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15 Abstract 74

16  Robust production of reactive oxygen species (ROS) by phagocyte NADPH oxidase (phox) during the respiratory burst (RB) is a charac- 75
17  teristic feature of eosinophil and neutrophil granulocytes. In these cells the voltage-gated proton channel (Hv1) is now considered as an 76
18 ancillary subunit of the phox needed for intense ROS production. Multiple sources reported that the expression of phox subunits and RB 77
19 is more intensive in eosinophils, than in neutrophils. In most of these studies the eosinophils were not isolated from healthy individuals, 78
and a comparative analysis of Hv1 expression had never been carried out. We performed a systematic comparison of the levels of essential
20 phox subunits, Hv1 expression, and ROS producing capacity between eosinophils and neutrophils of healthy individuals. The expression 79
21  of phox components was similar, whereas the amount of Hv1 was ~10-fold greater in eosinophils. Furthermore, Hv1l expression correlated ~ 80
22  with Nox2 expression only in eosinophils. Additionally, in confocal microscopy experiments co-accumulation of Hvl and Nox2 at the cell 81
73 periphery was observed in resting eosinophils but not in neutrophils. While phorbol-12-myristate-13-acetate-induced peak extracellular  go
24 ROS release was ~1.7-fold greater in eosinophils, oxygen consumption studies indicated that the maximalintensity of the RB is only ~1.4- 33
fold greater in eosinophils. Our data reinforce that eosinophils, unlike neutrophils, generate ROS predominantly extracellularly. In contrast
PR previous works we have found that the two granulocyte types display very similar phox subunit expression and RB capacity. The large 84

26  difference in Hv1 expression suggests that its support to intense ROS production is more important at the cell surface. 85
%g Keywords: healthy individuals, oxygen consumption, reactive oxygen species, NADPH oxidase, Hv1 channel gg
29 88
30 89
31 Introduction extrusion from the cytoplasm. Without effective compen-  9(
32 satory mechanism these changes could rapidly inhibit the 91
33  Eosinophil and neutrophil granulocytes undergo respira-  -activity of the oxidase [5] and damage the granulocyte 92
34  tory burst (RB) upon activation by diverse stimuli. The - itself [6]. Currently, proton extrusion through the voltage- 93
35 extra oxygen consumed during the RB is converted into ' gated proton channel (Hv1) is regarded as the most effec- 94
36  reactive oxygen species (ROS). ROS can damage invading | tive way of compensation, since it is able to alleviate both 95
37  microorganisms and eventually surrounding host tissues.  problems jointly and with high capacity [5]. Hvl proton 9g
38 ROS production is initiated by the  heteromultimeric  channel is a “voltage-sensor only protein” [7], the activity 97
39 phagocyte NADPH oxidase enzyme  complex  (phox),  of which is promoted by intracellular acidosis, extracel- 9g
40 which catalyzes the transport of - electronsacross the  lular alkalosis, depolarization, and by the activated phox 99
41 plasma membrane to reduce molecular oxygen, thus  [8]. Importantly, phagocytes from Hvl deficient mice 1(0
42  producing superoxide, the precursor of further, more  produce 30-75% less ROS upon activation [2]. 101
43 aggressive ROS [1]. The active phox comprises at least Previous studies reported that eosinophil granulocytes 102
44  the following subunits: the cytosolic p67P"°%, p47PhoX and  express phox subunits in higher quantity and produce 103
45  racl/2 (mainly rac2 in myeloid cells) attached to the mem-  more ROS upon stimulation, than neutrophils. Mostly 104
46  brane bound cytochrome by, which is a heterodimer of ~ because of technical difficulties many of the works used 105
47 Nox2 (ak.a. gp91Pho%)-and p22°hx [2]. Additionally, eosinophils of individuals with hypereosinophilia [9-12]. 106
48  p40rhox also appears important for supporting phagosomal ~ Therefore, these results possibly provide a poor estimate  {()7
49  ROS production [3]. Genetic deficiency for any of the  for the healthy population. Notably, some investigators 108
50 aforementioned six subunits can cause chronic granu-  compared certain specific functions of eosinophil and neu- 109
51 lomatous disease (CGD), an inherited syndrome charac-  trophil granulocytes from normal blood [13-16], but these 110
52  terized by severe fungal and bacterial infections and  studies concentrated on ROS production, and much less 111
53  persistent granulomas [4]. The activity of the phox  effort was focused on the expression of phox subunits 112
54 is accompanied with intracellular acidification and  [13,16]. Thusaprofound and systematic analysis in healthy 113
55 ~membrane depolarization as a consequence of electron  human granulocytes is lacking. More importantly, we do 114
56 115
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not yet have quantitative comparison of the protein level
of the more recently discovered Hv1 proton channel [17]
in these cells.

To follow the intensity of the RB, ROS formation or
oxygen consumption can be measured. There are numer-
ous methods available to follow ROS production, and each
has its own spectra of ROS sensitivity and detects a given
ROS in different compartments with different efficiency
[18]. For example, Cytochrome c (Cyt c) reduction assay,
applied in most of the previous comparisons, detects
exclusively extracellular superoxide. In contrast to neutro-
phils, eosinophils tend to produce ROS at the cell surface
[10,13]. Therefore, Cyt c reduction is prone to overesti-
mate the difference in ROS producing capacity, favoring
eosinophil granulocytes. One possibility to more correctly
assess phox activity (i.e., total ROS production) in granu-
locytes is to follow their oxygen consumption during RB
polarometrically, e.g., with a Clark-type electrode. The
high cell-demand of polarographic oxygen consumption
measurements, however, made it extremely difficult to
determine RB intensity in eosinophils until recently. In the
past decades novel isolation techniques were developed
making it possible to isolate satisfactory amounts of
eosinophils from healthy individuals without severely
interfering with the resting state of these cells [19]. More-
over, recent advances in fluorometric oxygen detection
technologies have made possible to detect the oxygen con-
sumption of only a few thousand cells [20].

