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HVCN1 modulates BCR signal strength via regulation of
BCR-dependent generation of reactive oxygen species

Melania Capasso', Mandeep K Bhamrah'!, Tom Henley?, Robert S Boyd!, Claudia Langlais!, Kelvin Cain!,
David Dinsdale!, Karen Pulford?, Mahmood Khan*, Boris Musset?, Vladimir V Cherny>, Deri Morgan®,
Randy D Gascoyne®, Elena VigoritoZ, Thomas E DeCoursey’, lan C M MacLennan* & Martin J S Dyer!

Voltage-gated proton currents regulate generation of reactive oxygen species (ROS) in phagocytic cells. In B cells, stimulation
of the B cell antigen receptor (BCR) results in the production of ROS that participate in B cell activation, but the involvement
of proton channels is unknown. We report here that the voltage-gated proton channel HVCN1 associated with the BCR complex
and was internalized together with the BCR after activation. BCR-induced generation of ROS was lower in HVCN1-deficient

B cells, which resulted in attenuated BCR signaling via impaired BCR-dependent oxidation of the tyrosine phosphatase SHP-1.
This resulted in less activation of the kinases Syk and Akt, impaired mitochondrial respiration and glycolysis and diminished
antibody responses in vivo. Our findings identify unanticipated functions for proton channels in B cells and demonstrate the

importance of ROS in BCR signaling and downstream metabolism.

The strength of B cell antigen receptor (BCR) signaling is critical for
the commitment of B cells to proliferation and differentiation into
plasma cells'2. BCR crosslinking by antigen results in the activation of
receptor proximal protein tyrosine kinases, such as Syk (A000040) and
the Src-family kinase Lyn, and the rapid phosphorylation of several
protein tyrosine kinase substrate proteins, including Btk, phospho-
lipase-Cy2 and phosphatidylinositol-3-OH kinase, which propagate
signaling through protein kinase C, the kinase Akt (A000249) and
Ca?* mobilization®*. However, BCR stimulation also results in
recruitment of negative regulators such as the tyrosine phosphatase
SHP-1 (A002156), which binds to phosphorylated immunoreceptor
tyrosine-based inhibitory motifs on CD22 (ref. 3). SHP-1 activity
counterbalances protein kinase activity and is important for regulat-
ing BCR signaling, as exemplified by the hyper-reactive phenotype
of SHP-1-mutant mice®. Therefore, initiation and transmission of
the BCR signaling cascade requires not only activation of kinases
but also inhibition of protein tyrosine phosphatases (PTPs). PTPs
have a cysteine residue in their catalytic site that can be reversibly
oxidized by reactive oxygen species (ROS)®, such as oxygen anions
and radicals (O, and OH"), or milder oxidants, such as hydrogen
peroxide (H,0,). ROS are actively produced by B lymphocytes after
BCR stimulation’~?, and their production is similar to the oxida-
tive burst of phagocytic cells required for microbial killing, although
it is at most one-tenth the amplitude in phagocytes’~!!. ROS are
produced in B lymphocytes by the same enzymatic complex as in
granulocytes, NADPH oxidase; in support of this are the findings
that ROS production in B cells is diminished by the NADPH oxidase
inhibitor diphenyleneiodonium (DPI)® and that B cells from patients

with chronic granulomatous disease, characterized by inherited muta-
tions in genes encoding NADPH oxidase components, show the
same defect in ROS production as their granulocytic cells do'2.
B lymphocytes express all components of the NADPH oxidase found
in granulocytes: gp91Phox, p22phox  pa7phox  phe7Phox and pojrac
(ref. 13). ROS have been shown to induce sustained tyrosine phospho-
rylation and subsequent B cell activation in vitro! 14, but evidence for
a direct role for ROS in B cell activation in vivo has been lacking.

HVCNI1 was identified as a mammalian voltage-gated proton
channel through database homology searches'>1°, It belongs to a
family of voltage-sensor proteins!” that contain the voltage-sensor
domain of voltage-gated ion channels but lack a pore-forming
domain. Voltage-sensitive proton conductance is required for the
oxidative burst of phagocytic cells, as the electrogenic action of the
transmembrane NADPH oxidase complex consumes NADPH and
oxygen to generate superoxide. The prevailing view is that without
the charge compensation provided by proton currents, the trans-
port of electrons from intracellular NADPH to extracellular or
phagosomal superoxide would rapidly depolarize the membrane
and inhibit NADPH activity!8. However, a large spike of acidifica-
tion has been identified during phagocytosis in human and mouse
neutrophils, and recovery from this requires functional HVCN1
(ref. 19). When proton channels are inhibited with Zn?* in human
neutrophils, or in HVCN1-deficient mouse phagocytes, the cyto-
plasmic pH drops to values that directly inhibit NADPH oxidase.
This result raises the possibility that, independently of compensating
charge, proton channels are required to keep the pH in a range that
allows NADPH oxidase activity.
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Figure 1 HVCN1 protein expression in B cells. a
(a) Immunoblot analysis of HVCN1 expression

in human peripheral granulocytes (G), B cells

(B) and T cells (T) with a rabbit polyclonal
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antibody that recognizes a sequence in the B-actin i — - *
amino-terminal domain of HVCN1 (amino acids
26-46; antibody confirmation, Supplementary PR
Fig. 1c,d). B-actin serves as loading control c in\ 0'13
throughout. Right margin, molecular sizes ©° O (kba)
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in kilodaltons (kDa). (b) Confocal images of - 150
paraffin-embedded tonsil sections stained - }20 Cl
with anti-HVCN1 (green) and anti-CD3 (red; -850 D154 +IL-4: — 4 (kDa)
T cells; left) or with anti-HVCN1 (green) and - 37 : -37
anti-CD68 (red; GC macrophages; right). HVCN{ e HVCN ——
Original magnification, x20. (c,d) HVCN1 P -25

expression in human peripheral blood naive
(CD27-) B cells and memory (CD27%) B cells
(c) and in B cells activated on L cells expressing

B-actin = e

[B-actin = ——

CD154 in the presence of IL-4 (10 ng/ml) for 24 h (d). (e) Immunohistochemistry of paraffin-embedded tonsil sections stained with anti-HVCN1 (left)
or with anti-HVCN1 (green) and anti-CD20 (red; all B cells; right). FM, follicular mantle. Original magnification, x20. Data are representative of three

(a,b,e), two (c) or four (d) experiments.

Voltage-gated proton currents have been recorded in B lympho-
cytes?, but their role in these cells has remained elusive. In the present
study we show that HVCNI is expressed in B lymphocytes but not in
T lymphocytes and has a role in B cell activation in vivo. HVCN1 associ-
ated with the BCR complex and was phosphorylated by protein kinase
C after BCR stimulation. HVCN1-deficient B cells showed a defect
in ROS production, which caused less signal transduction through
impaired BCR-dependent oxidation of SHP-1. Although Ca?" mobili-
zation and activation of the mitogen-activated protein kinase Erk were
not diminished, activation of Syk and Akt was impaired, thus resulting
in lower metabolism and proliferation. In vivo antibody responses in
HVCNI-deficient mice were impaired, and the generation of chimeric
mice confirmed a B cell-autonomous defect. This work demonstrates
the importance of ROS in regulating BCR signal strength and elucidates
a new role for voltage-gated proton channels in B cell function.

RESULTS

Expression of HVCN1 in B lymphocytes

HVCNI was identified as a transmembrane protein during a pro-
teomic study of plasma membranes purified from mantle cell lym-
phoma cells?!. We observed abundant HVCNI1 expression in resting,
normal human peripheral blood B cells, similar to HVCN1 expression
in granulocytes (Fig. 1a). No expression was detectable by immuno-
blot analysis or immunohistochemistry in T cells (Fig. 1a,b, left) or
in CD68* macrophages in germinal centers (GCs; Fig. 1b, right).
Expression was similar in resting, peripheral naive and memory B cells
(Fig. 1c). However, primary B cells activated by CD154 in the presence
of interleukin 4 (IL-4) downregulated HVCN1 within 24 h (Fig. 1d).
Similarly, human tonsils showed HVCN1 expression in naive, resting
B cells in the follicular mantle but downregulated HVCN1 expression
in proliferating cells in GCs (Fig. 1e). We also found strong HVCN1
expression in a subset of diffuse large B cell lymphoma associated with
lower proliferation (Supplementary Fig. 1a and data not shown) and
in all cases of chronic lymphocytic leukemia (Supplementary Fig. 1b).
Together these data illustrate that HVCN1 expression correlates with
a nonproliferative status in B cells, which suggests a requirement for
HVCNI during the initial phases of B cell activation.

