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ABSTRACT Acid sphingomyelinase (ASM) is a lipid hydrolase that converts sphingo-
myelin to ceramide and that can be activated by various cellular stress mechanisms,
including bacterial pathogens. Vesicle transportation or trafficking of ASM from the
lysosomal compartment to the cell membrane is a prerequisite for its activation in
response to bacterial infections; however, the effectors and mechanisms of ASM
translocation and activation are poorly defined. Our recent work documented the
key importance of ASM for Neisseria meningitidis uptake into human brain microvas-
cular endothelial cells (HBMEC). We clearly identified OpcA to be one bacterial effec-
tor promoting ASM translocation and activity, though it became clear that additional
bacterial components were involved, as up to 80% of ASM activity and ceramide
generation was retained in cells infected with an opcA-deficient mutant. We hypoth-
esized that N. meningitidis might use pilus components to promote the translocation
of ASM into HBMEC. Indeed, we found that both live, piliated N. meningitidis and
pilus-enriched fractions trigger transient ASM surface display, followed by the forma-
tion of ceramide-rich platforms (CRPs). By using indirect immunocytochemistry and
direct stochastic optical reconstruction microscopy, we show that the overall num-
ber of CRPs with a size of �80 nm in the plasma membrane is significantly in-
creased after exposure to pilus-enriched fractions. Infection with live bacteria as well
as exposure to pilus-enriched fractions transiently increased cytosolic Ca2� levels in
HBMEC, and this was found to be important for ASM surface display mediated by
lysosomal exocytosis, as depletion of cytosolic Ca2� resulted in a significant de-
crease in ASM surface levels, ASM activity, and CRP formation.
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Acid sphingomyelinase (ASM) is a lipid hydrolase causing sphingomyelin breakdown
and the release of ceramides, which associate into small ceramide-enriched mem-

brane domains that fuse to larger ceramide-rich platforms (CRPs), thereby modulating
membrane structures and signal transduction (1–3).

Several bacterial pathogens regulate ASM translocation and/or activity to exploit
host sphingolipids during their infection processes (4–15). This is reflected by the
importance of this enzyme in host defenses (mainly uptake and trafficking in phago-
cytes), as revealed for Pseudomonas aeruginosa (5) and for Listeria monocytogenes and
Neisseria gonorrhoeae (7, 16, 17). In addition, ASM was also found to be crucial for
bacterial uptake into nonphagocytic cells, including endothelial cells. In peripheral
endothelial cells, Staphylococcus aureus infection increased ASM activity, and this
contributed to the development of pulmonary edema (18). In brain endothelial cells,
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ASM translocation and the increased activity caused by OpcA-expressing Neisseria
meningitidis resulted in enhanced ceramide surface display, which was found to
support bacterial uptake by recruitment of the ErbB2 receptor, involved in bacterial
uptake into CRPs (6). This observation paralleled the finding obtained with the related
species N. gonorrhoeae in phagocytic cells (16), where ASM caused the recruitment of
CEACAM receptors in CRPs.

ASM localizes in lysosomes or in specialized lysosomal compartments named secre-
tory lysosomes (19). Its activation may occur within this compartment by protein kinase
C�-mediated phosphorylation (20, 21) or has been suggested to require translocation
from the intracellular compartment to the extracellular leaflet of the cell membrane. For
example, the application of hydrogen peroxide to mammalian cells induces a rapid
Ca2�-dependent ASM translocation by lysosomal exocytosis, followed by its activation
(22), and plasmalemmal injury-triggered Ca2� influxes have been shown to induce the
fusion of lysosomes with the plasma membrane, resulting in exocytosis and activation
of ASM (23).