In this study we set out to systematically compare the
expression of phox subunits, the expression of Hvl
and the intensity of the RB in eosinophil and neutrophil
granulocytes of healthy individuals.

Materials and methods
Reagents

All reagents were purchased from Sigma—Aldrich (www.
sigmaaldrich.com) and all manipulations were carried out
at ambient temperature (21-26°C), unless otherwise spec-
ified. H-medium -contained’ (mM): NaCl 145, KCIl 5,
MgCl, 1, CaCl, 0.8, HEPES 10, Glucose 5, (pH 7.4).
Granulocyte isolation (GI) buffer was RPMI 1640 medium
supplemented with 2 mM EDTA and 2% fetal bovine
serum (FBS, Cat No. DE-14802-F, Lonza, www.lonza.
com). Zymosan was opsonized with pooled human serum
(from at least three healthy donors) by 30 min incubation
at 37°C. Stocks of phorbol-12-myristate-13-acetate (PMA)
and diphenyliodonium (DPI) were prepared in DMSO at
5 and 10 mM, respectively.

Antibodies: to detect the voltage-gated proton channel,
our affinity purified polyclonal rabbit antibody (aHv1-N)
was applied, as previously described [21]. Nox2 and
p22PhoX immunoreactivity was detected using Santa Cruz
Biotechnologies (www.scbt.com) antibodies sc-130548
and sc-20781, respectively. Anti-p47Ph* was purchased
from Cell Signaling Technology (#4312, www.cellsignal.
com), and anti-p67Ph* [22] was a generous gift of
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Dr. Katalin Német. Rac was detected using BD Transduc-
tion Biotechnologies antibody (#610650, www.bdbiosci-
ences.com). For loading control in Western blots
anti-protein disulphide isomerase antibody (aPDI) was
used (ab2792, Abcam, www.abcam.com). To detect
gp91PP% in immunofluorescence experiments, supernatant
of the mouse monoclonal hybridoma 7D5 [23] was used.
Alexa Fluor® 488- (aHv1-N) and Alexa Fluor® 568-
labeled (7D5) secondary antibodies (F(ab’)2 fragment
only) were from Molecular Probes (probes.invitrogen.
com). Horseradish-peroxidase-labeled secondary antibod-
ies were from GE Healthcare (www.gelifesciences.com).

Preparation of granulocytes

The studies conformed to the 'standards set by the
Declaration of Helsinki, and the procedures were approved
by the Semmelweis University Regional and Institutional
Committee of Science and Research “Ethics (license #:
TUKEB 38/2007). Blood cells wete prepared from venous
blood drawn from healthy adults after obtaining their
informed and written consent. Red blood cells (RBCs) and
leukocytes (WBCs) were  separated by gravity-driven
dextrane (Cat No. 17-0320, GE healthcare, www.gelife-
sciences.com) sedimentation for 3040 min by mixing
5 volumes of whole blood with 3 volumes of 4% w/v
dextrane-in 0.9% w/v NaCl solution and 1 volume of
3.13% w/v Na-citrate solution in a vertical tube. To sepa-
rate mononuclear cells (MCs) from granulocytes (PMNs),
WBCs were layered onto Ficoll-Paque Plus (GE Health-
care, www.gelifesciences.com) and centrifuged at 400 g
for 20 min. The remaining manipulations were carried out
at 4°C. Residual RBCs were hemolyzed by 20 s exposure
to distilled water, followed by reconstitution of the osmo-
lality with an equal volume of 1.8% w/v NaCl solution.
After centrifugation (200 g, 5 min), pellets containing
purified PMNs were resuspended in GI buffer and sepa-
rated further into eosinophil (CD16-) and neutrophil
(CD16+) fractions utilizing paramagnetically labeled
anti-CD16 antibodies (MicroBeads) and a magnetic sepa-
rator (CS column-equipped VarioMacs) purchased from
Miltenyi Biotec (www.miltenyibiotec.com).

Cell lysate preparation

To minimize protein degradation, cells were resuspended
in H-medium supplemented with diisopropyl fluorophos-
phate (DFP, 1:5000), and were incubated on ice for 30 min
before lysis. With this treatment we managed to minimize
the proteolysis of Hvl, which is prone to proteolytic
cleavage [21]. Cells were lysed using 2x Laemmli buffer
containing 5% v/v B-mercaptoethanol and 2 mM phenyl-
methanesulfonyl fluoride.

Immunoblotting

Samples were run on 8 or 10% polyacrylamide gel and
blotted onto nitrocellulose membrane. To block nonspe-
cific binding sites in Western blot experiments (WB), 5%
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w/v skimmed milk powder was applied in phosphate
buffered saline (PBS, pH 7.4) for 1 h. After incubating the
membranes with the first antibody (rabbit polyclonal or
mouse monoclonal) for 1 h, membranes were washed five
times in PBS with 0.1% v/v Tween20 (PBS-T). Horserad-
ish peroxidase-labeled secondary antibody was added in
1:5000 dilution (in PBS-T with 1% w/v skimmed milk
powder) for 40 min, followed by washing five times in
PBS-T. Signals were detected on FUJI Super RX films
(Fujifilm, www.fujifilm.com) using the enhanced chemi-
luminescence method (GE Healthcare, ECL™ Western
Blotting Analysis System). After photo scanning and
digitalization, the images of photographic films were ana-
lyzed using ImageJ software (Rasband, W. S., U.S.
National Institutes of Health, Bethesda, MD, http://rsb.
info.nih.gov/ij/). The integrated density of each protein
band was determined and normalized to the loading con-
trol (protein disulfide isomerase, PDI). The so-obtained
values were used to calculate eosinophil/neutrophil ratio
(Eo/Ne) of subunit content.

