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Summary

The identification of the HVCNI1 gene, encoding the only mammalian
voltage-gated proton channel, prompted a number of studies on how pro-
ton channels affect cellular functions. As their expression is mainly
restricted to immune cells, it is not surprising that proton channels regu-
late different aspects of immune responses. In this review, I will examine
the current knowledge of voltage-gated proton channels in both innate
and adaptive responses and assess the remaining outstanding questions.
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Introduction

HVCNI, or hydrogen voltage-gated channel 1, is the gene
coding for the only mammalian voltage-gated proton
channel (also called Hvl and VSOP)."? This highly pro-
ton-selective channel is a small four-transmembrane
domain protein, similar to the voltage-sensor domain of
other voltage-gated cation channels but lacking a pore-
forming domain. HVCN1 is expressed at the plasma
membrane and physiologically exists as a dimer,”* with
each monomer possessing a separate permeation pathway.
Although the dimerization is not essential for its function,
it influences the opening of the two pathways, which is
highly cooperative.”® Interestingly, proton channels can be
inhibited by divalent cations such as Zn>" but more so
when they are in their dimeric form.” As its name sug-
gests, HVCN1 opening is voltage-dependent, therefore
changes in membrane potential activate the channel and
result in the generation of a proton current out of the cell.
Channel opening is highly pH dependent, such that under
physiological conditions, HVCNI1 always mediates cur-
rents out of the cell that help to relieve intracellular
acidification."” In addition, proton channels can be regu-
lated by protein kinase C-dependent phosphorylation,
which results in the so-called enhanced-gating: channels
open at more negative voltages, open faster and close
more slowly, producing larger proton currents.® Cells have
many ways to relieve intracellular acidification through

exchangers and co-transporters,” two advantages conferred
by proton channels are that they do not require ATP and
they do not depend on (nor affect) the concentration of
other electrolytes.

Proton currents were described long before the gene
coding for a proton channel was identified.'” They have
been most thoroughly studied in innate immune cells such
as phagocytic cells, in association with the activity of the
NADPH oxidase (Fig. 1). This enzymatic complex can
generate reactive oxygen species (ROS) such as superoxide
anion (O,*) and is expressed in different cell types. It
assembles on the plasma membrane (or phagosomes) of
granulocytes, macrophages and B lymphocytes upon stim-
ulation.'" ™" It has also been described in T cells."*

Superoxide anion, O,¢, is a highly unstable precursor
to other ROS, with the most abundant being hydrogen
peroxide, H,0,.

NADPH oxidase activity is electrogenic, i.e. it depolar-
izes the plasma membrane, because the electrons extracted
from cytoplasmic NADPH are translocated to extracellular
or intraphagosomal O,, and thereby reduced to O, ."
Without charge compensation, the membrane would
depolarize to very positive voltages, at which NADPH oxi-
dase ceases to function.'® Proton currents provide most of
this charge compensation,'” and alleviate the cytosolic
acidification that results from NADPH utilization, which
also inhibits NADPH oxidase.'® ROS produced extracellu-
larly and in the phagosome are required to clear engulfed
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lating factor; HVCNI, hydrogen voltage-gated channel 1; KO, knockout; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen
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Table 1. Summary of cell types expressing HVCNI and its relative function

Cell t NADPH
Al oxidase expressed?
Neutrophils
Eosinophils
@ YES
Basophils
Dendritic cells
N /(’# YES
¥\
1))
4
Macrophages

(7 YES
@

B lymphocytes
YES

O

T lymphocytes

o -

bacteria by phagocytic cells, as shown by impaired
immune responses in patients with chronic granulomatous
disease,'”” who have mutations in components of the
NADPH oxidase.

Despite the ample evidence on co-expression of HVCN1
and NADPH oxidase and their co-activity, proton channels
are also present in cells not expressing the NADPH oxidase
(such as basophils,” human spermatozoa®' and airway
epithelial cells’?) and can therefore mediate additional
functions.