Association of HVCN1 with the BCR
As HVCNI was found on the surface of B cells?!, we sought to
determine whether it was associated with the BCR, first assessing if

they localized together in response to BCR stimulation by confocal
microscopy, electron microscopy and subcellular fractionation
methods. Antigen binding to the BCR, which can be mimicked by
BCR crosslinking, results in receptor capping and subsequent inter-
nalization. Internalized antigen translocates to late endosomes—early
lysosomes containing major histocompatibility complex class II
molecules, called major histocompatibility complex class II loading
compartments (MIICs). We crosslinked surface immunoglobulin
M (IgM) on primary human B cells with fluorescein isothiocyanate—
labeled F(ab’), antibody to IgM (anti-IgM) and analyzed the sub-
cellular localization of HVCN1 during BCR internalization by
confocal microscopy. We monitored receptor internalization over
60 min looking at specific markers for MIICs, including the lysosome-
associated marker LAMP-1, HLA-DR and HLA-DM. In resting B cells,
HVCN1 partially localized together with the BCR on the plasma mem-
brane (Fig. 2a). We also detected the channel in the cytosol, but at this
stage, it did not localize together with markers for endosomes (EEA1;
data not shown) or late endosomes-lysosomes (LAMP-1; Fig. 2a). At
5 min after stimulation, BCR and HVCN1 were capped together on
the plasma membrane (Supplementary Fig. 2a). By 60 min, the BCR
had internalized together with HVCN1 to MIICs, as indicated by colo-
calization with LAMP-1, HLA-DR and HLA-DM (Fig. 2a).

We also confirmed translocation of HVCN1 to MIICs by electron
microscopy with overexpressed HVCNI in B cell lymphoma
cells (Supplementary Fig. 2b). To confirm that HVCN1 was
translocating to MIIC compartments after BCR stimulation, we
subjected Namalwa Burkitt lymphoma cells overexpressing HVCN1
to subcellular fractionation on a sucrose density gradient by ultra-
centrifugation after IgM crosslinking (Supplementary Fig. 2c).
This fractionation separates different organelles on the basis of
their density. The less dense fractions contain endosomes (EEA1"),
followed by plasma membrane, lysosomes and then mitochon-
dria, Golgi and endoplasmic reticulum (distribution of LAMP-1
and HLA-DM in Namalwa cells at steady state, Supplementary
Fig. 2¢, top). These fractions did not correspond to HVCN1-
containing fractions, as previously observed by confocal microscopy
(Fig. 2a). However, after BCR crosslinking and receptor internali-
zation (Supplementary Fig. 2¢, bottom), the lysosomal fractions
containing the majority of LAMP-1 and HLA-DM corresponded
to the fractions also containing HVCN1 (Supplementary Fig. 2c,
red rectangle).
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Figure 2 Association of HVCN1 with the BCR. a
(a) Confocal images (left) of human peripheral
blood B cells stained for LAMP-1 (blue), IgM
(green) and HVCN1 (red) before activation with Time 0
fluorescein isothiocyanate—conjugated F(ab’), 510 w7 & o
anti-lgM (Time O; top) and colocalization of IgM g w o5 o g
and HVCN1 with markers for MIICs at 60 min é @ -'-‘} g w, W
after activation (bottom). Original magnification, %05 KA
x100. Right, quantification of colocalization £ g
coefficients (n = 39 cells), presented in a 3 §
range from O (no colocalization) to 1 (total 2 O 0 TYT————F———T
colocalization)49. P, Pearson’s coefficient (total = ﬁoe\%w;\@\@@\of@v&'\%of%&\@
value of colocalization); M(x) and M(y), extent Y

; ; ; ; P M(x) M(y)
of overlap of signal x with signal y and vice
versa, where x is either HYCN1 or LAMP1 and b , N BlgG 1P (Da) INIgG IP FT (kDa)
y is IgM. Each symbol represents an individual o - i £259 IN 1gG IP (kDa)
cell; small horizontal lines indicate the mean. —HEL _+HEL -25 - :;go ‘ s &
(b) Coimmunoprecipitation of overexpressed INIgG IP INIgG IP (kDa) - - 100 = 5o IPloB § 50
HVCN1 and endogenous immunoglobulin- 190 “-P-dimer - 75 10l T IB:HVON1 -37

S W5 IB: HVCN1 -37

associated-B (Ig-B) in the A20 D1.3 cell line?3 IP: HVCN1 5o PGP s -— - = = :
in nonreducing conditions with (+HEL) or IB: lg- IB: Ig-B 90 : 25 ogp 5
without (~HEL) 30 min of stimulation with ¢ " - 50 1B:CD20 ™
5 uM HEL (far left) or in LK35.2 HYyHEL10 :g; :xgm & w37 B-monomer 8 :g :gg e ' :;go :E :SE - -37

cells?3 in nonreducing conditions (left middle),
and coimmunoprecipitation of endogenous

HVCN1 and immunoglobulin-associated-f in human peripheral blood CD19* cells in nonreducing conditions (right middle) or in the mantle cell line
GRANTA 519 in reducing conditions (far right). IN, input cell lysate; IgG, negative control beads conjugated to rat IgG; IP, immunoprecipitation;

IB, immunoblot; B, negative control beads; FT, flow-through (protein lysate after immunoprecipitation with immunoglobulin-associated-f). CD20,
membrane protein (negative control). Data are representative of two (a) or five (b) experiments.

As we observed simultaneous translocation of HVCN1 and the
BCR, we sought to determine whether there was an association
between HVCNI1 and the BCR complex. The BCR complex is com-
posed of a membrane-bound immunoglobulin molecule and the
immunoglobulin-associated-o—immunoglobulin-associated-f3
heterodimer, functioning as signaling subunit?2. We initially ana-
lyzed the coimmunoprecipitation of HVCN1 and immunoglobulin-
associated-f (CD79B) in mouse B cell lines expressing transgenic
IgM receptors specific for hen egg lysozyme (HEL)?? and overex-
pressing exogenous human HVCN1. Both HVCN1 immunoprecip-
itation (Fig. 2b, far left) and the reciprocal immunoprecipitation
with immunoglobulin-associated-f (Fig. 2b, center left) confirmed
an association between the two molecules. Stimulation of A20
B lymphoma cells expressing the D1.3 BCR (A20 D1.3 cells) with
HEL did not alter the HVCN1-immunoglobulin-associated-B
interaction observed at steady state (Fig. 2b, far left). We con-
firmed the association of HVCN1 and BCR by mass-spectrometry
analysis of proteins coimmunoprecipitated with exogenous
HVCNI, which included both immunoglobulin-associated-f and
IgM (Supplementary Table 1). Endogenous HVCNI1 interacted
with immunoglobulin-associated-f in human primary B cells
(Fig. 2b, center right) and the human mantle cell lymphoma line
GRANTA 519 (Fig. 2b, far right), as shown by coimmunoprecipi-
tation. The coimmunoprecipitation was specific for HVCN1, as
another abundant transmembrane protein, CD20, was not asso-
ciated with immunoglobulin-associated-f (Fig. 2b, far right).
B cell stimulation results in the activation of downstream signaling
pathways?4. A pivotal step is the activation of protein kinase C?4.
Exogenous HVCNI1 expressed in the mouse B cell line LK35.2
HyHEL10 was phosphorylated in a protein kinase C—dependent
manner after BCR crosslinking with the specific antigen HEL
(Supplementary Fig. 3a). Together these data suggested physical
and functional interactions between HVCN1 and components of
BCR signaling.
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Impaired ROS production in HVCN1-deficient B cells

To investigate the function of HVCNI in B cells in vivo, we stud-
ied a gene-trap mouse line lacking HVCNI1 transcription?>2°
(Supplementary Fig. 4a—c). Notably, HVCN1-deficient B cells lacked
proton currents (Supplementary Fig. 4d). HVCN1-deficient mice
showed no overt abnormalities in either B cell development or steady-
state serum immunoglobulin titers (Supplementary Fig. 5 and data
not shown), consistent with absent or low HVCN1 expression during
early stages of B cell development?” (Supplementary Fig. 4c.e).

As ROS are produced after BCR activation and proton channels
are involved in NADPH oxidase—dependent ROS production'®, we
assessed whether ROS generation was impaired in B cells lacking
HVCNI. Unexpectedly, HVCN1-deficient B cells had more basal
ROS than did wild-type B cells (Supplementary Fig. 6a). An inhibi-
tor of the electron-transport chain, rotenone, diminished basal ROS
in HVCN1-deficient cells to amounts similar to those seen in wild-
type cells (Supplementary Fig. 6a), which suggested a mitochon-
drial source. In contrast, an inhibitor of NADPH oxidase, DPI, did
not diminish basal ROS (Supplementary Fig. 6a), which confirmed
that NADPH oxidase is not active in unstimulated B cells’!!. After
stimulation, ROS production in HVCN1-deficient cells stimulated
with phorbol 12-myristate 13-acetate was 70% lower than that in
wild-type cells, and ROS production in HVCN1-deficient cells stimu-
lated with F(ab’), anti-IgM was 60% lower than that in wild-type
cells (Fig. 3a).

