL-8

Severe inflammatory processes are frequently associ-
ated with an extracellular acidosis of the microenviron-
ment. After a 10-min incubation in buffers with an al-
tered pH,, the pH; value shifted toward the respective ex-
ternally. Nevertheless, neutrophils still responded
independent from the pH, upon IL-8 with a significant
intracellular alkalization (p < 0.05 vs. Ctrl of the respec-
tive pH,, Fig. 4a). However, in an alkalotic milieu, IL-
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8-stimulated cells revealed a slightly but significantly di-
minished response in cell shape compared to neutrophils
under control conditions (Fig. 4b).

Subsequently, we simulated systemic inflammation by
exposure to LPS or various chemoattractants and investi-
gated their influence on the IL-8-induced changes in neu-
trophil cell shape and pH;. In vitro exposure to LPS, LPS +
LBP, fMLF, or IL-8 for 1 h resulted in an increased FSC and
pH; in comparison with control cells (Fig. 5a, b). The
amount of the response was comparable with fMLF- or IL-
8-stimulated cells under control conditions. A subsequent
stimulation with fMLF or IL-8 caused a significant change
in the FSC and pH; only in nonpretreated cells (Fig. 5a, b).
Resting neutrophils or neutrophils under stimulation with
IL-8 or fMLF displayed a monomodal distribution for FSC
and pH;. Sole exposure to LPS for 1 h altered FSC and pH;,
buta certain fraction of neutrophils remained unresponsive

to these alterations. However, the parallel incubation with
LBP reduced and the subsequent stimulation with fMLF or
IL-8 completely resolved the fraction of nonresponding
neutrophils (Fig. 5a, b). The effects of 1 h of exposure of
neutrophils to LPS + LBP on FSC and pH; reduced the IL-8
mediated change in a dose-dependent manner (FSC: ECs
17.2 ng/mL, Clgsy,: 7.5-37.2 ng/mL; pH;: EC5 15.9 ng/mL,
Clgs%: 5.6-43.6 ng/mL; Fig. 5c—e).

In a translational approach, a clinically relevant hu-
man whole blood model was used to confirm the LPS-
induced changes ex vivo. Here, exposure to LPS as a rel-
evant stimulus during sepsis displayed similar effects as
in vitro. FSC, pH;, and GlcU were significantly increased
after LPS exposure (Fig. 6a—c). Both, in vitro and ex vivo,
IL-8 failed to generate a significant response in neutro-
phils prestimulated with LPS in comparison with control
conditions. CXCR1 and CXCR2 level were analyzed to
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Fig. 4. Influence of a 10-min incubation with various pH,. a De-
pendency of the pH; and independency of the IL-8-induced (50 ng/
mL) intracellular alkalization from the pH; n = 6; *p < 0.05 versus
Ctrl of the related external pH (Mann-Whitney test). b Effect of
the variation in pH, on the change in neutrophil cell shape elicited

Fig. 5. Impact of the preincubation for 1 h with LPS (100 ng/mL),
LPS with LBP (2 ng/mL), fMLF (10 uM), and IL-8 (50 ng/mL), on
I, F,and HBSS*/* (as Ctrl) induced change in neutrophil cell shape
and pH;. a In vitro effect of a preincubation with PAMPs or che-
motactic agents on the neutrophil cell shape and on the ability of
IL-8 and fMLF to alter the cell size. b pH; after in vitro exposure to
the indicated molecules. The data are illustrated as merged violin
plots with 2,000 neutrophils from independent donors to report
precisely the distribution of the data. Discrepancies between indi-
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by IL-8 (50 ng/mL); n = 6; *p < 0.05 FSC of pH, 7.8 versus IL-8
column with the external pH of 7.4 and FSC of IL-8-stimulated
cells with the control of the related external pH (Mann-Whitney
test). IL, interleukin; Ctrl, control; pH,, extracellular pH; pH;, in-
tracellular pH; FSC, forward scatter area.

vidual donors did not explain the bimodal distribution of FSC and
pH; on exposure to LPS. Preincubation with LPS reduced the IL-
8-mediated response in FSC (c) and pH; (d). e Dose-effect re-
sponse of the changes in FSC and pH; after stimulation with 0.1-
1,000 ng/mL LPS and 2 ng/mL LBP for 1 h; n = 5-11. IL, interleu-
kin; pHj, intracellular pH; HBSS*/*, Hank’s Balanced Salt Solution;
LBP, LPS-binding protein; PAMP, pathogen-associated molecular
pattern; fMLF, N-formyl-Met-Leu-Phe; I, IL-8; F, fMLF; C,
HBSS**; Ctrl, control; FSC, forward scatter area.