Determination of ROS production

Cells were suspended in H-medium at a concentration of
10%ml. To follow the ROS production predominantly
intracellularly [24] (Supplementary Figure 1B to be
found at http://informahealthcare.com/doi/abs/10.3109/
10715762.2014.938234), the medium was supplemented
with 250 uM luminol and 1 U/ml horseradish peroxidase
(HRP, but see Supplementary Figure S2 to be found at
http://informahealthcare.com/doi/abs/10.3109/10715762.
2014.938234). After 10 min of incubation 100 ul cell
suspension was loaded into wells of a 96-well Greiner
Lumitrack 200 plate (www.greinerbioone.com). To mea-
sure extracellular ROS release (mainly. superoxide,
Supplementary Figure 1A to be found at http://informa-
healthcare.com/doi/abs/10.3109/10715762.2014.938234),
the cell suspension was diluted to 5% 10° cells/ml with
Diogenes™ Cellular Luminescence Enhancement System
(a trade mark of National Diagnostics,” www.national-
diagnostics.com), then 100 ul of. this suspension was
loaded into each well: To induce RB, either a supramaxi-
mal dose of PMA (0.6 uM) or 0.4 mg/ml serum-treated
zymosan (STZ) was added to the cells. Luminescence
signals were recorded using Thermo Fischer Scientific
Fluoroscan Ascent lumino-fluorometer (www.thermo-
scientific.com) at 37°C.

Oxygen consumption and pH measurements

To measure oxygen consumption and pH changes at 37°C,
the Seahorse XF Analyzer system (Seahorse Bioscience,
www.seahorsebio.com) was used. Fifty microliter suspen-
sion of isolated cells (2-3 X 10°/ml) was loaded into
fibronectin-coated wells of 96-well Seahorse XF Analyzer
microplate, and was incubated for 60 min to allow adhe-
sion. The fibronectin surface is in the first line of choices
if adhesion-induced granulocyte activation is to be mini-
mized [25]. After the adhesion period, 130 pul H-medium
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was added to each well. RB was induced as described
above. Changes in extracellular partial O, tension and pH
were measured. From these changes Oxygen Consumption
Rate (OCR) and Extra Cellular Acidification Rate (ECAR)
were calculated, respectively. To preclude major influence
of pH shifts on NADPH oxidase activity [26], we applied
strongly buffered solutions (10 mM HEPES at pH 7.4).
As a consequence, only tiny pH shifts could be observed,
limiting the relevance of pH measurements.

Immunofluorescent labeling

For immunofluorescence experiments (IF) PMNs (> 90%
neutrophil) or purified eosinophils were resuspended in
ice cold 4% w/v paraformaldehyde in phosphate buffered
saline (PBS, pH 7.4) and incubated on ice for 30 min.
Following centrifugation, cells were washed with 5 ml
FBS. Following centrifugation, 3 million cells were sus-
pended in 0.1 ml FBS: Thirty microliter drops of the sus-
pensions were dried fast onto coverslips. A second fixation
step was carried out using 4% w/v paraformaldehyde in
PBS for 20 min. Following fixation, coverslips were rinsed
four times with-PBS and incubated for 10 min in PBS
containing 100 mM glycine. Coverslips were then washed
two times in PBS. Cell permeabilization was carried out
in PBS containing 1% w/v bovine serum albumin (BSA)
and 0.1% v/v Triton X-100 for 20 min. To block nonspe-
cific binding sites (e.g., Fc-receptors), 5% v/v normal goat
serum and 5% v/v human Fc-receptor blocking reagent
(Miltenyi Biotec) were applied in PBS for 1 h. Coverslips
were then incubated with the primary antibodies overnight
at'4°C, then washed six times in PBS and incubated with
the secondary antibodies for 1 h, and finally washed six
times in PBS again. During the application of all antibod-
ies 5% v/v normal goat serum and 5% v/v human Fc-
receptor blocking reagent were present. To label nuclei, 0.2
UM TO-PRO®-3 (Life Technologies, www.lifetechnologies.
com) was added to the fixed cells together with the second-
ary antibodies. At the end of the procedure coverslips were
washed three times with distilled water and mounted using
Mowiol 4-88 anti-fade medium (prepared from polyvinyl
alcohol 4-88, glycerol, HZO, and TRIS pH 8.5).

Confocal laser scanning microscopy

Confocal images were collected on an LSM 710 laser
scanning confocal unit (Carl Zeiss, www.zeiss.com) with
a 63X 1.4 numerical aperture plan Apochromat objective
(Carl Zeiss). Excitations were carried out with 25-mW
argon laser emitting at 488 (AF-488) nm and a 1.0-mW
helium/neon laser emitting at 543 (AF-568) and 633 nm
(TO-PRO-3). Emissions were collected using monochro-
mators at the appropriate wavelengths. Images from opti-
cal slices of 0.5 um thickness were acquired. ZEN software
(Carl Zeiss) was used for image acquisition. For analyzing
and processing images the ImageJ software was applied.
The two different granulocyte types of any donor were
labeled the same way in parallel and parameters of confo-
cal imaging were retained between cell types to enable
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quantitative comparison. For the sake of better visibility,
linear image enhancement (brightness and contrast) was
carried out (Figure 3) off-line, strictly to the same extent
in the two cell types. No off-line correction was applied
to the pseudocolor, 3D reconstructions (Supplementary
movies to be found at http://informahealthcare.com/doi/
abs/10.3109/10715762.2014.938234).

Statistical analysis

Statistical analyses were performed with Statistica 8§ soft-
ware (StatSoft, Inc., www.statsoft.com). Student’s t-test or
Mann—Whitney U-test was applied as appropriate, and a
value of p <0.05 was considered statistically significant,
unless otherwise stated. Data are represented as mean =
SEM, unless otherwise specified.