To assess whether BCR-dependent ROS were generated in the vicin-
ity of the BCR and thus locally affected the redox state of phosphatases
involved in BCR signaling, we stimulated wild-type and HVCNI1-
deficient B cells with an F(ab’), anti-IgM conjugated to the ROS-sensitive
fluorescent dye DCFDA. The DCFDA signal after stimulation was
62% lower in HVCN1-deficient cells than in wild-type cells (Fig. 3b).
To confirm that NADPH oxidase was responsible for BCR-dependent
generation of ROS, we treated cells with DPI before activating them with
DCEFDA conjugated to F(ab”), anti-IgM. We observed a lower signal in the
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(b) Flow cytometry (left) of HVCN1-deficient B cells (gray line) and wild-type B cells (black line) 5 min after activation with F(ab’), anti-lgM
conjugated to DCFDA (20 ug/ml). Gray filled histogram, antibody-labeled cells left on ice to prevent activation. Right, quantification of results at
left. MFI, mean fluorescent intensity. P values, Student’s t-test. (c) Measurement of ROS (assessed as DCFDA fluorescence) in wild-type and HVCN1-
deficient B cells stimulated with F(ab’), anti-IgM conjugated to DCFDA (20 pg/ml), with (+ DPI; dashed lines) or without (solid lines) pretreatment of
cells with 10 uM DPI before activation. (d) Immunoprecipitation of oxidized SHP-1 (left) from splenic B cells activated with F(ab’), anti-IgM

(20 pg/ml). Arrow indicates biotinylated antibody heavy chains. Numbers below lanes, densitometry of streptavidin—horseradish peroxidase bands
versus SHP-1 bands. Right, SHP-1 oxidation, presented relative to oxidation before stimulation. P values, Student’s t-test. Data are representative of
four experiments (a; mean * s.e.m.), four separate experiments (b; mean and s.d.), three experiments (c; mean £ s.e.m. of five mice) or five separate

experiments (d; mean and s.e.m.).

presence of DPI in both wild-type and HVCN1-deficient cells (Fig. 3c),
which confirmed that ROS produced locally at the BCR were generated
by NADPH oxidase. To further confirm that ROS required in BCR signal-
ing were produced by NADPH oxidase, we treated B cells with DPI before
BCR stimulation and assessed protein tyrosine phosphorylation. BCR-
dependent tyrosine phosphorylation was much lower when NADPH
oxidase was inhibited (Supplementary Fig. 6b). Together these data
indicate that HVCNT1 is needed to sustain NADPH oxidase—dependent
production of ROS after BCR stimulation.

Impaired BCR signaling in HVCN1-deficient B cells

The initiation of signaling cascades downstream of the BCR requires
inhibition of PTPs through ROS-dependent oxidation of their
catalytic site®. Because the PTP SHP-1 is recruited to the BCR after
activation®®, we assessed SHP-1 oxidation in wild-type and HVCN1-
deficient B cells after IgM crosslinking?®. Oxidation of SHP-1 was
augmented in response to BCR stimulation in wild-type cells, whereas
we observed no notable increase in HVCN1-deficient cells (Fig. 3d).
Impaired SHP-1 inhibition was accompanied by an overall decrease in
protein tyrosine phosphorylation, which was ‘rescued’ by the SHP-1
inhibitor sodium stibogluconate3® (Fig. 4a). This compound shows
selectivity for SHP-1, SHP-2 and PTP1B, although the activity is dif-
ferent, as 99% inhibition of SHP-1 activity is obtained at a concen-
tration of 13.4 UM, whereas similar degrees of inhibition of SHP-2
and PTP1B require a concentration of 134 uM (ref. 30). As 99%
inhibition of SHP-1 is achieved at a concentration of 13.4 uM, we
used a lower dose of 5 UM to highlight differences between wild-type
and HVCN1-deficient cells. Sodium stibogluconate did not affect
ROS production (Supplementary Fig. 6¢). To confirm that impaired
BCR signaling was not due to altered pH in the endosomes after
loss of HVCNI, we assessed the pH of BCR-containing endosomes;
both wild-type and HVCN1-deficient cells showed a similar time
frame and extent of acidification (Supplementary Fig. 7a).

Lower SHP-1 inhibition was also accompanied by less activation of
a chief SHP-1 target, the tyrosine kinase Syk>! (Fig. 4b, top); this effect
was also ‘rescued’ by sodium stibogluconate (Fig. 4b, bottom). Syk is
involved in many signaling pathways downstream of BCR, leading to
Ca?* mobilization and activation of the GTPase Ras and phosphati-
dylinositol-3-OH kinase32:33, However, there was no decrease in Ca2*
mobilization (Fig. 4c and Supplementary Fig. 7b), and activation of
Erk was normal or even greater in the absence of HVCN1 (Fig. 4d),
which suggested either different thresholds for activation of this
pathway or the existence of compensatory signals.

In contrast, activation of Akt was severely impaired in HVCN1-
deficient cells and was also restored by treatment with sodium
stibogluconate (Fig. 4e). Akt controls cell-cycle progression as well
as cellular metabolism, which allows greater metabolic demands
in quickly proliferating cells to be met by greater energy produc-
tion and synthesis of metabolites’*3°, We assessed mitochondrial
respiration and glycolysis in B cells activated for 24 h with F(ab’),
anti-IgM, using the rates of oxygen consumption and extracellular
acidification, a process dependent on the extrusion of lactic acid,
as an indicator of glycolysis3®. After BCR stimulation, cells lacking
HVCNI1 showed less oxygen consumption and lactic acid produc-
tion than did wild-type cells (Fig. 5a), which indicated impaired
energy production in the absence of HVCNI. In contrast, stimu-
lation with lipopolysaccharide or anti-CD40 did not produce any
difference (Supplementary Fig. 7c,d) and did not induce ROS pro-
duction in splenic B cells (Supplementary Fig. 7e). Consistent with
a defect in cellular metabolism, HVCN1-deficient B cells showed
less proliferation in vitro after stimulation with F(ab’), anti-IgM,
as assessed by staining with the cytosolic dye CFSE (Fig. 5b,c). In
contrast, there were no differences in cells stimulated with lipo-
polysaccharide or with anti-CD40 plus IL-4 (Supplementary Fig. 8).
These results suggest a role for HVCN1 in supporting proliferation
and metabolism in BCR-dependent B cell activation.
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Defective antibody responses in HVCN1-deficient mice immunization with the T cell-independent type 2 antigen NP-Ficoll
The impaired in vitro activation of HVCN1-deficient cells suggested a  (4-hydroxy-3-nitrophenylacetyl linked to the polysaccharide Ficoll) or the
defect in B cell function in vivo. Although B cell development was not T cell-dependent antigen NP-KLH (4-hydroxy-3-nitrophenylacetyl linked
affected in the absence of HVCNI, an in vivo defect in B cell responses  to keyhole limpet hemocyanin; Fig. 6). The former specifically induces
was demonstrated in HVCN1-deficient mice challenged with two dif- an extrafollicular plasmablast response, whereas the latter induces GCs
ferent immunogens. Antigen-specific immunoglobulin titers were lower  as well as extrafollicular plasmablasts. The response to NP-Ficoll was
in HVCNI1-deficient mice than in their wild-type counterparts after lower in HVCNI1-deficient mice, in serum titers of both IgM and IgG3
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Figure 4 Absence of HVCN1 results in less tyrosine phosphorylation and impaired activation of Syk and Akt. (a) Immunoblot analysis (left) of phosphorylated
tyrosine (p-Tyr) in splenic B cells activated with F(ab’), anti-IgM (20 pug/ml) in the absence (-SS) or presence (+SS) of 5 uM sodium stibogluconate

(an inhibitor of SHP-1). Right, densitometry analysis of bands at left. Data represent the average of four separate experiments (mean and s.e.m.).