With the exception of human spermatozoa, where proton
channels regulate spermatozoa motility,>® capacitation and
subsequent activation,”’ and airway epithelial cells, where,
among other transporters, they contribute to acidification of
the airway mucosa,”” the expression of HVCNI appears
restricted to leucocytes. To date, proton channels have
been described in granulocytes (neutrophils, eosinophils
and basophils),”* monocytes,” macrophages,” microglia,””**
B lymphocytes,”** T lymphocytes and dendritic cells
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Functions regulated by HVCN1

* Rebalancing membrane potential
* Relieving intracellular acidification
* ROS for microbial killing

» Extracellular ROS production
¢ Parasite killing?
* Cell death?

* Relieving intracellular acidification
* Histamine release

* ROS production
* Antigen presentation?

* ROS production
« Killing of engulfed microbes?

* ROS production
* BCR signalling
* Antibody responses

* ROS production
*??

(Table 1).*° Although the availability of an HVCN1 knockout
(KO) mouse line has significantly increased our understanding
of proton channels in each cell type, many questions remain
open, especially regarding their role in immune responses in
vivo.

Proton channels in innate immune cells

Neutrophils

The best described role of proton channels in neutrophils
is sustaining NADPH oxidase-dependent ROS production,
one of the weapons required to kill engulfed bacteria.
Indeed, in vitro studies on neutrophils from HVCN1 KO
mice showed that their killing of phagocytosed bacteria
was impaired’’ and this was accompanied by diminished
NADPH oxidase-dependent ROS production. When chal-
lenged with Staphylococcus aureus injected intraperitone-
ally, however, HVCN1 KO mice recovered as well as their
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Figure 1. Schematic representation of the cooperation between the
enzymatic complex NADPH oxidase and proton channels. The
NADPH oxidase is assembled at the plasma membrane or on the
membrane of phagosomes following a number of stimuli in phago-
cytic cells, B cells and T cells.""* The enzyme takes electrons (e~)
from NADPH and transfers them to molecules of oxygen (O,), gen-
erating the radical superoxide anion (O,¢”). This highly unstable
reactive oxygen species (ROS) is then neutralized by conversion to
more stable ROS, such as hydrogen peroxide (H,0O;). The activity of
the NADPH oxidase results in an accumulation of protons, H', in
the cytosol and an increase in membrane potential, because negative
charges are transferred across the membrane. Proton channels can

promptly rebalance charges and pH across the membrane.'®'®

wild-type counterpart to the infection. Furthermore,
HVCN1 KO mice appeared to have normal responses to
Pseudomonas aeruginosa and Burkholderia cepacia adminis-
tered by intranasal inoculation. Why the in vitro defect did
not seem to translate into an in vivo one remains to be
established. One major question is whether additional cell
types can compensate for the neutrophil impairment. Fur-
thermore, we do not know if infections with other bacterial
strains, which might be more susceptible to ROS killing, or
infections at different sites, would give similar results.

A subsequent article by Demaurex and colleagues
showed that HVCN1 KO neutrophils are also impaired in
their migration in vitro, which correlated with a defect in
Ca’* influx after activation.’® This was due to the loss of a
driving force for Ca®" entry into the cell, because the
absence of HVCNI1 would result in an accumulation of
protons, and hence of positive charges in the cytoplasm.
The defective Ca®" entry should result in impaired activa-
tion of downstream signalling pathways, which could
impact on cytokine production as well as migration. How-
ever, this aspect was not investigated. Along these lines, it
would be interesting to study also how additional inflam-
matory processes in which neutrophils are involved, such
as formation of atherosclerotic plaques or tumour
responses, might be impaired in HVCN1 KO neutrophils.

A more recent publication from the same group has
described a role for proton channels in the acidification
of neutrophil phagosomes.”® The authors confirmed the
presence of HVCN1 on the membrane of phagosomes
and found that, in HVCN1 KO neutrophils, phagosomal
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pH was more alkaline than in wild-type cells. In phago-
somes from HVCN1 KO macrophages, on the other
hand, they did not observe an alkalinization but rather a
reduction in the rate of acidification. Their results cor-
roborate evidence that proton channels are expressed on
phagosomes and help to regulate their pH.