Results

The expression level of Hvl but not of phox is higher in
eosinophils than in neutrophils

A detailed comparison between eosinophil and neutrophil
granulocytes on the amounts of phox subunits had not yet
been performed in healthy individuals. Therefore, to assess
the amounts of phox subunits supplemented with that of
the Hvl protein, total cell lysates were prepared from
eosinophils and neutrophils obtained from healthy donors.
Samples were subjected to Western blot analyses and den-
sitometry. The eosinophil and neutrophil samples from a
given donor were loaded next to each other enabling direct
comparisons. As shown in Figure 1, we analyzed the
expression of the five essential phox subunits (Nox2,
p67Phox p47phox poophox “and Rac) and of Hv1. PDI was
used as loading control and for normalization. Even rough
inspection of Figure 1A reveals' that the /labeling
of NADPH oxidase subunits™ correlates well ‘with PDI

Donor 1 Donor 2 Donor 3 Donor 4 1
(A) Eo,Ne Eo,Ne Eo,Ne Eo,Ne (B)13— u

Noxziih‘ .- . - ‘.. E%%o | +

n=

p67phmx - ‘“ - - ‘-?-770

p47pm - - — e s =50
p22" [ e 25
RacllD - == -"725
Hy1 [ S S -

PDI . P -~ —

N Y - P,
o O

&

PDI-normalized Eo/Ne ratio
<
1

[

S I

S R S A AR S
< & & ¢

1-50
Mw (kDa)

Figure 1. Comparison of the expression of different RB supporting
proteins between eosinophil and neutrophil granulocytes. (A)
Western blot detection of the essential phagocyte oxidase (phox)
components and Hv1. Total cell lysates of 10° cells were loaded
each lane. PDI was used as loading control. Granulocytes derived
from the same donor were loaded next to each other to facilitate
visual comparison. (B) Densitometric analysis of the Western blots.
Each protein band was normalized to the corresponding PDI band.
The normalized values belonging to the same donor and protein
were used to calculate eosinophil/neutrophil ratio (Eo/Ne). An
Eo/Ne value of 1 (dotted line) would indicate identical protein
content (*p <0.05).
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labeling, whereas the intensity of the Hvl band seems
to be dependent on the cell type, being much fainter in
neutrophils. This pattern suggests no major cell type spe-
cific difference in NADPH oxidase expression while indi-
cating cell type dependence for the Hvl content.
Densitometric analysis of the Western blots (Figure 1B)
supports this notion, as the PDI-normalized Eo/Ne ratios
were ~1 for all phox subunits: 1 0.2 for Nox2, 1.6 £0.2
for p67PhX, 1.4 +0.2 for p47PhX, 1 = 0.2 for p22P"°*, and
0.7 £ 0.1 for Rac (n=8, p<0.05 for p67P"**), while Hv1
signal was much higher in eosinophils (Eo/Ne ratio
10.6 £2.5, n=28, p<0.01). Importantly, the average PDI
signal was not different in the two granulocyte subsets
(Eo/Ne ratio of 1=0.2, n=_8). As we always attempted
to load 10° cells/lane, the densitometry results can be
interpreted on a per cell basis as well.

Hvl expression correlates with-Nox2- expression
in eosinophils

The much higher Hvl content of eosinophils raises the
possibility that their RB depend more on the Hv1 activity
than the RB of neutrophils. Furthermore, electrophysio-
logical -measurements indicated that the intensity of
phox-mediated electron currents was correlated with volt-
age-gated proton conductance in eosinophils [27] but not
in neutrophils’[28], also implying a stricter functional cou-
pling between the phox and Hv1 in eosinophils. Supposing
that the above conclusions are valid, one would expect that
individuals whose eosinophils contain more phox will
have higher Hv1 levels as well. To test this hypothesis, we
performed linear regression analysis between the levels of
Hv1 and Nox2, the core component of the phox, in the
two granulocyte types. To establish a spectrum of expected
correlation levels, we also performed correlation analyses
between essential phox components. Based on literature
data, good correlation should be present between p22Phox
and Nox2 levels, as the stability of each of these proteins
in granulocytes depends on the presence of the other one
[29]. In granulocytes a correlation between p47P"°* and
p67Phox expression would not be surprising, as these are
phox specific proteins, which build a complex with each
other even in resting cells [29]. In contrast, the small
GTPase Rac has diverse cellular functions besides helping
phox activity [30], thus a lack of association of its levels
with that of other phox components can be anticipated.
Linear regression analyses could be carried out in each of
these cases, as substantial interpersonal variability (3 to
10-fold difference) in the PDI-normalized expression lev-
els of the phox components was detected with densitom-
etry (Figure 2). As shown in Figure 2, the levels of Nox2
were correlated with p22ph°", and a similar association was
present between p67PP* and p47Phox Jevels. Rac content,
however, did not correlate with p67P"°* expression,
although their functional and molecular interaction in the
active phox had been suggested [31]. All the above cor-
relations were qualitatively the same for both granulocyte
types, while an association between Hv1 and Nox2 levels
was detected only in eosinophils.
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Figure 2. Correlation between the levels of different RB-supporting
proteins in eosinophil and neutrophil granulocytes. PDI-normalized
expression levels of selected proteins (see text for details) from the
eight donors are plotted against each other in granulocyte type
specific fashion. Gray lines are results of linear \regressions.
Only significant correlations are displayed. Different groups of
comparisons (A-D) are demarcated by black lines between the
scatter plots. As each group contained two-comparisons, to accept
significance, p was reduced to <<0.0253 for each linear regression
analysis.