(b) Immunoblot analysis of Syk phosphorylated at Tyr519 and Tyr520 (p-Syk (Y519,Y520)) in splenic B cells activated with F(ab’), anti-IgM (20 pg/ml)

in the presence or absence of 5 uM sodium stibogluconate; below, reprobing of blots to detect total Syk. Numbers below lanes indicate densitometry of
phosphorylated Syk bands versus total Syk bands. Right, Syk phosphorylation, presented relative to phosphorylation before stimulation. Data represent the
average of four independent experiments (mean and s.e.m.). (c) Ca2* mobilization in response to BCR stimulation with F(ab’), anti-IgM (20 ug/ml (top) or
1.5 ug/ml (bottom)), presented as the increase in intracellular Ca2* (vertical axis) as a function of time (horizontal axis). Data are representative of seven
independent experiments (reported in Supplementary Fig. 7b). (d) Immunoblot analysis of Erk phosphorylated at Thr202 and Tyr204 (p-Erk (T202,Y204))
in splenic B cells stimulated with F(ab’), anti-IgM (20 pg/ml (top) or 1.5 ug/ml (bottom)). Data represent three independent experiments. (e) Immunoblot
analysis of Akt phosphorylated at Ser473 (p-Akt (S473)) after BCR stimulation in the presence or absence of sodium stibogluconate. Numbers below
lanes indicate densitometry of phosphorylated Akt bands versus total Akt bands. Right, Akt phosphorylation, presented relative to phosphorylation before
stimulation. Data represent the average of four separate experiments (mean and s.e.m.). Pvalues, Student’s t-test.
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(Fig. 6a). The NP-KLH response showed defective isotype class-switch
responses at all time points investigated (Fig. 6b,c), whereas antigen-
specific IgM titers were unaffected (Fig. 6b, left). Isotype class-switching
in this type of T cell-dependent response can occur both in GCs and
during an extrafollicular response. Conversely, antibody affinity matura-
tion was not impaired in HVCN1-deficient mice (Fig. 6d), which indi-
cated that the immunoglobulin variable-region gene hypermutation and
selection of high-affinity B cells that take place in the GCs*” occurred
normally in the absence of HVCN1. Quantitative immunohistology
of spleens from mice immunized with NP-KLH showed a diminished
extrafollicular response but confirmed the unaltered numbers and sizes
of NP-specific GCs (Fig. 6e), which further indicated that GC formation
was not affected by the absence of HVCN1.

B cell-autonomous defect in antibody responses

As HVCNI1 expression was not restricted to B cells in the gene-trap
line, we addressed whether impaired antibody production was intrinsic

AWT

Figure 5 HVCN1 deficiency results in impaired cellular metabolism

and proliferation in vitro. (a) Metabolic rates in wild-type and HVCN1-
deficient B cells before (-) and after (+) stimulation for 24 h with F(ab’),
anti-1gM (20 pg/ml), presented as the oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR; assesses lactic acid production
or glycolysis). Each symbol represents an individual mouse; longer
horizontal lines indicate the mean and small horizontal lines indicate

the standard error. Pvalues, Student’s t-test. Data are representative of
three experiments with four mice (time 0) or five mice (24 h). (b,c) CFSE
staining of splenic B cells stimulated for 48 h (b) or 72 h (c) with F(ab"),
anti-IgM (1 pg/ml) and IL-4 (20 ng/ml). Numbers along horizontal axes
indicate the number of cell divisions. Data are representative of three
separate experiments with similar results.

to B cells by generating chimeric mice; for this, we transferred either
wild-type or HVCN1-deficient bone marrow cells (20%) along with
UMT bone marrow cells (80%) into lethally irradiated pMT mice
(whose UMT mutation prevents the generation of B cells)®%. Both
groups of chimeras had similar proportions and numbers of B cells,
CD4" T cells and CD8" T cells (data not shown), which confirmed
the lack of effect of HVCNI1 deficiency on early B cell development. In
response to NP-KLH, HVCN1-deficient—plus—uUMT chimeras had lower
production of IgG1 and IgG2b antibodies than did wild-type—plus—
UMT chimeras (Fig. 7a) and had fewer antigen-specific IgG1 plasma-
blasts in the spleen (Fig. 7b), which confirmed a B cell-autonomous
defect characterized by a diminished extrafollicular response. The
strength of BCR stimulation regulates whether B cells develop into
extrafollicular plasma cells or form GCs? and hence the selective
loss of the extrafollicular response to NP-KLH in HVCN1-deficient
mice and HVCN1-deficient—plus—uMT chimeras is consistent with
the finding that HVCN1-deficient B cells are less responsive to BCR
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Figure 6 Impaired antibody responses in HVCN1- 0.8 o$
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variance). Data are representative of two experiments. 0 8w °
(b) Anti-NP titers in mice (n = 5) immunized with Time (d) 7 2F .
100 pg NP-KLH. P< 0.05, IgG2b and 1gG3 HVCN1-def 2 85 S| ——
(Mann-Whitney test), and P < 0.0001, 1gG2b, aa
and P=0.0002, 1gG3 (two-way analysis of variance). = g 0

Data are representative of experiments repeated twice.
(c) Anti-NP I1gG1 titers in mice (n = 5) immunized

WT  HVCN1-def

with 100 ug NP-KLH. P < 0.05 (Mann-Whitney test), P=0.0002 (two-way analysis of variance). Data are representative of experiments repeated twice.
(d) Affinity of IgG1 antibodies, presented as the ratio of IgG1 titers detected with NP3-BSA to those detected with NP,g-BSA. Data are representative of
two experiments. Each symbol (a—d) represents an individual mouse; small horizontal lines indicate the mean. (e) Immunohistochemistry (left) of serial
spleen sections stained with anti-NP (blue) and anti-IgD (brown) 12 d after immunization with NP-KLH, showing NP-specific GC and extrafollicular

foci of plasmacytoid cells (PC; plasmablasts and plasma cells). Original magnification, x5. Right, quantification of plasmacytoid cells (top) and GCs
(bottom). Each symbol represents an individual mouse; longer horizontal lines indicate the mean and small horizontal lines indicate the standard error.
Data are representative of three experiments.
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indicate the standard error. Data are representative of two experiments with eight wild-type mice and seven HVCN1-deficient mice.

crosslinking than are their wild-type counterparts. We have summa-
rized the role of HVCN1 in B cell activation (Supplementary Fig. 9).

DISCUSSION

Voltage-gated proton channels have high expression in phagocytic
cells, where they are necessary for NADPH oxidase—mediated produc-
tion of ROS'8. The generation of ROS in phagocytes is required for
microbial killing and takes place at the plasma membrane; ROS are first
released into the extracellular milieu, then are subsequently released
in the phagosome once the microbial particle has been internalized.
A similar process of antigenic internalization takes place in B cells
when the BCR is engaged; this involves BCR crosslinking, followed
by internalization to endosomal compartments. Like phagocytic cells,
B cells show NADPH oxidase—dependent production of ROS after
stimulation”$12, There is increasing evidence that ROS are required
in signaling downstream of BCRs as well as other receptors.

We have reported here the expression and function of the voltage-
gated proton channel HVCN1, which we have shown to control ROS
production after BCR stimulation in mature B cells. HVCNI is associ-
ated with the BCR; however, the precise physical nature of the associa-
tion of HVCNI1 with the BCR remains unknown. We cannot exclude
the possibility that the involvement of HVCNI in B cell signaling
includes interactions beyond proton permeation. Additional func-
tions have been observed for other voltage-gated ion channels*, and
further studies are needed to address this point for HVCN1. HVCN1
modulates the amount of ROS produced in B cells subsequent to BCR
activation, and this has profound effects on downstream activation
events. ROS have been shown to oxidize the cysteine residue (-SH) in
the catalytic site of phosphatases that negatively regulate signaling®*!.
This transient oxidation to a sulfenic acid (-SOH) allows a shift in the
balance between kinases and phosphatases in favor of kinases, which
permits initiation and/or propagation of the signaling cascade®. Given
the results of our study, it seems that oxidation is needed to sustain sig-
naling activation, as exemplified by the lower activation of Syk and Akt
by 5 min after BCR crosslinking. The initial phases of BCR activation
were probably not affected in the absence of HVCNI, as phosphatases
such as SHP-1 need to be recruited to the membrane. Furthermore,
some BCR-dependent production of ROS did take place in HVCN1-
deficient B cells. This production allowed some initial oxidation of
phosphatases and initiation of signaling, but lack of HVCNI1 resulted
in loss of sustained oxidation or inhibition, ultimately resulting in less
overall signaling.

A difficulty in understanding the effect of ROS on phosphatases is
the broad distribution of ROS in the cell, which makes it difficult to
distinguish BCR-dependent production of ROS from other sources,
such as mitochondria. Unexpectedly, HVCN1-deficient B cells
had more total basal ROS. The considerable decrease in basal ROS
after treatment with rotenone, an inhibitor of the mitochondrial
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electron-transport chain, suggested a mitochondrial origin. Because
of the higher basal ROS in HVCNI1-deficient cells, we designed a
new strategy to assess ROS production locally in the vicinity of BCR,
using an F(ab’), anti-IgM conjugated to DCFDA to stimulate the cells.
The area of diffusion of these ROS is probably restricted because of
the scavenging activities of glutathione, thioredoxin and reducing
enzymes in the cytosol#2. This localized production of ROS would
then exert an effect only on phosphatases present at the BCR.