Eosinophils

Eosinophils are granulocytic cells known for their role in
allergic diseases and helminth infections.”® Similarly to
neutrophils, eosinophils also express the NADPH oxidase
enzyme, and their oxidative burst is greater than in neu-
trophils.”® Interestingly, the cellular distribution of
NADPH oxidase in the two cell types appears to be differ-
ent, mainly at the plasma membrane for eosinophils and
mainly in phagosomes for neutrophils,”® which suggests a
more prominent role for eosinophil-derived ROS in the
extracellular environment. Eosinophils were shown to pos-
sess proton currents almost two decades ago,”” and their
activation was linked to the activity of the NADPH oxi-
dase.’®® More recently, the protein coding for proton
channels, HVCN1, was shown to be expressed in human™
and mouse*' eosinophils. In the latter study, the authors
confirmed that HVCN1 KO eosinophils had impaired
NADPH oxidase-dependent ROS production.*' Unlike in
neutrophils, however, the authors did not observe a defect
in Ca** mobilization. This is probably due to the presence
of additional channels that can mediate charge compensa-
tion and maintain a driving force for Ca*" entry, such as
the Ca®" activated K* channels.*” Interestingly, however,
the authors noted an increased susceptibility to cell death
in HVCN1 KO eosinophils upon PMA stimulation, which
was NADPH oxidase dependent. The sensitivity of HVCN1
KO cells appeared to be specific to PMA stimulation,
because alternative apoptotic insults did not result in dif-
ferences in cell death. As PMA stimulation resulted in
increased membrane depolarization and intracellular acidi-
fication in eosinophils lacking proton channels, the authors
proposed that these were both responsible for the increased
susceptibility. Their results suggested that in vivo responses,
involving NADPH oxidase activation in HVCN1 KO eosin-
ophils, should be affected by both a reduction in ROS pro-
duction and a degree of eosinophil cell death. It would be
interesting to see how this would affect immune responses
where eosinophils play a significant role, such as allergic
reactions and infections with parasitic helminths.

Basophils

While in other granulocytes the activity of proton chan-
nels is linked to the NADPH oxidase, this is not the case
for basophils, which do not express the ROS-generating
enzyme.”’ Similarly to eosinophils, basophils are also
mainly involved in allergic reactions and parasitic infec-
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tions. Furthermore, they share some characteristics with
mast cells, such as storage of histamine, as well as newly
synthesized leukotriene C in their granules, which is
released upon activation with different stimuli.*> Interest-
ingly, the DeCoursey laboratory showed that stimulation
of basophils with PMA or agonists of histamine release
such as N-formyl-methionyl-leucyl-phenylalanine and
anti-IgE, resulted in a strong increase in proton currents.
This suggested a requirement for proton channels in
basophil activation. Furthermore, the group showed that
when proton channels were blocked with the divalent
cation Zn**, there was impaired histamine release after
both N-formyl-methionyl-leucyl-phenylalanine or anti-IgE
cross-linking, an observation that correlated with a signif-
icant increase in intracellular acidification. The result
indicated that basophils undergo significant acidification
upon activation, which is normally compensated by pro-
ton channels. Evidently, additional regulators of pH, such
as the Na*™/H" exchanger, are not able to compensate for
the inhibition of proton channels. How the altered intra-
cellular pH affects degranulation and histamine release
remains to be established. Furthermore, it remains to be
defined if the inhibition of proton channels would affect
allergic reactions or responses to parasitic infections. In
this respect, it would be interesting to investigate if mast
cells also express proton channels and if their histamine
release is equally affected by proton channel inhibition.