HvI and Nox2 accumulate together at the cell periphery
in resting eosinophils

In an earlier study we have shown that the extent of sub-
cellular co-distribution of Hvl and Nox2 is pronounced in
eosinophils [21]. This observation implies that in eosino-
phils Hv1 has a tendency to accumulate at the cell surface
and in small granules as Nox2 does in this cell type [32].
This notion, however, had never been directly addressed.
As demonstrated in Figure 3 and in the pseudocolor, 3D
reconstruction in the Supplementary movie 1 to be found
at http://informahealthcare.com/doi/abs/10.3109/10715762.
2014.938234, Hvl and Nox2 mainly reside in the same
high density foci in eosinophils, most of which localize to
the periphery of these cells. On the other hand, in neutro-
phils the two proteins distribute more evenly throughout
the cell, displaying a granular pattern (Figure 3 and
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Nucleus
(TO-PRO-3)

Hv1 Nox2
(aHv1-N, AF-488) (7D5, AF-568)

Figure 3. Subcellular distribution of Hvl and Nox2 in eosinophil
and neutrophil granulocytes. Images of resting eosinophil and
neutrophil granulocytes, as obtained with confocal laser scanning
microscopy. Half micrometer thick slices were taken at the middle
of the vertical diameter (i.e., along the Z-axis) of the cells. Cells
were labeled for Hvl, Nox2, and dsDNA with aHv1-N, 7D5, and
TO-PRO-3, respectively.- Note the clustering of Hvl and Nox2
signals mainly at the perimeter of the eosinophils! Scale bar
represents 5 um and applies to both cell types. AF stands for Alexa
Fluor. Pseudocolor, 3D-reconstructions of these cells are available
as supplemental movies.

Supplementary ‘movie 2 to be found at http://informa-
healthcare.com/doi/abs/10.3109/10715762.2014.938234).
Furthermore, eosinophils label on average ~3 times stron-
ger for Hvl, while Nox2 labeling is ~1.4 times more pro-
nounced in neutrophils. These results quantitatively differ
from those observed with WB but can be in part explained
by the co-clustering nature of Hvl and Nox2 signals in
the eosinophils, that may give rise to saturation of the
detection system and homo- or heteroquenching of the
fluorophores at sites of intense labeling.

The apparent maximal intensity of ROS production is
stimulus and detection method dependent

Our results thus far indicate that although the expression
level of Nox2 is very similar in the two granulocyte types,
its subcellular distribution pattern differs markedly.
Furthermore, earlier studies indicate that eosinophils,
unlike neutrophils, release ROS mainly to the extracellular
space [10,13]. Accordingly, paramagnetically purified
eosinophils of healthy individuals released ~3 times more
superoxide (as measured with Cyt ¢) and displayed ~3
times larger plasmalemmal electron currents (i.e., phox
activity) upon PMA stimulation than neutrophils [33].
Compiling these data, one would expect that the apparent
RB intensity of eosinophils will surpass that of neutrophils
even in healthy individuals as long as PMA-induced extra-
cellular superoxide release is measured. Importantly, PMA
is a receptor-independent stimulus that induces robust
phox activation throughout the cell by activating protein
kinase C [34]. On the other hand, this difference should
vanish, or even turn over, if intracellular ROS was to be
detected, e.g., during phagocytosis-related RB. In a care-
ful study Shult et al. compared RB intensity of the two
granulocyte types in six healthy individuals [15]. The data
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indicated no difference if phagocytosis-related RB was
induced by serum-treated zymosan (STZ). On the
contrary, if RB was induced with PMA eosinophils
released two times more ROS, as measured with Cyt c.
Surprisingly, however, this difference was also present if
the ROS-induced chemiluminescence of the membrane
permeable luminol was followed. As luminol-enhanced
chemiluminescence (LCL) is a peroxidase dependent
phenomenon [24], this latter observation could reflect a
difference in the capacity of intarcellular peroxidases
(myeloperoxidase vs. eosinophil peroxidase) in these cells
to support LCL (but see Supplementary Figure 2 to be
found at http://informahealthcare.com/doi/abs/10.3109/
10715762.2014.938234). On the other hand, Shult et al.
used hypotonic gradient centrifugation to separate eosino-
phils from neutrophils, which could have affected the two
cell types differently. Therefore, we were interested whether
these findings are reproducible with our paramagnetically
separated cells. In our experiments we used Diogenes reagent
to detect extracellular release of ROS (predominantly super-
oxide, Supplementary Figure 1A to be found at http://
informahealthcare.com/doi/abs/10.3109/10715762.
2014.938234), and LCL was used to follow ROS formation
predominantly intracellularly [24] (Supplementary Figure 1
and 2 to be found at http://informahealthcare.com/doi/abs/
10.3109/10715762.2014.938234). PMA treatment induced
only modest LCL signal in eosinophil granulocytes, as
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|| —¥— Eo+stimulus
0.8
:E 0.6
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T ]
S 0.4+
-
o K
0.2
0.0 T T T T T ]
0 10 20 30
(©)

RLU/RLU

Time (min)

compared to that in neutrophils under these conditions
(maximum rate Ne/Eo of 2.2 = 0.4, n =15, p <0.02, Figure
4A). In marked contrast, PMA-induced maximal ROS
release rate was 1.7*£0.1 times greater in eosinophils
(n=35, p<0.01), as measured with the Diogenes reagent
(Figure 4C). STZ-activated neutrophil granulocytes pro-
duced on average three times higher maximal LCL signal
than their eosinophil counterparts (maximum rate Eo/Ne
of 0.3+0.2, n=35, p<<0.01, Figure 4B) indicating mas-
sive intracellular ROS generation in neutrophils upon
STZ-stimulation. On the other hand, if STZ-induced RB was
followed with Diogenes, no difference in the maximal ROS
release rate was found (Eo/Ne of 0.7 = 0.2, n = 3, Figure 4D).
The above results clearly indicate that different ROS
detection methods can produce contradictory results if ROS
producing capacity of different cell types is compared.