SHP-1 is recruited to the BCR through interaction with CD22, where
it becomes oxidized; its oxidation was lower in HVCN1-deficient cells
after BCR stimulation. We also observed greater basal SHP-1 oxidation
in HVCN1-deficient cells. As the source of the greater basal ROS was
probably mitochondrial, the oxidized SHP-1 observed in HVCN1-
deficient cells may have represented the pool of cytosolic SHP-1 exposed
to this source, whereas SHP-1 recruited to the membrane after stimula-
tion was not affected, as indicated by the finding that the initial strength
of BCR activation (phosphorylated tyrosine, Syk and Akt at the 1-min
time point) was identical in both wild-type and HVCN1-deficient cells.
Downstream of SHP-1, there was severe impairment in the activation
of Syk and Akt in HVCN1-deficient cells. However, not all Syk down-
stream signaling pathways were equally impaired. Ca?* mobilization
and Erk activation were not impaired in the absence of HVCNI, pos-
sibly indicating that different thresholds of activation exist for differ-
ent pathways downstream of Syk. Activation of Erk and Ca’* can be
impaired in the presence of normal Syk activation*3, which suggests
that other components along the pathways contribute to their overall
activation. We observed more phosphorylated Erk in HVCN1-deficient
cells at low concentrations of anti-IgM; however, this did not ‘rescue’ the
defect in B cell activation. Akt is known to inhibit the Raf-Erk axis*4, and
phosphatidylinositol-3-OH kinase inhibition results in more Erk phos-
phorylation, at least in certain conditions*. Akt activation stimulates
both glycolysis and mitochondrial respiration*® and has been shown to
regulate glycolysis in activated B lymphocytes®, but little is known about
the precise molecular mechanism of this regulation and further studies
are needed to clarify the role that oxidative phosphorylation might have
in B lymphocyte activation. Metabolic processes are emerging as new
potential targets for the treatment of cancer, including lymphoid malig-
nancies?”. Inhibition of HVCN1 and the downstream consequences on
cellular metabolism might therefore constitute a new strategy for target-
ing BCR-dependent lymphoid tumors as well as autoimmune diseases
characterized by hyper-reactive BCR signaling.

In conclusion, our data have identified a central role for the voltage-gated
proton channel HVCN1 in modulating not only BCR signaling but also
downstream B cell metabolism. Our data constitute the first evidence to
our knowledge that proton currents are required for the generation of B cell
responses in vivo. HVCNI1 regulation of BCR-mediated production of ROS
allows sustained activation of Syk and Akt downstream of BCR, through
SHP-1 oxidative inhibition, which results in more mitochondrial respiration
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and glycolysis. HVCN1 may therefore represent a new therapeutic target for
B cell malignancies dependent on continued signaling via the BCR*3.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Accession codes. UCSD-Nature Signaling Gateway (http://www.
signaling-gateway.org): A000040, A000249 and A002156.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Mice and cell lines. The mouse strain used in this study was C57BL/6; 129P2-
Hyen ] GURRN293)Byg/Nimcd (15990-UCD; from the Mutant Mouse Regional
Resource Center (a strain repository funded by the National Center for
Research Resources of the National Institutes of Health) and donated to the
Mutant Mouse Regional Resource Center by the BayGenomics project funded
by the National Heart, Lung and Blood Institute). The exogenous gene-trap
vector sequence, containing an in-frame splice-acceptor site followed by cod-
ing sequence for a B-galactosidase—neomycin fusion protein, was inserted
into a large intron of 17 kilobases at approximately 12 kilobases after exon 2,
which contains the first translation initiation codon. Chimeric male mice
were derived from sequence-verified RRN293 gene-trap embryonic stem cells
and were used to establish heterozygous WT/RRN293 founders; homozygous
offspring were generated from heterozygous mating pairs. Experiments used
mice with a mixed background and mice backcrossed to the C57BL/6 strain
for five generations. No substantial difference was detected between mixed
and C57BL/6-backcrossed mice. Experimental procedures and husbandry
were carried out according to the regulations of the Home Office Scientific
Procedures Act, UK (1986), with prior Home Office approval.

For the generation of mixed chimeras, lethally irradiated uMT mice received
a mixture of 80% bone marrow cells of UMT origin and 20% wild-type or
HVCNI1-deficient bone marrow cells*®. The uMT mutation prevents the gen-
eration of B cells, so the B cells in the mice that received HVCN1-deficient
marrow would be HVCNI deficient, whereas the recipients of wild-type mar-
row would have wild-type B cells. The 20/80 ratio favored reconstitution of all
the other hematopoietic lineages from wild-type precursors.

The B lymphoma lines LK35.2 HyHEL10 (IgG2a, K-chain; H-2X*¢) and A20
D1.3 (IgG2a, k-chain; H-29) overexpressing recombinant mouse IgM receptors
were a gift from F. Batista.

Mouse immunization. For analysis of T cell-independent responses, HVCN1-
deficient and wild-type mice 8—12 weeks of age were injected intraperito-
neally with 100 ug NP,;-Ficoll (Biosearch Technologies). For analysis of
T cell-dependent responses, 100 pug alum-precipitated NP,;-KLH (Biosearch
Technologies) was injected subcutaneously at the base of the tail. The
UMT chimeric mice were immunized intraperitoneally with 100 pug alum-
precipitated NP,;-KLH at 8 weeks after bone marrow reconstitution.

Enzyme-linked immunosorbent assay. NP-specific antibodies were detected
by enzyme-linked immunosorbent assay, and antibody end-point titers
were used as a measure of relative concentration. For this assay, 96-well
plates were coated overnight at 4 °C with NP 4-BSA or NP;-BSA (10 pg/ml).
Plates were then washed with 0.005% (vol/vol) Tween-20 in PBS, then they
were blocked for 1 h at 37 °C with 2% (wt/vol) BSA in PBS. After washes,
serially diluted serum samples were loaded onto the plates and incubated
for 1 h at 37 °C. NP-specific immunoglobulin subclasses were detected with
alkaline phosphatase—conjugated secondary antibodies to IgM (1020-04), IgA
(1040-04), IgG1 (1070-04), IgG2b (1090-04) and IgG3 (1100-04) and p-nitro-
phenyl phosphate substrate (all from Southern Biotech).

Immunohistology. Staining of NP and IgD was detected as described®’. IgD
was detected with sheep anti-IgD (ab9177; Abcam) and NP-binding cells were
identified with NP conjugated to rabbit IgG>’. The proportion of spleen sec-
tions occupied by GCs or plasmacytoid cells was determined by a published
point-counting technique®!. NP-specific plasmacytoid and GC cells per mm?
were counted at a magnification of X100 with serial sweeps of each spleen
section by means of a 1-cm? eyepiece graticule divided into areas of 100 mm?
to define the section area being counted.

Enzyme-linked immunospot assay. NP-specific antibody—forming cells were
detected by enzyme-linked immunospot assay as described>2.

Purification and stimulation of mouse and human B cells. B cells were
purified from spleens of 8- to 12-week-old mice either by negative selec-
tion with anti-CD43 magnetic beads, with a purity of ~95%, or by positive
selection with anti-B220 and anti-CD19 magnetic beads (all from Miltenyi
Biotech), with a purity of ~98%. Cells were cultured in RPMI complete

doi:10.1038/ni.1843

medium containing 10% (vol/vol) FCS, penicillin and streptomycin,
L-Glutamax and 50 UM 2-mercaptoethanol.

Splenic B cells were stimulated for various times at 37 °C with goat
anti-mouse IgM F(ab’), fragment (20 pg/ml; 115-005-075; Jackson
Immunoresearch). For inhibition with DPI or sodium stibogluconate, cells
were incubated at 20 °C with 5 uM DPI; Sigma-Aldrich) or sodium stiboglu-
conate (Calbiochem) before being activated with anti-mouse IgM F(ab’),
fragment. Whole-cell lysates were sonicated briefly, then were resolved and
analyzed by immunoblot with antibody to phosphorylated tyrosine (4G10;
Millipore) and anti-actin (AC-15; Sigma Aldrich) as a loading control.
Antibodies to phosphorylated Syk (C87C1), Akt (D9E) and Erk (E10), and to
total Syk (2712) and total Erk (L34F12), were from Cell Signaling Technology;
anti-Akt (C20) was from Santa Cruz Biotechnology. Human peripheral B cells
were obtained from buffy coat provided by the Sheffield Blood Bank with
approval from the ethical committee of University Hospitals Leicester. Human
B cells were purified from peripheral blood mononuclear cells obtained by
Ficoll centrifugation of whole blood. B cells were purified by either negative
selection or CD19 positive selection with magnetic beads (Miltenyi Biotech).
Human CD27~ and CD27" B cells were separated with CD27 magnetic beads
(Miltenyi Biotech) from B cells previously isolated by negative selection.