N. meningitidis (the meningococcus) is a human pathogen that colonizes the upper
respiratory tract of approximately 10 to 40% of the healthy population (24, 25). In rare
cases the pathogen can cause devastating invasive infections, resulting in sepsis and
meningitis, predominantly in young infants and toddlers. Via its outer membrane
protein OpcA, N. meningitidis is capable of triggering ASM translocation and increasing
its activity as well as ceramide release and the formation of CRPs on the surface of brain
endothelial cells (6). The ASM translocation elicited by OpcA critically relies on OpcA
interaction with heparan sulfate proteoglycans and the subsequent activation of
phosphatidylcholine-specific phospholipase C. In addition to OpcA, further meningo-
coccal candidates are likely to contribute to ASM translocation, because infection-
induced ASM translocation and ceramide surface display were reduced by only about
20 to 30% with an isogenic mutant lacking opcA (6).

As major adhesins, type IV pili (TfP) play key roles in pathogenic Neisseria species by
mediating the contact with eukaryotic cell surfaces (26). The pilus fiber is composed of
a single structural component, the major pilin, PilE. In addition to PilE, several other
structural pilin proteins, including PilC, PilD, PilG, and PilF, and the minor pilins PilX, PilV,
and ComP contribute to TfP function (27–31), which includes the uptake of DNA for
natural transformation and bacterial movement (32, 33) and initiation of signal trans-
duction cascades (34). Purified neisserial pili and pili from the bacterial crude mem-
brane fraction have been shown to induce transient increases of cytosolic Ca2� levels
in infected eukaryotic cells (35, 36). Moreover, pilus-induced Ca2� transients trigger
lysosomal exocytosis, exposing lysosomal Lamp1 at the host cell surface (36).

In this study, we tested the hypothesis that the pilus-induced Ca2� flux in brain
endothelial cells triggers lysosomal exocytosis, exposing ASM at the outer leaflet of the
plasma membrane. We found that infection of human brain microvascular endothelial
cells (HBMEC) with the highly piliated isolate N. meningitidis 8013 but not an isogenic
pilus-deficient meningococcal mutant resulted in an increase in the amount of cer-
amide on the host cell surface in an amitriptyline-sensitive manner. Exposure of HBMEC
to pilus-enriched fractions (PeF) also triggered transient ASM surface display, paralleled
by increased surface Lamp1 levels. Importantly, inhibition of cytosolic Ca2� levels
inhibited pilus-induced Lamp1 as well as ASM surface display and the formation of
CRPs, indicating that ASM is delivered to the outer leaflet of the plasma membrane by
pilus-induced lysosomal exocytosis.

RESULTS
Exposure of N. meningitidis strain 8013 to brain endothelial cells induces

ceramide release and the formation of ceramide-enriched platforms. We have
recently shown that N. meningitidis strain MC58 causes a rapid but transient translo-
cation of the acid sphingomyelinase (ASM) in human brain microvascular endothelial
cells (HBMEC). In this system, OpcA interaction with heparan sulfate proteoglycans
significantly contributed to ASM translocation and activity (6). The 80% residual cer-
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amide induction by an isogenic opcA-deficient mutant suggested that other meningo-
coccal components also contributed to ASM induction (6). To analyze whether the type
IV pili (TfP) might be involved, a highly piliated, Opa-negative (Opa�), opcA-deficient
derivative of serogroup C, meningococcal strain 8013 (clone 12, also designated 2C4.3)
(37), was applied and tested for its ability to contribute to ASM translocation in HBMEC.
In common with N. meningitidis isolate MC58, immunofluorescence images demon-
strate that a green fluorescent protein (GFP)-expressing variant of strain 8013 induced
the formation of and adhered to CRPs (detected by the antibody 15B4) (Fig. 1A). HBMEC
were then infected with N. meningitidis strain 8013 for 4 h, and surface ceramide levels
on infected HBMEC were determined by flow cytometry (Fig. 1B; see also Fig. S1 in the
supplemental material). N. meningitidis strain 8013 was found to be significantly
effective at inducing ceramides on HBMEC (Fig. 1B), while this was not observed with
a nonpiliated pilE-deficient mutant (N. meningitidis 8013 ΔpilE) (Fig. 1B). To analyze
whether the surface ceramide release detected relied on ASM, we determined the