Oxygen consumption of the two._granulocyte types during
RB is not considerably different

One possible approachto more reliably follow ROS
production in-granulocytes is'to measure their oxygen
consumption. During the RB NADPH oxidase is respon-
sible for the vast majority of oxygen consumed, since the
mitochondrial respiratory chain is practically inactive in
granulocytes [35-38]. As limited number of eosinophils
can be obtained from one donor, we performed the

(B)
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Figure 4. ROS production of neutrophil and eosinophil granulocytes. RB was induced by the addition of phorbol ester (PMA, 0.6 uM) (A),
(C) or opsonized zymosan (STZ, 0.4 mg/ml) (B), (D) at O min: Extracellular ROS was detected with Diogenes reagent (D and C), while
predominantly intracellular ROS formation was followed using luminol chemiluminescence (LCL, A, and B). A separate maximal relative

luminescence unit value (RLU

) was calculated for each donor for each stimulus versus detection method combination. In case of LCL

the biggest signals were measured with neutrophils and STZ as stimulus, while in the Diogenes experiments PMA-stimulated eosinophils

produced the maximal RLU values.
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oxygen consumption measurements with the Seahorse XF
analyzer system, a novel, fluorometry-based oxygen ten-
sion and pH measurement application. To evaluate the
intensity of mitochondrial and NADPH oxidase-dependent
O, consumption, we applied 1 UM antimycin A (respira-
tory chain inhibitor [39]) or low concentration (1 uM) of
DPI (NADPH oxidase blocker [40]), respectively. Granu-
locytes were activated with either PMA or STZ. As
expected for these granulocytes [38], DPI abolished the
RB in both cell types, whereas antimycin A exerted no
inhibition on the O, consumption (Supplementary Figure
3 to be found at http://informahealthcare.com/doi/abs/
10.3109/10715762.2014.938234). The peak of O, con-
sumption was on average ~1.4 times higher in PMA-
treated eosinophils (4.5 = 0.7 nmol/min for 10° cells) than
in neutrophils (3.1 =0.3 nmol/min for 10° cells, n =6,
p <0.02, Figure 5A), indicating that eosinophils possess
somewhat bigger ROS producing capacity. STZ-induced
RB showed slower activation kinetics in eosinophils
(Figure 5B), but the peak value of oxygen consumption
did not differ significantly between the two cell types
(1.9 + 0.4 vs. 2.2 = 0.6 nmol/min for 10° Eo vs. Ne, n = 3).
Although our experimental conditions allowed only mini-
mal extracellular pH change, the average extracellular
acidification rate seemed ~1.6-fold higher in eosinophils,
but the difference was not significant (Figure 5C).

Discussion and conclusions

Since its first description in 1932 [41] the different aspects
of the RB have always been in the forefront of phagocyte
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Figure 5. Oxygen consumption and extracellular pH change during
the RB of eosinophil and neutrophil granulocytes. Oxygen
consumption rate (OCR) was followed during (A) PMA- (0.6 uM)
or (C) STZ-induced (0.4 mg/ml) RB. The maximal oxygen
consumption rate of PMA-stimulated eosinophils (for both A and
C) was defined for each donor and used for all recordings on the
given donor as OCR_ . (B) Maximal PMA-induced OCR of
eosinophils and neutrophils of the donors in (A). (D) pH changes
in PMA-activated granulocytes.
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research. The most studied model of the RB is human
neutrophil granulocyte, as it is relatively easy to obtain in
sufficient amounts from donors. Later on the components
of the phagocyte NADPH oxidase system were identified
and pinpointed as specific proteins needed for mounting
intense and regulated ROS formation during the RB [4].
The classical view that the sole aim of phox assembly and
activation is the production of toxic ROS to kill pathogens
had been recurrently challenged. Today it is accepted that
the activity of the phox is also important to promote
several other processes needed for efficient pathogen
clearing including phagosomal pH regulation, modifica-
tion of signal transduction pathways [2] or formation of
“extracellular traps” [42]. Importantly, most of the above
notions are well-established for the best studied neutro-
phils only and much less so for other phagocytes. It is
clear, however, that quantitative and qualitative differ-
ences in phox activation are present depending on the
phagocyte type or stimulus investigated. During the quest
for identifying the nature and aim of phox activation in
granulocytes, the RB. and sometimes the expression of
phox components were compared between neutrophils and
eosinophils [9-13,15-17]. In spite of the large amount of
data produced during decades of research, controversies
exist'to-what extent are eosinophils capable of mounting
a more intense RB than neutrophils (Eo/Ne range from ~1
[10] to ~ 4.7 [12]), and whether differences in the expres-
sion of phox components (Eo/Ne range from ~1 [12] to
~3 [11] for cytochrome b558) can account for it. In our
view the causes for the controversy are as follows. Com-
parisons performed earlier on granulocytes mostly had to
use different individuals as eosinophil and neutrophil
donors. Due to this and to the often very limited number
of donors, distortion of data caused by interpersonal dif-
ferences could not be excluded. Furthermore, eosinophils
used in previous studies were often not quiescent, as they
stemmed from persons with infectious or proliferative
hypereosinophilia [9-12], or because eosinophils were
isolated by methods partially activating them [13]. Finally,
in most comparisons Cyt ¢ reduction method was used to
assess RB intensity (Eo/Ne range from ~2 [14] to ~4.7
[12]), which only measures extracellular superoxide
release [23] leaving phox activity in intracellular mem-
branes undetected. Importantly, in the studies in that com-
parisons were made in normal cells and/or with methods
that measure RB more accurately, smaller differences
were found between the two cell types (Eo/Ne range from
~1 [10] to ~2.3 [13]).