Mouse B cell proliferation. Cells were stimulated with the following: anti-IgM
F(ab’), (1-20 pug/ml), anti-CD40 (2 pug/ml; HM40-3; BD Biosciences), mouse
IL-4 (20 ng/ml; Peprotech) or lipopolysaccharide (10 pg/ml; Sigma-Aldrich).
Purified B cells were labeled for 5 min with CFSE (carboxyfluorescein diacetate
succinimidyl ester; Invitrogen) and were cultured for various times thereafter.
Cells were then analyzed on a FACSCanto (BD) with DIVA software.

Generation of antiserum to HVCN1. The HVCNI1-specific antibody (gener-
ated by CovalAb) was a polyclonal antiserum raised in rabbits immunized
with a peptide from the amino-terminal domain of human HVCNI1 (amino
acids 26—46). The 21—-amino acid peptide has 86% homology with the mouse
sequence; therefore, the antibody is expected to recognize both species, albeit
with a lower affinity for the mouse homolog. For immunoblot and immuno-
fluorescence analysis, anti-HVCN1 was affinity-purified from rabbit serum
(specificity control, Supplementary Fig. 1).

Tissue and cell immunostaining. Tonsil tissue was cleared of paraffin and
rehydrated by incubation in xylene and then was placed in industrial methyl-
ated spirits, followed by distilled water. Slides were subjected to heat-induced
epitope retrieval in Tris-EDTA buffer (16 mM Tris and 6 mM EDTA, pH 9.0)
and were allowed to cool gradually in ultrapure H,O. Tissue was blocked for
10 min in 3% (vol/vol) H,O, and was washed in PBS. Antibodies applied to
the sections were anti-HVCN1; anti-CD20 and anti-CD3 (LP1 and F7.2.38,
respectively; both from Dako Cytomation); and anti-CD68 (generated by the
K. Pulford laboratory). Slides were analyzed with a Zeiss laser-capture micro-
scope. Use of human tissue was with approval from the ethical committee of
University Hospitals Leicester.

For immunostaining of purified human B cells, cells were washed in
ice-cold PBS after activation at 37 °C and were allowed to adhere to poly-
L-lysine-coated slides for a few minutes before fixation in 4% (vol/vol)
paraformaldehyde. After being washed, cells were incubated with primary
antibodies (rabbit polyclonal anti-HVCNI1 (generated in-house) and anti-
EEA1 (610456), anti-HLA-DR (G46-6) and anti-HLA-DM (MaP.DM1; BD
Pharmingen)) in PBS containing 10% (vol/vol) rat serum and 0.1% (wt/vol)
saponin and then fluorescence-labeled secondary antibodies (Invitrogen).
The DNA-intercalating dye DAPI (4,6-diamidino-2-phenylindole) was used
to label nuclei before samples were mounted with ProLong Gold antifade
reagent (Invitrogen). Cells were analyzed on a Zeiss laser-capture microscope
at a magnification of x100.

Flow cytometry analysis and flow sorting. Mouse cells were collected
from the spleen, inguinal lymph nodes, bone marrow and peritoneal cavity.
Cell phenotype was assessed by staining of cells for 1 h on ice with the
following antibodies: fluorescein isothiocyanate—conjugated anti-CD21
(eBio8D9Y), anti-CD5 (53-7.3), anti-IgM (11/41) and anti-IgD (11-26);
phycoerythrin-indotricarbocyanine—conjugated anti-CD23 (B3B4); and
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phycoerythrin-conjugated anti-IgM (1I/41) and anti-B220 (RA3-6B2; all
from eBioscience). Stained cells were analyzed on a FACSCanto (BD) with
DIVA software. For analysis of HVCN1 protein expression, B cell popula-
tions were sorted on a BD FACSAria II (BD). Pro-B cell, pre-B cell and
immature B cell populations were sorted from bone marrow cells purified
with anti-CD19 microbeads and stained for IgD, IgM, B220 and CD25.
IgD*IgM™* mature B cells were excluded. Marginal zone cells were sorted
from splenic cells purified with anti-CD19 microbeads and stained for
CD21 and CD23. B-1a cells were sorted from peritoneal cavity cells purified
with anti-CD19 microbeads and stained for IgM and CD5.

Immunoprecipitation. Cells were lysed for 15 min on ice in a solution of 1%
(wt/vol) CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane
sulfonate hydrate), 20 mM HEPES, pH 7.6, 137 mM NaCl, 2.5 mM NaF,
1 mM Na;O0, 2 mM EDTA and a protease inhibitor ‘cocktail’ (Sigma-Aldrich).
After pelleting of nuclei and cell debris, supernatants were cleared with pro-
tein G Sepharose beads (GE Healthcare) and/or protein G Sepharose beads
conjugated to mouse or rat IgG (Santa Cruz Biotechnology) before being
incubated with anti-Myc (9E10; Cell Signaling Technology) or antibody to
immunoglobulin-associated-f (AT107-2; Serotec) conjugated to protein G
Sepharose beads. Beads were washed extensively with lysis buffer before being
resuspended in 2x Laemmli buffer and analyzed by immunoblot. Nonreducing
conditions were used to avoid overlap of immunoglobulin-associated-f3
and HVCNI1 bands with light chains derived from the antibodies used for
the immunoprecipitation.

Detection of ROS. Mouse B cells were prewarmed at 37 °C before addition of
the chemiluminescent reagent Diogenes (National Diagnostics). After 10 min
of incubation at 37 °C, phorbol 12-myristate 13-acetate (1 uM) or anti-IgM
F(ab’), (20 pg/ml; Jackson Immunoresearch) was added to the cells and lumi-
nescence was monitored on a luminometer at 5-min intervals. Alternatively,
total ROS were measured by incubation of cells for 20 min at 20 °C in the dark
with 10 uM DCFDA (2°,7’-dichlorodihydrofluorescein diacetate; Invitrogen).
ROS emission was measured at 488 nm on a FACSCanto (BD) with DIVA
software. For treatment with rotenone and DPI, cells were incubated with
these reagents for 10 min at 20 °C before DCFDA staining. ROS production
in the vicinity of BCR was detected by conjugation of an anti-IgM F(ab’),
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fragment to OxyBURST Green H,DCFDA, succinimidyl ester, according to
the manufacturer’s instructions (Invitrogen). Cells were then incubated for
30 min on ice with F(ab’), anti-IgM (20 pg/ml), then were washed and allowed
to become activated at 37 °C. ROS emission was measured at 488 nm on a
FACSCanto (BD) with DIVA software.

Ca?* measurement. Ca>* mobilization in splenic wild-type and HVCNI-
deficient B cells was measured as described>>.

Oxidation of SHP-1. SHP-1 oxidation was analyzed as described?’, except in
place of incubation with pervanadate for 1 h at 4 °C, samples were incubated
with 0.4 mM PEO-iodoacetyl-biotin (PEO-IAA; Pierce). Oxidized immuno-
precipitated SHP-1 was detected with horseradish peroxidase—streptavidin
(GE Healthcare).

Oxygen consumption and glycolysis. The oxygen consumption rate and
extracellular acidification rate were measured with a XF24 analyzer3® accord-
ing to the manufacturer’s recommendations (Seahorse Bioscience). Cells were
activated for 24 h with F(ab’), anti-IgM and were cultured in a humidified
incubator at 37 °C.

Additional methods. Information on the detection of pH in BCR-containing
endosomes and on plasmids and retroviral infection is available in the
Supplementary Methods online.

Statistical analysis. Student’s t-test was used for statistical analysis unless
otherwise specified. The software GraphPad Prism 5 was used for this analysis.
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Supplementary Fig. 1
HVCN1 expression in B-cell tumors and anti-HVCN1 antibody specificity.

(a) Immunohistochemical staining of diffuse large B-cell lymphoma (DLBCL) tumors with
anti-HVCN1 anti-serum showing membranous (left panel) and Golgi-like staining (right
panel); the causes and consequences of the apparently aberrant subcellular localization
of HVCN1 in the Golgi in some DLBCL are not known. In cases of mantle-cell lymphoma,
high HVCN1 expression was seen in peripheral blood cells (which are mainly in Gg) but
not in proliferating cells within the lymph node (not shown). Suenaga et al. also found
HVCN1 expression to associate with reduced proliferation in B cells in HYCN1 transgenic
mice®, likely due to aberrant expression in pre-B/immature B cells. However, they did
not investigate the effect of HVCN1 lack of expression in mature, peripheral B cells,
which normally express it, upon BCR stimulation.

(b) Immunoblot of chronic lymphocytic leukemia (CLL) peripheral cells probed with anti-
HVCN1 anti-serum. Numbers indicate different patients’ samples. IRM2 mantle-cell
lymphoma line was used as positive control. CLL peripheral cells exhibit a resting Gq
phenotype. Immunoblot analysis of normal and malignant B cells showed HVCN1
sometimes expressed as a doublet. The shorter protein isoform derives from a second
initiation site downstream of the first ATG (not shown).