Dendritic cells

We still have a limited understanding of HVCNT’s role in
dendritic cells, the main cell type responsible for antigen
presentation and activation of T cells. Szteyn et al.”® have
shown that HVCNI is expressed in bone marrow-derived
dendritic cells and that lipopolysaccharide stimulation
can enhance proton currents, an observation that corre-
lated with increased ROS production. When immature,
dendritic cells undergo extensive endocytosis and macr-
opinocytosis, which stops once they become mature,
whereas the number of dendrites increases and MHC
molecules on their surface are significantly up-regulated.
In dendritic cells, ROS production has been shown to be
required for optimal antigen processing and presentation.
According to a study conducted by the Amigorena group,
ROS help to maintain an alkaline pH in the antigen-con-
taining endosomes by consuming protons in the lumen
(which react with O, to generate H,0,). The alkaline
pH inhibits proteolytic enzymes and preserves antigen
integrity until fusion of endosomes with MHC-containing
compartments. More recently, however, another study has
shown that the phagosomes of dendritic cells do acidify,
and ROS do not affect pH but are required to inhibit
proteolysis through a direct effect on lytic enzymes such
as cysteine cathepsins.** Given the role of ROS in oxidiz-
ing cysteines (see paragraph on B cells), this effect is not
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surprising. The authors also investigated the role played
by proton channels in ROS production in dendritic cells.
HVCN1 KO dendritic cells showed diminished ROS pro-
duction in their phagosomes, an effect that was exacer-
bated by inhibition of the proton pump V-ATPase,
suggesting that charge compensation can be partly com-
pensated by this protein. The authors, however, did not
investigate the effect that HVCNI loss would have on
antigen presentation. Interestingly, in the study by Szteyn
et al.,’® 24-hr lipopolysaccharide stimulation resulted in a
reduction of proton currents, an effect that was not medi-
ated by overall diminished expression of HVCN1. Maybe
this is due to proton channel internalization in activated
cells and localization along the endolysosomal pathway,
rather than at the plasma membrane. It would be inter-
esting to investigate for how long the expression of pro-
ton channels is maintained in fully activated, antigen-
presenting dendritic cells. Given the central role of den-
dritic cells in initiating adaptive immune responses, it
remains to be addressed if proton channel inhibition in
these cells would have functional consequences on their
ability to activate T cells in a range of in vivo responses.

Macrophages

Proton channels are expressed in phagosomes** and con-
tribute to the regulation of their pH,”> nonetheless, rela-
tively little is known about their functional role in
macrophages. A recent publication on the role played by
granulocyte-macrophage colony-stimulating factor (GM-
CSF) in macrophages during infection with the yeast
Histoplasma capsulatum, a strain that infects the lungs of
mammals and replicates in the phagosomes of alveolar
macrophages, also described a role for HVCNI in this
infection. The authors demonstrated that the reason why
GM-CSF treatment inhibits yeast replication is the induc-
tion of a transcriptional reprogramming that results in
Zn*" sequestration away from the phagosome and into
the Golgi, through the up-regulation of Zn**-chelating
proteins. The authors proposed that Zn*' sequestration
acts in two ways, on one hand it deprives H. capsulatum
of Zn**, essential for its replication, and on the other
hand it removes Zn** from the phagosome, thereby
removing its inhibitory effect on proton channels. There-
fore, Zn>" relocation to the Golgi increases ROS produc-
tion in phagosomes, because proton channels are not
inhibited and can therefore sustain NADPH oxidase
activity. This latest point, however, is not completely clar-
ified: the authors mention that the Zn**-scavenger pro-
teins up-regulated by GM-CSF are also able to scavenge
ROS, hence their observation that cells that are KO for
these proteins have diminished ROS production could be
due to this mechanism, rather than one that involves the
effect of Zn*" on proton channels. In addition, pH and
charge compensation in the phagosome are regulated by
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a number of different exchangers, transporter and, most
importantly, the proton pump. As indicated by Rybicka
et al,** the proton pump is able to compensate at least
partially for the loss of proton channels, therefore it is
possible that the strong impairment in ROS production
and yeast growth inhibition observed in HVCN1 KO
macrophages is not simply due to an effect on sustaining
the NADPH oxidase, as the authors propose. Nonetheless
these results highlight a potential new role for proton
channels in macrophages and clearance of phagocytosed
microbes that should be investigated further in the
future.