(For figure see next page.)
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Fig. 6. Comparison of the influence of a 1 h LPS (+LBP for in vitro
experiments) preincubation on the IL-8 induced changes in FSC,
pH;, and glucose metabolism between an ex vivo whole blood
model and an in vitro model. The delta + SD between IL-8-stimu-
lated cells and the respective control are shown. a LPS caused a
significant reduction of the IL-8-induced change in the FSC both
in vitro and ex vivo, mainly by raising the control level; n = 6; *p <
0.05 (Mann-Whitney test). b LPS creates an intracellular alkaliza-
tion and disrupts the pH shift elicited by IL-8; n = 6 *p < 0.05

exclude a major downregulation of the IL-8 receptors as
potential cause of the diminished response. RT-qPCR re-
vealed no alterations in mRNA expression of CXCR1
(fold change 0.8 + 0.17 compared to unstimulated cells,
p = 0.42, Mann-Whitney test, n = 5) or CXCR2 (fold
change 0.99 + 0.17 compared to unstimulated cells, p =
0.63, Mann-Whitney test, n = 5). However, LPS induced
a significant reduction of the surface expression of both
of these receptors after 1 h of stimulation (Fig. 6d).
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(Mann-Whitney test). ¢ Interaction of LPS with the glucose uptake
and reduction of the IL-8-induced increase; n = 4-6 *p < 0.05
(Mann-Whitney test). d Downregulation of IL-8 receptors CXCR1
(CD181) and CXCR2 (CD182) on the cell surface by LPS treatment
for 1 h; n=6; *p < 0.05, **p < 0.01 versus Ctrl (one-way ANOVA
followed by Dunn’s multiple comparisons test). IL, interleukin;
pH;, intracellular pH; LBP, LPS-binding protein; FSC, forward
scatter area; Ctrl, control.

Every Second Counts to Determine the IL-8-Induced

Response Capacity

Finally, a multiparametric continuous flow cytometry
measurement of the IL-8-induced alterations was estab-
lished. Using this near-real-time method, it was clearly
shown that there was an initial rapid increase in cell size
and pH; after IL-8 stimulation. Also, the maximal cellular
response occurred 2-3 min after stimulation with IL-8.
Corresponding values from the same cell isolate prior to

Bernhard et al.
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Fig. 7. Near-real-time description of the cellular response to IL-8
with a 1-h exposure to LPS (100 ng/ml) + LBP (2 ng/ml) or PBS as
Ctrl. a Kinetics of the IL-8-induced reaction in the FSC challenged
by LPS; n = 6. b Effect of LPS pretreatment on the AUC and on the
time at which 50% of the maximum cell swelling is attained; n = 6,
*p < 0.05 (Mann-Whitney test). ¢ Influence of LPS on the IL-8-in-
duced alkalization; n = 6. d Impact of LPS preincubation on the

treatment served as controls (Fig. 7a, ¢). When no IL-8
was added, FSC and pH; remained stable during the mea-
surement process (data not shown). In accordance with
the results presented above, LPS pretreatment attenuated
the cellular response. The FSC showed that LPS not only
influenced the maximum response of neutrophils after
IL-8 stimulation but also the time-related kinetics of the
IL-8-induced effects. For both parameters, a comparison
of the area under the curve (AUC) and the time after

IL-8-Induced Response of Granulocytes

IL-8-induced intracellular alkalization measured by the AAUC
and the time at which 50% of the maximum alkalization is attained;
n=6*p <0.05(Mann-Whitney test). AAUC was calculated as the
area under the curve subtracted by the rectangular area defined by
the initial measurement and zero. LBP, LPS-binding protein, IL,
interleukin; FSC, forward scatter area; AUC, area under the curve;
Ctrl, control.