(c) Immunoblot analysis of LK35.2 cells = over-expressed HVCN1, probed with anti-
HVCN1 rabbit polyclonal anti-serum that recognizes a sequence in the N-terminus
domain (HVCN1y.46). EV indicates cells transduced with empty vector. Blot confirms
anti-HVCN1 specificity, as LK35.2 cells do not express HVCN1 and do not have proton
currents (Supplementary Fig. 3).

(d) Immunoblot of HEK293 cells transfected with HVCN1 and HVCN1 siRNAs to confirm
specificity of the polyclonal anti-HVCN1 serum. SC=scramble siRNA; sil and si2=
siRNAs that recognize 2 different HVCN1 sequences. GFP (cotransfected with HVCN1

and siRNAs) indicates lanes loading control.
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Supplementary Fig. 2
HVCN1 and IgM co-localization following BCR stimulation.

(a) Representative confocal image of a human primary B cell activated via IgM cross-
linking, 5 min. after stimulation. IgM is in green, HVCN1 is in red. HLA-DR (blue)
indicates the plasma membrane. DAPI staining indicates the nucleus.

(b) Electron microscopy image of co-internalized IgM and HVCN1 upon stimulation.
BJAB cells over-expressing HA-tagged HVCN1 were stimulated with 20 pg/ml F(ab'),
anti-IgM conjugated to 10 nm gold particles (medium arrows in right panel). HVCN1
was detected using anti-HA antibody followed by a 5 nm (small arrows in right panel)
gold-conjugated secondary antibody. Cells were stimulated at 37° C for 60 min, then
washed in ice-cold buffer and fixed.

(c) Immunoblot of fractions obtained by sucrose density centrifugation of protein lysates
of a B-cell line, Namalwa, expressing exogenous myc-tagged HVCN1, before and after
BCR stimulation. EEA-1 indicates early endosomes, Lamp-1 indicates Ilate
endosomes/lysosomes and HLA-DM indicates MIICs. Fractions 10-15 after BCR
stimulation represent late endosomes/lysosomes (strong Lampl expression) containing
now the majority of HYCN1. HLA-DM co-expression indicates these fractions represent
MIICs. Blots are representative of 3 independent experiments.

(d) To assess whether PKC phosphorylation could affect BCR and HVCN1 co-
internalization IgM cross-linking was performed in the presence of a PKC inhibitor. No
impairment was observed in PKC-inhibited cells. Left panel, confocal image of a human
peripheral blood B cell activated via IgM cross-linking in the presence of 3 uM of GFX
(GF109203X), an inhibitor of PKC, 60 min. after stimulation. Right panel, quantification
of co-localization between HVCN1 and IgM in the absence (¥) and presence of GFX ().
Pearson’s coefficient gives a total value of co-localization, which can vary from 0 (= no

co-localization) to 1 (= total co-localization). n=27 cells.
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Supplementary Fig. 3

PKC-dependent HVCN1 phosphorylation after BCR stimulation and enhanced
gating of proton currents upon PKC phosphorylation. ROS response in LK35.2

cells.

(a) Left panel, phosphorylation assay of LK35.2 HyHEL10 cells over-expressing HVCN1
showing its PKC-dependent phosphorylation upon activation. Cells were incubated with
32p orthophosphate for 2h, then stimulated with 5 pM HEL for 15 min and lysed. Myc-
tagged HVCN1 was immunoprecipitated with an anti-myc antibody and lysates run on a
SDS-page for protein separation. After transfer to nitrocellulose membranes,
membranes were exposed to X-ray film. Membranes were then immunoblotted with
anti-myc to control efficiency of immunoprecipitation. The experiment was repeated in
the absence and presence of 3 pM of the PKC inhibitor GFX (GF109203X). Right panel,
densitometry analysis of ratios of radioactive signal vs. loading control. Values represent
averages of 3 separate experiments. *p< 0.05 by Student’s t test.

(b) IgM expression in LK35.2 cells transduced with empty vector (grey filled histogram)
and HVCN1 (black empty histogram). Results are representative of at least 3
independent experiments.

(c) ROS assay on LK35.2 cells + over-expressed HVCN1, stimulated with PMA or F(ab'),
anti-IgM. Control cells are LK35.2 cells transduced with empty vector. The black
triangles indicate ROS increase in WT splenic B cells for comparison. The experiment
indicates ROS production is negligible in LK35.2 cells and was not increased by HVCN1
over-expression. Values represent average of 3 independent experiments. NADPH

oxidase expression is low in LK35.2 cells (not shown).
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Supplementary Fig. 4
HVCN1 mRNA and protein expression in murine B cells.

(a) RT-PCR of HVCN1 and a housekeeping gene as control in wild-type cells (+/+), cells
containing one allele with the gene-trap (+/gt) and cells containing both alleles with the
gene-trap (gt/gt). The gene-trap is inserted in intron 3 of the HVCN1 gene, following
exon 2, which contains the first translation initiation codon (not shown). HVCN1 primers
were designed within exon 2 (forward primer) and exon 5 (reverse primer). Other
reverse primers were designed on the other 4 coding exons and the 3’ UTR. All showed
absence of HVCN1 mRNA in cells derived from mice with the gene-trap on both alleles
(not shown). The same gene-trap mouse line was employed elsewhere?>:?°,

(b) Immunoblot analysis of protein lysates from wild-type and HVCN1-deficient splenic B
cells, probed with the specific anti-HVCN1 anti-serum.

(c) Immunoblot of protein lysates of murine B cell subpopulations probed with anti-
HVCNL1.

Lanes represent: 1= pro-B (CD19*B220"°IgM’IgD'CD257), 2= pre-B (CD19*B220"°IgM"
IgD'CD25%), 3= immature B ((CD19%B220"°IgM*IgDCD25"), 4= mature B (CD19* from
lymph nodes), 5= splenic B220™" cells from HVCN1-deficient mice, 6= splenic B220™ cells
from wild-type mice, 7= mature B (CD19* from Ilymph nodes), 8= Bla
(CD19*IgM*CD5') from the peritoneal cavity, 9= splenic marginal zone B
(CD19*CD21"CD23"). Only splenic B220+ and mature B cells from lymph nodes show
clearly detectable HVCN1 expression.

(d) Proton currents are observed in WT B cells (left panel) but not in HVCN1-deficient B
cells (right panel) voltage-clamped in perforated-patch configuration at pH 7. Left panel,
a family of currents in a wild-type B cell during pulses from -20 mV to -10 mV through
+60 mV in 10-mV increments. Right panel, a family of currents in an HVCN1-deficient B
cell during pulses from -20 mV to -10 mV through +80 mV in 10-mV increments (n= 17,
5).

(e) HVCN1 (MGC15619) gene expression profile in human B-cell precursors from?’.
HSC= hematopoietic stem cells, E-B= early B cells, pro-B= pro-B cells, pre-B= pre-B
cells, IMM-B= immature B cells. HVCN1l mRNA expression is absent in HSC but then

gradually increases during B-cell differentiation.
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Supplementary Fig. 5
WT and HVCN1-deficient B-cell phenotype.

(a) Flow cytometry of splenic cells to identify B cell subsets: marginal zone B cells
(CD23'°CD21™) and follicular B cells (CD23"CD21'); Bla cells (CD5"°IgM*) and B2 cells
(CD5'IgM*). Histograms on the right hand side indicate IgM expression for wild-type
(grey filled histogram) and HVCN1-deficient (black empty histogram) splenocytes.

(b) Bla cells (CD5"°IgM*) and B1lb and B2 cells (CD5IgM*) from the peritoneal cavity
(PC). Histograms indicate IgM expression of total peritoneal cells.

(c) flow cytometry of B cells from inguinal lymph nodes. Histograms indicate IgD (wild-
type in red filled histogram, HVCN1-deficient in empty black histogram) and IgM
expression in lymph node cells.

(d) staining of B-cell subsets in the bone marrow: pro-B and pre-B cells (B220"°IgM),
immature B (B220"°IgM*), transitional B (B220""IgM") and mature B (B220"IgM").
Histograms indicate IgM expression in bone marrow cells. Numbers adjacent to boxed
areas indicate percentages of cells in each gate. Results in all panels are representative
of at least 5 wild-type and 5 HVCN1-deficient mice.

Overall, there was no consistent difference in proportions of any B-cell subpopulations in

HVCN1-deficient mice compared to wild-type counterparts, nor in Ig surface expression.
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Supplementary Fig. 6

Effect of rotenone and DPI on basal ROS. Protein tyrosine phosphorylation in
DPI-treated B cells and BCR-dependent ROS increase in the presence of sodium

stibogluconate.

(a) Basal ROS in wild-type and HVCN1-deficient B cells measured with the intracellular
dye DCFDA. UNT= untreated, ROTENONE= in the presence of 1 uM rotenone, DPI= in
the presence of 10 uM DPI. Differences between wild-type and HVCN1-deficient cells
treated with rotenone and DPI are not significant. n=3 mice.