This study compares the expression of proteins closely
related to ROS production and the intensity of RB in
human eosinophil and neutrophil granulocytes derived
from healthy individuals. Additionally, we always
attempted to minimize the preactivation of granulocytes
in our experiments. Granulocytes were used for experi-
ments immediately after isolation. Eosinophils were nega-
tively selected during the separation procedure, while
neutrophils were positively labeled with anti-CD16 para-
magnetic antibodies, an approach that preserves neutro-
phils in very good condition [19]. Furthermore, to exclude
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the possibility that the labeling had a major influence on
neutrophil function, in pilot studies we had compared
the RB of neutrophils and unlabeled PMNs (>90%
neutrophils) and found no difference (data not shown).

For the assembly of a fully functional phox five sub-
units are essential, namely Nox2, p22Phox, p67phox, pg7phox.
and Rac [4]. In our experiments the expression of all of
these essential subunits was investigated with Western
blot and densitometry. The results indicate that the amount
of each of these subunits is nearly the same in eosinophils
and neutrophils (Figure 1). In contrast, most of the previ-
ous studies found that oxidase subunit expression tend to
be higher in eosinophils. The cause of this discrepancy
most probably lies within the isolation problems men-
tioned above. As the most important addition to all previ-
ous studies we have also compared the amount of the more
recently identified voltage-gated proton channel protein
[39] in the two granulocyte types. Hv1 proton channel is
now considered as a supplementary subunit of the phox,
the absence of which can cause a 30-75% reduction in the
intensity of the RB in phagocytes of the mouse [2]. In
striking contrast with the essential phox subunits, the
expression of Hvl was found to be ~3 (IF) to ~10 (WB)
times greater in eosinophils, than in neutrophils. This lat-
ter finding is in remarkable accordance with patch-clamp
data, as the density of proton current is also ~10 times
higher in eosinophils [43,44]. Theoretically proteolysis
could have altered the level of Hvl in our Western blot
experiments in a cell type dependent fashion, as Hvl-is
reportedly very protease-sensitive [17], and proteolysis.is
always a special concern when granulocytes, especially
neutrophils, are under investigation [45]. To minimize this
problem, DFP treatment was routinely applied before cell
lysis. DFP is a highly lipid soluble agent that can reach
and block granular serine proteases already before the
lysis of neutrophils [45]. As we have shown earlier DFP
pretreatment is a very effective intervention that dramati-
cally improves the detection’ of Hvl in granulocytes,
especially in neutrophils, .in Western blot and immuno-
fluorescence experiments [21].

Having established that no major difference is present
in the expression levels of the essential oxidase compo-
nents, we were interested whether there was a major
difference in the intensity of the RB between the two
granulocyte types from healthy individuals. Unfortunately,
the experiments with chemiluminescent agents to follow
RB yielded contradictory results. If we used Diogenes
to follow extracellular superoxide release, the results
(Figure 4C,D) were qualitatively in line with all previous
studies performed with Cyt c. The differences measured
with Diogenes were, however, smaller than in earlier
reports with Cyt ¢ (Eo/Ne ratio 1.7 vs. 2—4.7). Two expla-
nations can be given for this quantitative difference: 1)
the ROS sensitivity of Diogenes is higher than that of Cyt
¢, 2) Diogenes was not completely specific for superoxide
under our experimental conditions (see Supplementary
Figure 1 to be found at http://informahealthcare.com/doi/
abs/10.3109/10715762.2014.938234 for details). In strik-
ing contrast to extracellular ROS measurements, when we

GFRR_A_938234.indd 8

attempted to follow intracellular ROS formation with
LCL, we could not reproduce the data obtained by Shult
et al. in granulocytes from healthy individuals [15]. In
stark contrast to their results, neutrophils produced greater
maximal LCL signal than eosinophils in our experiments
(Figure 4A,B). Taken together, the observed RB intensity
is greatly influenced by the luminescent detection method
and possibly by the applied eosinophil purification tech-
niques. Nevertheless, our data reinforce previous findings
that eosinophils, unlike neutrophils, produce ROS primar-
ily at the cell surface [13,10]. To approach more accurately
the real difference in RB potency between the two cell
types, we decided to perform oxygen consumption mea-
surements using the Seahorse XF technology. The advan-
tage of oxygen consumption measurements over ROS
detection techniques is that net ROS production will cause
net oxygen consumption irrespective of its site. In these
experiments PMA induced-a somewhat fiercer RB in
eosinophils (Figure 5A), while upon STZ stimulation the
intensity of oxygen consumption'was very similar, albeit
with slower activation kinetics in eosinophils (Figure 5B).
These results-are in good agreement with previous data
obtained in polarometric oxygen consumption experi-
ments _[16], although the differences detected by us are
somewhat smaller.

Taken together, our data indicate that eosinophil and
neutrophil granulocytes express very similar amounts of
NADPH oxidase subunits and have similar ROS produc-
ing potency, whereas eosinophils contain Hvl in about
one order of magnitude greater amounts. So why is this
huge difference in Hv1l expression if other fundamental
quantitative aspects of the phox system are so similar? As
no tool is available yet to specifically modify Hv1 activity
in human granulocytes, the answer to this question can
only be speculative currently. Nevertheless, in our view
the differences in the localization of phox activity between
the two cell types may provide a clue. Based on previous
studies [10,13] and on our measurements, eosinophils
release ROS mainly to the extracellular space, while neu-
trophils are prone to produce more intracellular ROS.
In line with these observations eosinophils tend to co-
distribute Nox2 and Hv1 in “hot spots” at the cell’s periph-
ery already in the resting state (Figure 3). Indicating that
such hot spot like distribution of these proteins is present
at the plasmalemma of activated cells as well, dispropor-
tionately large electron and proton currents could be mea-
sured in small excised patches from PMA-stimulated
eosinophils [27], as compared to the whole-cell currents
of these cells [8]. Compiling available data, we assume
that intense extracellular but not intracellular superoxide
release is dependent on very high level Hvl expression.
Indeed, results of a recent study imply that although the
suppression of plasmalemmal Hv1 activity reduces extra-
cellular superoxide generation, it also results in augmented
intracellular ROS release in neutrophil granulocytes [46].
Furthermore, unlike in eosinophils, the proton channel
expression is not correlated with that of the electron
transporting Nox2 in neutrophils (Figure 2). Charge com-
pensation, thus limiting depolarization, may much more
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be the bottleneck for phox activity at the plasma mem-
brane than in intracellular vesicles, where the transmem-
brane pH difference [47] or the accumulation of ROS can
rather pose a hindrance. Hv1 is an unbeatable and virtually
inexhaustible charge compensatory route for massive phox
activity at strongly depolarized membrane potentials, like
those observed in activated granulocytes at the plasma
membrane [48]. Unfortunately, changes in the phagosomal
membrane potential during granulocyte phagocytosis
have not yet been defined, but robust phagosomal NADPH
oxidase activity is likely sustainable in the presence of
fewer Hvl molecule, as probably other ion channels and
proton transporters [2] also provide intense support there.
Furthermore, very high proton channel density would
probably preclude the complex phagosomal pH and ion
composition changes of neutrophils [2].