which the cells attained 50% of their maximum possible
shape change were altered. LPS exposure resulted in less
additional swelling of the cells, which was reflected in a
significant reduction in the AUC (266 + 138 without LPS
vs. 62 £ 15 with LPS; p < 0.05 vs. Ctrl IL-8). Furthermore,
LPS significantly prolonged the duration to attaining 50%
of the maximum cell swelling (97 + 6 s with LPS vs. 63 +
9 s without LPS; p < 0.05 vs. Ctrl IL-8; Fig. 7b). Similar
results were obtained by analyzing the pH;. Challenging
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Fig. 8. Graphical summary of the IL-8-in-
duced alterations of neutrophils during
health and LPS-mediated inflammation.
The IL-8-induced response comprises a
significant intracellular alkalization, in-
creased glucose uptake, and change in the
cellular shape as indicated by the forward
scatter. The transient intracellular alkaliza-
tion as a major switch of the cellular me-
tabolism was dependent on calcium signal-
ing and the activity of specific ion trans-
porters, predominantly the NHEIL. On
exposing the neutrophils to LPS in a clini-
cally relevant ex vivo whole blood model
system, the cells changed their baseline ac-
tivity, resulting in a largely diminished ad-
ditional response that could be triggered by
IL-8. Blue/red arrows: IL-8-induced re-
sponse of neutrophils without/with prior
LPS exposure, respectively. IL-8, interleu-
kin 8; CRAC, calcium release-activated
channels; ROS, reactive oxygen species;
NOX, NADPH oxidase; CaM, calmodulin;
NHE], sodium-proton exchanger 1; pH;,
intracellular pH; FSC, forward scatter area
used as indicator for cellular shape change
(elongation); GlcU, glucose uptake; CTX,
chemotaxis.

Inflammation

IL-8

1CD181 CD1824
Glucose

the neutrophils with LPS resulted in a significant reduc-
tion of the AUC (15 + 2 without LPS vs. 8 + 2 with LPS;
p <0.05 vs. Ctrl IL-8), as an indication of the diminished
ability to alkalinize intracellularly (Fig. 7d).

Discussion

Neutrophils responded to stimulation with IL-8 as
summarized in Figure 8. These physiological reactions
followed a defined temporal pattern, beginning with
peaks in depolarization of the MP after 1 min, intracel-
lular alkalization at 5 min, and maximum cell swelling as
well as GlcU after 10 min. For changes in pH; and cellular
shape, a rapid kinetic was demonstrated. The IL-8 con-
centration used in the present study of 50 ng/mL was
higher than the plasma concentration measured in pa-
tients with sepsis or in septic shock (mean concentration
+ SD: 0.4 £ 0.4, 6.3 £ 9.0 ng/mL, respectively) [47] but
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comparable to concentrations in pulmonary edema fluid
from patients with sepsis (median 84.2 ng/mL) and respi-
ratory distress syndrome [48]. Additionally, the mea-
sured ECs, values for the cellular activation are in accor-
dance with those previously reported to trigger a maxi-
mum calcium influx [49].

The first hallmark of early neutrophil activation, the
rapid depolarization of the MP, likely occurs in associa-
tion with NADPH oxidase activation by the extrusion of
electrons [50, 51]. There was a difference in depolariza-
tion between the investigated chemotactic peptides. IL-8
induced a significant but lower depolarization in com-
parison with fMLF and C5a (Fig. 2¢). This difference can
possibly be explained by the used concentrations [29] that
in the present work adhere to clinically relevant values as
discussed above.

Multiple other sepsis-relevant inflammatory media-
tors have been included in this study, such as fMLF (as
positive control) and LPS as PAMP representatives and

Bernhard et al.



other ILs, such as IL-6, that is, like IL-8, clinically used as
biomarker during sepsis. IL-8 behaved analogously to the
inflammatory mediators C5a and fMLF regarding the pH;
but not IL-6 (Fig. 2b). Even lower IL-8 concentrations
were capable of triggering pH; changes, which are in-
volved in the chemotactic response of neutrophils [27-
30]. The extrusion of electrons by NADPH oxidase and
activation of the hexose monophosphate pathway after
stimulation (e.g., by fMLF) results in intracellular acidifi-
cation and NHE]1 transporter activation, which was the
proposed underlying mechanism for intracellular alkali-
zation [21, 52-54]. However, to further investigate other
ion transporters, including the NBC and AE1, we chose
an HCO; -containing buffer (RPMI). During the mea-
surement period of 1 h, the control cells became intracel-
lularly more alkaline (Fig. 1b). This can be explained by
an increasing alkalization of the RPMI because the buffer
requires a CO, concentration of 5-10% to maintain its
physiological pH. In our experiments, which were repeat-
edly interrupted by flow cytometric measurements, it was
not possible to maintain an absolutely stable CO, level,
which likely explains the alkalization of the control cells
in the measurement process (Fig. 1b). Nevertheless, we
used RPMI as a buffer because previous studies demon-
strated the clear relevance of bicarbonate in the buffer
system and for bicarbonate-dependent transporters, like
the AE1, on pH; and cell shape [36, 55]. Additionally, for
fMLF, it has been demonstrated that the presence of
HCOj5 increases the change in pH; after stimulation [36].
Furthermore, the system was relatively stable during the
first 10 min when the maximum intracellular alkalization
occurred and it was shown that the IL-8-induced change
in pH; after reaching the maximum was steadily returning
to the control level (Fig. 1b).