(b) phospho-tyrosine blot of cells activated with 20 pg/ml F(ab'), anti-IgM in the
presence of 5 yM DPI. Arrows indicate non specific bands. Blots represent 3 independent
experiments.

(c) ROS increase in wild-type and HVCN1-deficient splenic B cells pretreated with 5 uM of
Sodium Stibogluconate (SS) and stimulated with 20 ug/ml F(ab'), anti-IgM. n=4 mice.
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Supplementary Fig. 7

Endosomal pH and Ca** mobilization in BCR-stimulated -cells. Metabolic

changes and Akt activation in LPS- and anti-CD40-stimulated B cells.

(a) pH measurements of internalized F(ab"), anti-IgM conjugated to a pH sensitive dye,
pHrodo (Molecular Probes, Invitrogen), in wild-type and HVCN1-deficient splenic B cells.
pHrodo will detect pH in internalized BCR-containing endosomes, any pHrodo-anti-IgM
left on the surface will not emit any signal since the dye does not emit any fluorescence
at neutral pHs. Cells were activated with 20 ug/ml F(ab'), anti-IgM-pHrodo and analyzed
by flow cytometry at indicated times. An in situ standard curve was calculated
resuspending cells in high K* buffers of known pH values in the presence of the H*/K*
antiporter nigericin, 4 hours after receptor internalization (not shown). Results indicate
that absence of HVCN1 does not affect BCR-containing endomosal pH. n=3 mice.

(b) Ca** mobilization in wild-type and HVCN1-deficient splenic B cells indicated as peak
value (ratio at peak after stimulation minus value at steady state, n=7 mice).

(c) Analysis of metabolic rates in wild-type and HVCN1-deficient B cells after stimulation
with 10 ug/ml LPS and 2 pg/ml anti-CD40 for 24h. Cells were cultured in a humidified
incubator at 37°C for 24h before being analyzed on a Seahorse XF24 analyzer to
measure mitochondrial respiration as oxygen consumption (OCR= oxygen consumption
rate) and lactic acid production or glycolysis as extracellular acidification (ECAR=
extracellular acidification rate). n=4 mice.

(d) Immunoblot analysis of phosphorylated Akt in wild-type and HVCN1-deficient splenic
B cells activated with 10 pg/ml LPS and 2 pg/ml anti-CD40. Blots represent 3
independent experiments.

(e) ROS generation in wild-type and HVCN1-deficient B cells stimulated with 10 pug/ml
LPS and 2 pg/ml anti-CD40. ROS production for wild-type cells stimulated with 20 pg/ml

F(ab'), anti-IgM are reported for comparison. n= 4 mice.
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Capasso et al. supplementary Fig. 7
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Supplementary Fig. 8

Wild-type and HVCN1-deficient B cell proliferation following LPS and anti-CD40
stimulation.

CFSE staining of splenic B cells stimulated with 10 pg/ml LPS (top panels) and 2pg/ml

anti-CD40 for 72h. Similar results were obtained in 3 separate experiments.
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Supplementary Fig. 9
Schematic representation of HVCN1 role in the context of BCR stimulation.

Antigen binding to the BCR results in phosphorylation of ITAMs in the Iga/B heterodimer
by LYN, creating docking sites for Syk®. This serves to amplify the BCR signaling by
further recruitment and activation of Syk, which leads to PI3K activation, activation of
Akt and increased glucose uptake and metabolism. Amplification of signaling is
negatively regulated by CD22, which is also phosphorylated by LYN, providing a docking
site for protein tyrosine phosphatase (PTP) SHP-1?%. SHP-1 dephosphorylates Syk,
counterbalancing ITAM-Syk mediated signal amplification. SHP-1 is inhibited by ROS,
which oxidize a cysteine residue in the catalytic site of the enzyme®. BCR stimulation

results in ROS generated by NADPH oxidase enzymatic complex’ 3%

, wWhich transfers
electrons across the plasma membrane/endosomes to molecules of oxygen. The
transfer of one electron results in the production of O-,” that combines with protons to
form H,0, and O, which freely diffuses through the membrane (202" + 2H*>H,0, +
0,)>®* ROS generate a localized oxidizing environment causing inhibition of SHP-1, which
results in amplification of BCR signal. HVCN1 sustains NADPH oxidase activity'® .

Therefore, in the absence of HVCN1, the oxidizing environment cannot be maintained

and this results in SHP-1 remaining more active, reducing BCR-signal strength.
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Supplementary Table 1.

HVCN1 associates with the B-cell receptor in BJAB cells.

HVCN1 was cloned into a pc3.1DNA vector, incorporating an N-terminal Strep-tag and
transfected into BJAB cells to generate a stably strep-HVCN1 expressing D13 clone. In a)
100 x 10° empty vector (EV) control BJAB cells or D13 cells were lysed and strep-HVCN1
and associated proteins captured on streptactin beads for 1 h. at 4°C. The beads were
washed 4 times with buffer before eluting with SDS-PAGE sample buffer and separating
on SDS-PAGE. Gel lanes were cut into 3 mm slices which were digested with trypsin and
the eluted peptides analyzed by LC-MS/MS?!, In b) stably expressing strep-HVCN1 cells
were incubated with F(ab’), isotype control (non-stimulated) or 20 pg/ml (F(ab’), anti-
IgM (stimulated) for 10 min. Cells were subsequently lysed and HVCN1l associated
proteins identified by LC-MS/MS as described in a). The number of unique peptides
identified and % coverage was determined by MUDPIT analysis and the table lists the
number of peptides identified with MASCOT scores >35 and % percentage coverage of
the protein sequence. IgB and Ig kappa chain c region proteins were identified from one
peptide (sequences shown in c¢), which were identified with >95% probability and high
MASCOT scores.
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a) HVCN1 associated proteins in stably expressing BJAB cells

BJAB-EV D13 Strep-HVCN1

Protein Peptides Sequence Peptides Sequence
coverage (%) coverage (%)

HVCN1 0 0 8 32
Ig mu chain C region 0 0 2 6
Ig kappa chain C region 0 0 0 0
CD22 0 0 3 5.5
IgB 0 0 0 0
CD19 0 0 0 0

b) HVCN1 associated proteins before and after BCR stimulation

ISOTYPE control Anti-IgM
Protein Peptides Sequence Peptides Sequence
coverage (%) coverage (%)
HVCN1 6 28 8 32
Ig mu chain C region 4 12 7 19
Ig kappa chain C region 2 32 1 13
CD22 8 13 6 11
IgB 0 0 1 5
CDh19 0 0 6 20
¢) Single peptide identification

Protein Accession Sample Sequence M/Z Mascot

Number (2=2) score
Ig kappa KAC_HUMAN  HVCN1 + (K)DSTYSLSSTLTLSK(A) 751.8 99
chain C region Anti-IgM 7
IgB Q53FS2_Hum HVCN1 + (R)VMGFSTLAQLK(Q) 605.8 65

an Anti-IgM 7
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Supplementary methods

Detection of pH in BCR-containing endosomes

pH of internalized BCR-containing endosomes was detected employing an F(ab'), anti-
IgM conjugated to a pH sensitive dye, pHrodo (Molecular Probes, Invitrogen). The dye
was conjugated to an F(ab'), anti-IgM according to manufactures instructions. pHrodo
does not emit any fluorescence at neutral pH and emits a signal at 540 nm once the
environment becomes more acidic. Fluorescence intensity is proportional to increase in
acidification. After conjugation to an F(ab'), anti-IgM used to activate the cells, the dye
will detect pH in internalized BCR-containing endosomes as these organelles become
more acidic. Any antibody left on the surface will hot emit any signal since the dye does
not emit fluorescence at neutral pH. Cells were activated with 20 pg/ml of F(ab'), anti-
IgM-pHrodo and analyzed by flow cytometry at indicated times. An in situ standard
curve was calculated resuspending cells in high K* buffers of known pH values in the

presence of the H*/K* antiporter nigericin, 2 h after receptor internalization (not shown).

Plasmids and retroviral infection

Myc-tagged, HA-tagged, His-V5-tagged HVCN1 were cloned by PCR in pcDNA 3.1 vector
(Invitrogen) or GFP-bicistronic MigR1 retroviral vector. Phoenix a packaging cell line was
transfected with empty vector control and HVCN1 MigR1 plasmids by calcium phosphate
transfection. Viral supernatants were collected after 24 h, 36 h and 48 h and frozen at -
80°C until use. LK35.2 cells were infected by spinoculation at 450 x g for 90 min in the
presence of 4 ug/ml polybrene (Sigma Aldrich), three times over a period of 2 days. At
day 3, GFP" cells were sorted on a FacsVantage with CellQuest software (Becton

Dickinson) and used for in vitro phosphorylation assays and patch clamp.
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