Proton channels in adaptive immune responses

B lymphocytes

HVCNI in B cells was initially identified in a proteomic
screen of plasma membrane proteins from mantle cell
lymphoma primary cells.** Immunoblot of naive and
memory B cells with anti-HVCNI1 antibodies showed that
protein expression levels were similar and comparable to
granulocytes; however, in proliferating B cells, such as
germinal centre cells or primary B cells stimulated in vitro
with agonistic anti-CD40 and interleukin-4, HVCN1 was
down-regulated.”* This pattern of expression suggested a
requirement for HVCNI1 in the initial phase of B-cell
activation and B-cell receptor (BCR) stimulation. When
the BCR recognizes an antigen, the binding leads to inter-
nalization of the BCR—antigen complex, and eventually to
presentation of antigen-derived peptides on MHC class 1I
molecules. Antigen internalization resembles phagocytosis
of invading pathogens by phagocytes; similarly, it happens
simultaneously to activation of the NADPH oxidase, in
phagocytic cells as well as in B cells. B cells, however, use
the 10 times smaller ROS production not for killing bac-
teria but for signalling. The hypothesis that ROS were
necessary for BCR signalling was first proposed by
Michael Reth, who suggested that ROS were necessary to
inhibit phosphatases and allow activation of signalling
pathways.*” As the activity of phosphatases is higher than
that of kinases (removal of a phosphate group is less
energy-demanding and faster than the addition of one),
in the absence of a temporary inhibition of phosphatases
there would be no activation of signalling pathways.
Phosphatases have a cysteine residue in their catalytic site:
due to its low pK,, the sulthydryl group of the cysteine
side chain, -SH, is deprotonated at physiological pH to a
thiolate anion -S°, necessary for its catalytic activity. The
thiolate anion, however, is susceptible to oxidation, which
can be reversible in the presence of weak oxidants. The
oxidation of phosphatases does not occur normally,
because the cytosol is rich in reducing agents. Nonethe-
less, the intracellular environment can become oxidizing,
at least locally, following production of oxidants by the

© 2014 John Wiley & Sons Ltd, Immunology, 143, 131-137
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cells, as happens upon NADPH oxidase activation or by
ROS release by mitochondria.*” With the discovery of
HVCNI in B cells it was possible to assess (i) if proton
channels were required to sustain the NADPH oxidase,
and therefore ROS production, in cells other than phago-
cytic cells; and (ii) if an effect on ROS production was
linked to defective signalling.

B cells from HVCNI1 KO mice appeared to develop
normally, an observation that correlated with the absence
of HVCN1 expression in B-cell precursor cells.** How-
ever, when mice were challenged with both T-indepen-
dent and T-dependent antigens, they showed impaired
antibody responses, indicating that B cells were receiving
a weaker stimulation in response to antigen recogni-
tion.*®*’ This was confirmed by diminished proliferation
in response to BCR stimulation in vitro. The activation of
signalling pathways appeared unaffected at early time-
points but was not sustained at later time-points, as was
the case for spleen tyrosine kinase (Syk). Syk controls
many downstream pathways such as mitogen-activated
protein kinase activation, Ca*" mobilization (from endo-
plasmic reticulum stores as well as entry from the extra-
cellular milieu) and phosphoinositide 3-kinase (PI3K)
activation.”®" Surprisingly, not all Syk downstream path-
ways were affected equally, as neither extracellular signal-
regulated kinase (ERK) activation nor Ca®" mobilization
were impaired. On the other hand, the protein kinase
Akt, which is downstream of PI3K,”? showed diminished
activation in HVCNI1-deficient cells and this resulted
in decreased cell metabolism, as both mitochondrial
respiration and glycolysis were reduced following BCR
stimulation. The impaired Syk and Akt activation was
accompanied by diminished oxidation of a key protein
tyrosine phosphatase, src homology 2 domain-containing
tyrosine phosphatase SHP-1. SHP-1 is recruited to the
BCR complex upon activation, where it can be oxidized
by locally generated ROS. In HVCN1 KO B cells, BCR-
dependent ROS production was not sustained, therefore
SHP-1 oxidation was diminished, and the more active
phosphatase could dephosphorylate its substrates such as
Syk. Indeed, the defect in Syk activation could be ‘res-
cued’ by treating HVCN1 KO B cells with low doses of
an SHP-1 inhibitor, sodium stibogluconate.” It is inter-
esting to note that ROS production was not completely
absent in HVCNI1-deficient B cells, but rather was not
sustained. This result is in agreement with the observa-
tion that the initial activation of multiple BCR-dependent
signalling pathways took place normally in HVCN1 KO B
cells; however, it could not be sustained at later time-
points. This result might also explain why different sig-
nalling pathways were not affected in the same way by
the impaired ROS production; for example, Ca*" mobili-
zation and ERK activation were unaffected by loss of
HVCNI. It is possible that different kinetics of activation
explain this difference: the activation of BCR signalling
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pathways is spatially regulated, with ERK being activated
mainly while the BCR is at the plasma membrane and
Akt being activated at the endolysosomes, once the BCR
has been internalized.> In light of these results, it is pos-
sible to speculate that ROS production takes place only
on the membrane of endolysosomes after the BCR has
been internalized; therefore a defect in their production
will affect signal initiated here (Akt); however, it would
not affect signal initiated at the membrane (Ca**, Erk).
Further experiments to clarify where the NADPH oxidase
is assembled and where it generates ROS within B cells
would be required to clarify this point.