IL-8 also displayed characteristics similar to C5a and
fMLF but not IL-6 in terms of the FSC, a surrogate for the
cellular size (Fig. 2a). However, changes in cellular shape,
including elongation might also influence this parameter
[19]. This hypothesis was supported by the Coulter coun-
ter measurements, which indicated a smaller but still sig-
nificant increase in cellular diameter (+3%) than mea-
sured by flow cytometry (+107%). The resulting increase
in volume is likely based on a reorganization and polar-
ization of the actin cytoskeleton [20, 32]. Previously pub-
lished studies suggested that fMLF-induced changes in
cell volume and shape are associated with enhanced che-
motactic activity [56, 57] and that cellular morphological
changes of neutrophils are observable in inflamed tissue
[57,58]. The fMLF concentration used (10 um) also served
asa positive control since this concentration elicits a max-

IL-8-Induced Response of Granulocytes

imal chemotactic response [59]. It is noteworthy that IL-8
was able to induce similar changes in FSC and pH; in
comparison to C5a (Fig. 2). Overall, this suggests that the
IL-8-mediated volume increase is also an important fac-
tor for chemotaxis induction and thus a central parame-
ter of neutrophil physiology.

In the context of IL-8-induced stimulation of neutro-
phils, several studies have indicated the relevance of
NHE] as a regulator of the above mentioned physiologi-
cal reactions [21, 30] as well as of effector functions, in-
cluding ROS production [25, 60] and chemotaxis [28].
Our data confirmed an NHE1 dependence of the intracel-
lular alkalization and chemotaxis (Fig. 3b, ¢). In addition
to NHE1, other sodium-dependent effects have also been
noted through the inhibition of cellular swelling by
amiloride, which are not mediated by NHE1 (Fig. 3a).
Therefore, there are NHE1-dependent and -independent
sodium effects in the regulation of these physiological re-
actions as well as IL-8-induced chemotaxis. Moreover,
chloride channels, the MPC, and the H*/K*-ATPase were
involved in FSC and pH; changes (Fig. 3).

In addition to ion transport proteins, our data indi-
cated, in accordance with previously published results for
C5a [21], a regulation of the pH; through calmodulin and
the calcium-signaling pathway (Fig. 3b). There is a strong
association of NHEI activation with the calcium-signal-
ing pathway and calmodulin [61]. Following IL-8 binding
to the corresponding receptors CXCR1 and CXCR?2, dis-
sociation of the Py-subunit of the associated G protein
with subsequent activation of phospholipase C occurs,
which in turn results in mobilization of intracellular cal-
cium and thus activation of calmodulin. In addition to the
increase in intracellular calcium, phospholipase C metab-
olites activate PKC, a central regulator of various neutro-
phil functions [17, 62]. Compared to C5a, PKC inhibition
displayed no effects on the IL-8-initiated alkalization
(Fig. 3b) [21]. However, we report a slight influence of
PKC on the cell shape change (Fig. 3a). This could be ex-
plained by the selectivity of the used blockers because
staurosporine inhibits not only PKC but also protein ki-
nase A at similar concentrations [63]. However, the
blocker calphostin C applied in this study appears to be
more selective for PKC [21, 63]. By contrast, IL-8 and C5a
each predominantly use different signaling pathways. For
C5aand fMLF, chemotaxis is mediated by the p38/MAPK
pathway, whereas IL-8-signaling is dependent on the
PI3K/Akt interaction [64]. This appears to be one of the
underlying mechanisms for disturbed chemotaxis during
severe inflammation because neutrophils preferentially
migrate to fMLF, C5a, and LPS [64, 65]. Also, the differ-
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ence in signaling could be involved in the varying amount
of depolarization comparing IL-8 with fMLF and C5a, be-
sides the dose ranges as mentioned above. In this context,
itis also noteworthy that IL-8 and fMLF activate NADPH
oxidase differentially [66]. Taken together, because some
of the ion transport protein blockers are already approved
as drugs, it is tempting to speculate that modulation of the
intracellular alkalization might be one strategy to dampen
excessive inflammation.