In conclusion, Hvl can be an important pharmacolog-
ical target to limit the extracellular superoxide release of
granulocytes without severely impairing the RB around
engulfed pathogens.
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Supplementary Figure 1. The effects of extracellularly added superoxide dismutase and catalase on the Diogenes- or luminol-detected ROS
production of granulocytes. Polymorphonuclear cells (>90% neutrophil) were stimulated with 0.6 uM PMA~ at 0 min in the presence or
absence of superoxide dismutase (SOD, 12.5 pg/ml) and/or catalase (100 pg/ml). Presence of each of the antioxidant enzymes was capable
to substantially reduce the Diogenes signal (A), while an impact on luminol (B) chemiluminescence (LCL) was either absent (catalase alone)
or moderate (catalase with SOD). These latter observations support the notion that LCL mainly-detects intracellular ROS in granulocytes
[1]. The impact of SOD+ catalase on LCL may indicate facilitated superoxide secretion at the expense of intracellular ROS release (i.e.,
more NADPH is consumed near the cell surface). Our results with Diogenes indicate that this compound mainly detects extracellular ROS
with a preference for superoxide under the applied experimental conditions (see Methods for details of experimental conditions). The
substantial impact of catalase on the Diogenes signal is somewhat surprising, as this reagent had been reported to be specific for superoxide
in another experimental system [3]. One explanation that can resolve this apparent contradiction is that at high concentrations of superoxide—
with H,O, removed by catalase and with Hvl-extruded protons in the vicinity—the rate’ of spontaneous dismutation (http://www?2.phys.
rush.edu/TomD/SuperoxideDisproportionation.GIF) might become comparable to the detection speed of Diogenes.
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Supplementary Figure 2. The presence of HRP affects the observed kinetics of LCL-detected respiratory burst but does not influence its
maximal intensity in granulocytes. (A) Granulocytes were stimulated with 0.6 uM PMA in the presence or absence of HRP (1 U/ml). (B)
Granulocytes were stimulated with or without STZ (0.4 mg/ml) in the presence or absence of HRP. All curves were normalized to the
maximal LCL of STZ-stimulated neutrophils on a given plate. Note that although the presence of extracellularly added HRP influences the
kinetics of the measured LCL signal, it has no effect on its maximal intensity. Specifically, HRP retards the LCL signal rate if PMA is the
stimulus, while HRP accelerates this rate if zymosan is the stimulus. These virtually contradictory observations can be deciphered as follows.
HRP will somewhat speed up LCL signal if it has direct access to high concentrations of H,O,. This is the case when phagocytosis is
induced with zymosan, as it will direct the RB machinery and ROS release toward the zymosan and HRP containing extracellular compartment.
On the other hand, in PMA stimulated cells an indirect effect of HRP will dominate, i.e., helping the extracellular removal of H,O, thus
facilitating extracellular superoxide release (similarly to extracellular catalase in Figure S1B). Taken together, endogen peroxidase content
of the Eo and Ne (eosinophil peroxidase and myeloperoxidase, respectively) appears to be sufficient to support the LCL under PMA-
stimulated conditions. The above observations support the notion that LCL mainly detects intracellular ROS in granulocytes [1].
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Supplementary Figure 3. Oxygen consumption of activated
granulocytes is dependent on NADPH oxidase but not on
mitochondrial respiration. To measure oxygen consumption at
37°C, the Seahorse XF Analyzer system was used. To evaluate
the intensity of NADPH oxidase-dependent and mitochondrial O,
consumption, we applied (A) low concentration (1 uM) of DPI
(NADPH oxidase blocker [2]) or (B) 1 uM antimycin A
(respiratory chain inhibitor [4]), respectively. Granulocytes were
stimulated with or without 0.6 uM PMA. The maximal oxygen
consumption rate of PMA-stimulated eosinophils in (A) was
defined for each of the four donors and used for all recordings on
the given donor as OCR . Note that the longer incubation time
in (A) before PMA addition exacerbates the OCR_  difference
between Eo and Ne, as compared to that in (B). This may be an
artificial consequence of the slight mechanical agitation introduced
by the periodically lifting and sinking detector of the Seahorse
XF Analyzer.
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Movie 1

Pseudocolor, 3D reconstruction of the eosinophils in
Figure 3. Green: Hv1, red: Nox2, blue: nucleus (see Meth-
ods for details on labeling). Bright, yellowish green “hot
spots” denote co-clustering of Hvl and Nox2 labeling.

Movie 2

Pseudocolor, 3D reconstruction of the neutrophils in
Figure 3. Green: Hv1, red: Nox2, blue: nucleus (see Meth-
ods for the details on labeling).
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