The defects observed in HVCN1-deficient B cells were
specific for BCR stimulation, as signalling pathways acti-
vated by Toll-like receptor 4 and CD40 stimulation were
unimpaired.

Consistent with the BCR-specific defect in signalling,
HVCNI1 was found to be associated with the BCR com-
plex and to co-localize with the receptor upon stimula-
tion. This raises the possibility that close proximity of H*
transport to the BCR might be important. Whether prox-
imity is necessary to support NADPH oxidase activity or
for other reasons is unknown and will require further
investigation.

The defects observed in HVCN1 KO B cells can be reca-
pitulated by the diminished ROS production and down-
stream consequences on BCR signalling. Nonetheless,
impaired ROS production is accompanied also by increased
intracellular ~acidification upon BCR stimulation in
HVCN1 KO cells (M. Capasso and T. DeCoursey, unpub-
lished observation), highlighting how proton channels play
a similar role in B cells and phagocytic cells, that is to rebal-
ance pH and charges across the plasma membrane. It
remains to be defined, however, whether the altered intra-
cellular pH has additional consequences on B-cell function
in general and signal transduction in particular, which
might contribute to the defective phenotype observed in
HVCN1 KO B cells.

T lymphocytes

Proton currents in T lymphocytes were first reported by
Claudia Eder and co-workers, who described small cur-
rents in resting human T cells that increased after 24 hr of
stimulation with PMA.* Tt is not clear if the increase in
proton currents would coincide with an up-regulation of
NADPH oxidase in T cells. What we do know is that
NADPH oxidase components are expressed in T cells, to a
lesser extent compared with B cells, and mediate ROS pro-
duction after T-cell receptor stimulation.'* Based on the
limited data on proton channels in T cells, it is difficult to
speculate what role their loss or inhibition would have on
T-cell responses. A recent report by the Okamura labora-
tory described an increase in memory T cells after lym-
phocytic choriomeningitis virus infection in HVCN1 KO
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mice. These authors also showed reduced ROS production
in splenic T cells, especially in a second wave of ROS,
which peaked at 40 min after PMA stimulation.”® Given
that the studies were conducted in germline HVCN1 KO
mice, it is difficult to ascertain whether the increase in
memory T cells is due to an intrinsic phenotype of T or
additional cells. Furthermore, the study goes on to
describe an autoimmune phenotype in a proportion of
aged KO mice (10% of mice on C57BL/6] background
and half of mice of mixed C57BL/6J-129 background).
Mice presented splenomegaly at 6 months, accompanied
by an increase in circulating antibodies and immunoglob-
ulin deposition in kidneys. The authors do not explain the
nature of the splenomegaly, as B and T cells numbers were
unaffected, nor what was responsible for the increased
production of autoantibodies. We would like to note that
in a small cohort of aged germline HVCN1 KO mice
(> 12 months, on C57BL/6J-129 background), we failed
to notice splenomegaly (M. Capasso, unpublished obser-
vation), so it is possible that housing conditions or differ-
ences in the substrains of C57BL/6] mice might play a role
in the autoimmune phenotype.

Given the limited data, a more thorough investigation
with cell-specific HVCN1 KO mice (floxed HVCNI) is
required to discover more about the overall alterations of
immune responses and the potential susceptibility to an
autoimmune phenotype in the absence of HVCNI.

Conclusions

The discovery in recent years of the gene coding for the
only mammalian proton channel, HVCNI, accompanied
by the generation of HVCN1 KO mice, has ignited a
renewed interest in the function of voltage-gated proton
channels in leucocytes. Although we know relatively well
how proton channels cooperate with the NADPH oxidase
in the generation of ROS, little is known about what phe-
notypic consequences this has in different immune cell
types. More importantly, we know even less about the role
played by HVCNI in in vivo immune responses. The exis-
tence of a floxed HVCNI line, which allows its conditional
deletion, will advance our understanding of proton chan-
nels and their role in a range of immune responses. Further
knowledge of their function will provide the rationale for
exploring HVCNTY’s full potential as a drug target (see Sere-
denina et al.>® for a full review of this topic).
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