Several earlier studies highlighted the relevance of the
IL-8-induced changes during systemic inflammation [19-
22]. However, little is known about the interaction of these
parameters in an inflammatory environment created by
the PAMP LPS. Our data demonstrated that rapid effects
within 10 min after LPS stimulation did not induce any
significant change in MP, pH;, or cellular size (Fig. 2a-d,
online suppl. 1). By contrast, after a 1 h exposure to LPS,
a clear increase in cellular size and an intracellular alkali-
zation were detected (Fig. 5a—d). This effect cannot be ex-
plained by IL-8 generation in the whole blood system
since exposure to LPS increased the IL-8 level, but far be-
low the ECs (Fig. 1¢) of IL-8-induced changes in FSC and
pH; (Ctrl: 46.6 £ 34.6 pg/mL vs. LPS: 160.4 + 54.5 pg/mL,
n = 10 as previously published [46]). Surprisingly, after
1 h of LPS stimulation in vitro, the neutrophil population
was found to consist of two different groups in terms of
cell shape and pH; (Fig. 5a, b). This effect was diminished
in the presence of LBP, highlighting its relevance for LPS
sensing by neutrophils. In principle, an alkaline pH; was
already observed in neutrophils of septic patients [21, 67]
and mice [21], which could be an LPS-induced effect ac-
cording to our data. This described heterogeneity of the
population is no longer present when the neutrophils are
stimulated simultaneously with LBP, suggesting that LBP
enhances the LPS response even regarding these physio-
logical parameters [68]. Preincubation with fMLF or IL-8
had a similar suppressive effect as LPS on the IL-8- or
fMLF-induced changes in cell shape and pH;. The appar-
ent difference of changes in FSC and pH; for 1 h (tran-
siently elevated in Fig. 1, sustained elevated in Fig. 5) ex-
posure of neutrophils to IL-8 is likely explained by the
preincubation protocol used in Figure 5, which involved
the resuspension of neutrophils after 1 h in buffer includ-
ing the previously supplemented substance. Previous
studies reported that the surface expression of CXCR1 and
CXCR2 is reduced after stimulation with LPS involving
metalloproteinases and TNF [69, 70], which confirmed
the results of the receptor surface expression (Fig. 6d). In-
terestingly, another study reported downregulation of
IL-8 receptor mRNA after 6 h upon LPS stimulation [71].
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In addition, LPS exposure of 1 h only slightly diminished
IL-8 binding to neutrophils but severely impaired the IL-
8-induced chemotactic response [71].

Furthermore, the IL-8-induced effects were also trans-
lated in a clinically relevant ex vivo human whole blood
model. The data confirmed the results for the FSC and pH;
measured in vitro. In addition, LPS prestimulation led to
a higher GlcU (Fig. 6a—c). LPS likely mediates this in-
creased GlcU by a translocation of intracellular vesicular
Glut1 transporters to the cell surface [72]. Likewise, for all
three of these parameters, IL-8 stimulation after preincu-
bation with LPS induced significantly less marked effects
than under control conditions (Fig. 6a-c). We hypothe-
size that the reduced IL-8-mediated effects of LPS on neu-
trophils cannot be (fully) explained by a ceiling effect but
are an indication that LPS impairs neutrophils in their cel-
lular function; however, this warrants further investiga-
tion. It is clear that the cell size physiologically attains a
maximum at a certain level. However, regarding the pH;,
the simulation of an in vitro acidosis and alkalosis proved
that neutrophils in an alkalotic environment of pH 7.8 can
still significantly alter their pH; (Ctrl [pH. =7.8] pH;=7.7
+0.23; IL-8 [pH. = 7.8] pH; = 8.1 £ 0.14, p < 0.05; Fig. 4a).
This demonstrates that the neutrophil pH; could be in-
creased further compared with the LPS-induced alkaliza-
tion. Anyhow, neutrophils may possibly only generate a
certain difference in pH; and pH.. In accordance with pre-
vious studies [73], we also found an LPS-induced reduc-
tion of the detection of surface IL-8 receptors CXCR1/2 as
a possible underlying mechanism. In summary, our data
suggest that these physiological parameters are signifi-
cantly altered under inflammatory conditions and the
normal response of neutrophils inducible by IL-8 is im-
paired after LPS exposure. The LPS concentrations re-
quired to achieve the half-maximal effects in the FSC and
pH; were significantly higher than the circulating endo-
toxin concentration in septic patients (Fig. 5¢) [74]. How-
ever, LPS exposure was only simulated for 1 h, while sepsis
patients might be exposed to LPS with lower doses but for
a longer period. For the FSC, our data, in agreement with
other publications, indicate that these physiological pa-
rameters can be used as markers for neutrophils chal-
lenged by inflammatory stimuli because not only LPS but
also numerous other mediators that occur during severe
inflammation induce these alterations [20-22, 29, 30].