FIG 1 Highly piliated N. meningitidis (Nm) strain 8013 activates ASM and the formation of CRPs on HBMEC. (A) HBMEC were grown to
confluence in 8-well Ibidi �-slides and were infected with a GFP-expressing variant of N. meningitidis strain 8013 for 4 h or were left
noninfected. Cells were washed, fixed in paraformaldehyde (FA), and stained with an anticeramide antibody and secondary Cy5-
conjugated goat anti-mouse IgM (red). Images were captured using a Nikon Eclipse Ti-E inverted microscope with a 40� objective lens.
Bars, 10 �m. (B) HBMEC were infected with wild-type strain N. meningitidis 8013 or an isogenic, pilus-deficient mutant (N. meningitidis 8013
ΔpilE) or were left noninfected for 4 h. Surface ceramide levels were determined by flow cytometry, and data are represented as the
relative levels of ceramides on the host cell surface. Error bars represent the mean � SD. One-way ANOVA with Dunnett’s post hoc test
was used to determine significance. *, P � 0.05; **, P � 0.01. (C) ASM activity was determined on HBMEC by measuring sphingomyelin
hydrolysis to phosphorylcholine. Cells were seeded in black 96-well plates to confluence and infected with N. meningitidis 8013 or left
noninfected (basal activity). Reported is the activity of ASM after infection with bacteria. Values show the mean � SD from three
independent experiments. MFI, mean fluorescence intensity. Two-way ANOVA was used to determine significance. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001. (D) HBMEC were infected with N. meningitidis 8013 for 4 h in the presence or absence of the ASM inhibitor
amitriptyline (�10 �M Ami and w/o [without] Ami, respectively) or were left noninfected. Surface ceramide levels were determined by
flow cytometry, and data are represented as the relative levels of ceramides on the host cell surface compared to that on noninfected cells.
Values are expressed as a percentage of the level for noninfected cells � SD. One-way ANOVA with Dunnett’s post hoc test was used to
determine significance. *, P � 0.05. All experiments were performed at least three times in duplicate.
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activity of the enzyme on living HBMEC after infection with the wild type and the
pilE-deficient mutant. N. meningitidis strain 8013 but not the pilus-deficient mutant
caused significant ASM activity, which peaked within 130 min postinfection (p.i.)
(Fig. 1C). Corroborating the crucial role of ASM in N. meningitidis strain 8013-induced
ceramide release, the latter was abrogated in HBMEC exposed to the ASM inhibitor
amitriptyline 30 min prior to infection (Fig. 1D).

N. meningitidis recruits lysosomal ASM to the cell surface. Because we detected
ASM activity at the cell surface after N. meningitidis exposure, we reasoned that the
enzyme should be translocated to and therefore be detectable at the outer leaflet of
the plasma membrane. At 4 h following N. meningitidis treatment, ASM staining was
observed in clusters on nonpermeabilized HBMEC close to bacterial microcolonies (Fig.
2A, left) suggesting its surface display. On a quantitative basis, this could be confirmed
by flow cytometry (Fig. 2A, right). To test whether the translocation of ASM to the
surface level of infected HBMEC might involve lysosomal exocytosis, Lamp1, a lyso-
somal marker, was detected on the surface of N. meningitidis 8013-infected HBMEC and
analyzed by immunofluorescence microscopy and flow cytometry. The results revealed
an increase in the level of Lamp1 membrane staining and Lamp1 surface levels as
well as the codetection of both molecules, ASM and Lamp1, on infected HBMEC (Fig.
2B and C).

N. meningitidis-induced lysosomal exocytosis and ASM translocation to the
plasma membrane are Ca2� dependent. Lysosomal exocytosis requires Ca2� eleva-
tion for the fusion of predocked lysosomes with the plasma membrane. Because N.
meningitidis induces Ca2� release from intracellular stores in infected human epithelial
and endothelial cells (35, 38), we analyzed whether this would also apply to infection
with N. meningitidis strain 8013 in our cell culture model system by using the calcium
indicator Fluo-8. N. meningitidis strain 8013 significantly induced the cytosolic
Ca2� concentration in infected cells compared to the uninfected controls (Fig. 3A and
B and, for single cell analysis, Fig. 3C). To verify that the increase in calcium levels
reflected the release from intracellular stores, Ca2� concentrations were again moni-
tored by real-time immunofluorescence microscopy in cells treated with 50 �M
2-aminoethoxydiphenyl borate (2-APB), a chemical that acts to inhibit both inositol
1,4,5-trisphosphate receptors and transient receptor potential channels, prior to infec-
tion with meningococci. The inhibitor diminished calcium efflux in infected cells,
supporting the finding that Ca2� was indeed released from the endoplasmic reticulum
in HBMEC (Fig. 3A and B, right). If Ca2� mobilization is required for N. meningitidis-
induced lysosomal exocytosis, 2-APB preexposure of HBMEC should affect the surface
display of Lamp1, ASM, and ceramide as well as surface ASM activity. In fact, 2-APB dose
dependently reduced the Lamp1 as well as ASM surface levels measured by flow
cytometry (Fig. 4A and B). In addition, increased ASM activity and ceramide surface
accumulation were not observed after 2-APB treatment (Fig. 4C and D), indicating that
ASM translocation to the plasma membrane during meningococcal infection is medi-
ated by Ca2�-dependent lysosomal exocytosis.

N. meningitidis PilC1 is involved in ceramide release. Two PilC alleles that encode
two paralogous proteins, PilC1 and PilC2, have been described (27). PilC2 is expressed
independently of PilC1 and mediates adhesion to some cell types, not including
endothelial cells (27, 39), while the adhesive properties of TfP to endothelial cells
depend on PilC1 (27). PilC1-deficient (PilC2 positive) mutants fail to adhere to endo-
thelial cells, and moreover, PilC1-deficient mutants fail to trigger Ca2� release (35). To
identify the role of PilC1 and PilC2 in ceramide release, we generated ΔpilC1 and ΔpilC2
mutant strains and analyzed their adhesive properties as well as ceramide accumulation
on infected HBMEC by a gentamicin protection assay, immunofluorescence microscopy,
and flow cytometry analysis. The ΔpilC1 mutant showed much reduced adherence to
HBMEC comparable to that of the nonpiliated ΔpilE mutant and was unable to increase
ceramide levels or promote the formation of CRPs on infected cells, while these
properties were fully retained in the ΔpilC2 mutant (Fig. 5).
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Depletion of Ca2� levels interferes with bacterial uptake. We previously dem-
onstrated that ASM translocation is of functional importance in meningococcal uptake
(6). To corroborate the previous finding of the functional importance of ASM translo-
cation in bacterial uptake, HBMEC were pretreated with 2-APB for 30 min prior to
infection, and adhesion and invasion were determined. Indeed, the decrease in Ca2�

levels caused by 2-APB affected N. meningitidis uptake by HBMEC (Fig. 6), which could
also be observed after chelation of intracellular Ca2� by the acetoxymethyl ester of
EGTA (EGTA-AM) (Fig. S2).