To further characterize the IL-8-induced physiological
changes as surrogates for the impairment of neutrophils,
we investigated the behavior of the cell size and pH; with
a near-real-time flow cytometric measurement method.
This up-to-the-second analysis confirmed that LPS expo-
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sure not only reduces the maximum IL-8-induced effect
but also has an impact on the kinetics of the physiological
parameters (Fig. 7a, ¢). LPS exposure significantly de-
layed the time until 50% of the maximum effect was at-
tained (Fig. 7b). This measurement method also demon-
strated the significantly reduced maximal IL-8-mediated
effect by LPS prestimulation. To quantify the IL-8-in-
duced response, we used the increase above the baseline
level, defined as the AUC, as a surrogate of the maximum
effect (Fig. 7b, d). Similar high temporal resolutions could
already be achieved with plate readers [75, 76] but is not
yet commonly applied in flow cytometry, which offers the
advantage of measuring multiple parameters with a high
number of cells, to analyze them separately within the
same experiment and thereby to possibly detect subpopu-
lations. As a limitation of these results, it should be noted
that although we were able to descriptively show that the
above mentioned effects were impaired by LPS, further
studies are needed to investigate the underlying molecu-
lar mechanisms. Moreover, it needs to be elucidated
whether the LPS-mediated changes in the IL-8-induced
response are due to a certain kind of preactivation and/or
due to a limited possible cellular response range in pH;
and cellular shape.

The presented work has various strengths and limita-
tions. Methodologically, it included a comprehensive
analysis of pH; as a vital function in an appropriate envi-
ronment containing HCO;™ and therefore closely resem-
bled plasma regarding the ion concentrations. By inhibit-
ing numerous ion transport proteins and intracellular
proteins in an extensive screening approach, the relation-
ship between pH;, cell swelling, and as an effector func-
tion of this, chemotaxis, could be further elucidated. In
addition, the present work clearly demonstrated a crucial
role for ion transport proteins beyond NHEL1 activity in
mediating the transient intracellular alkalization evoked
by IL-8. The translational relevance of IL-8-induced ef-
fects on inflammatory conditions could be investigated
on the one hand with a near-real-time measurement and
on the other hand in an animal-free human whole blood
model. As alimitation, it should be stated that the pH; was
measured indirectly, even though it was performed with
a widely used method and was in accordance with the lit-
erature [21, 25, 67]. Furthermore, some of the used ion
transport protein blockers are not restricted to inhibiting
a single channel but also interfere with other proteins. Fi-
nally, sepsis was only partially simulated because PAMP
exposure and acidosis are only two aspects of this com-
plex disease pattern. Therefore, additional studies should
validate these findings in patients with sepsis.

IL-8-Induced Response of Granulocytes

Conclusion

In conclusion, we were able to elucidate the rapid re-
sponses of neutrophils to IL-8 stimulation regarding the
regulation of cellular shape, pH;, GlcU, and chemotaxis.
Further studies need to determine the possibility to target
various ion transport proteins in order to modulate cel-
lular effector functions and to validate these findings in
patients with systemic inflammation and sepsis. Addi-
tionally, more research is needed to analyze the neutro-
phil cell shape and pH; as neutrophil parameters being
challenged by LPS and/or IL-8, thereby yielding potential
innovative strategies to diagnose and monitor sepsis.
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