FIG 2 N. meningitidis induces the translocation of lysosomal ASM and Lamp1 to the cell surface. HBMEC were grown to confluence in
8-well Ibidi �-slides and infected with the GFP-expressing N. meningitidis 8013 strain for 4 h or were left noninfected, and then ASM
translocation as well as Lamp1 exposure on the host cell surface was evaluated. (A) (Left) Cells were washed, stained live on ice with a
rabbit IgG anti-ASM antibody and secondary Cy5-conjugated anti-rabbit IgG F(ab=)2, and then fixed in FA (red). Bars, 5 �m. (Right) ASM
exposure on the plasma membrane was determined by flow cytometry of nonpermeabilized cells. Data show the mean � SD from three
independent experiments performed in duplicate. ****, P � 0.0001 by an unpaired, two-tailed Student’s t test. (B) (Left) Cells were washed,
stained live on ice with a mouse IgG PE-conjugated anti-Lamp1 antibody, and then fixed in FA (yellow). Bars, 5 �m. (Right) Lamp1
exposure to the plasma membrane was determined by flow cytometry of nonpermeabilized cells. Data show the mean � SD from three
independent experiments performed in duplicate. **, P � 0.01 by an unpaired, two-tailed Student’s t test. (C) Cells were infected with the
N. meningitidis 8013 strain for 4 h, washed, fixed in FA, and stained with a mouse IgG PE-conjugated anti-Lamp1 antibody (yellow), as well
as rabbit IgG anti-ASM antibody and secondary Cy5-conjugated anti-rabbit IgG F(ab=)2 (red). Bars, 5 �m.
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FIG 3 N. meningitidis increases cytosolic Ca2� levels in brain endothelial cells derived from the endoplasmic reticulum. Fluo-8-loaded
HBMEC were infected with N. meningitidis 8013 in the presence or absence of 50 �M 2-APB or were left noninfected, and cytosolic Ca2�

(Continued on next page)
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Pilus-enriched fractions trigger calcium release and ASM translocation in HB-
MEC. We next aimed at determining the role of pili as effectors in N. meningitidis-
induced Ca2� release from HBMEC. Pilus-enriched fractions purified from the piliated
wild-type meningococcal strain 8013 did not contain detectable levels of porins (a
major pathogenicity factor involved in Ca2� influx into the host cell [44]), while the
presence of pilin in the preparations was visualized with a monoclonal antibody raised
against PilE (Fig. S3). Cytosolic Ca2� concentrations were determined in HBMEC loaded

FIG 3 Legend (Continued)
concentrations were monitored over 20 min. Images were captured using a Nikon Eclipse Ti-E inverted microscope and analyzed using
NIS Elements AR software (Nikon). (A) Representative fluorescence images taken at the indicated time points (0, 5, 10, 15, and 20 min
[T0, T5, T10, T15, and T20, respectively]) are shown. Images were taken at a �20 magnification. Bars, 100 �m. (B) Fluorescence data from
representative cells were exported and are shown as the number of relative fluorescence units (RFU) relative to the start fluorescence
intensity value. Images show the results for infected single cells (left) or 2-APB-treated cells (right) versus the mean for noninfected cells.
The arrow indicates the results for a single cell which appears at 15 min in the inset in panel A. 2-APB, 2-aminoethoxydiphenyl borate.
(C) Representative single-cell analysis results. Pictures (left) show single cells which were analyzed for their fluorescence intensity (right).
Bars, 10 �m.

FIG 4 N. meningitidis-induced ASM translocation to the plasma membrane is Ca2� dependent. HBMEC were treated with different
concentrations of 2-APB (10, 25, 50 �M) for 30 min prior to infection with N. meningitidis 8013. N. meningitidis-induced Lamp1 exocytosis,
ASM translocation, and ceramide surface levels were detected by flow cytometry analysis using a mouse IgG PE-conjugated anti-Lamp1
antibody (A), a mouse IgG2a anti-ASM antibody and secondary Cy3-conjugated anti-mouse IgG F(ab=)2 (B), or an anticeramide antibody
and secondary Cy5-conjugated goat anti-mouse IgM (C). Data show the mean � SD levels as a percentage of those for noninfected cells
from three independent experiments performed in duplicate. One-way ANOVA with Dunnett’s post hoc test was performed to determine
significance. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (D) ASM activity after infection with bacteria in the presence (50 �M) or absence of
2-ABP. Values show the mean � SD from three independent experiments. Two-way ANOVA was used to determine significance. *,
P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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with the fluorescent Ca2� indicator Fluo-8 and treated with 2.5 �g/ml of pilus-enriched
fractions. Immediately after addition, pilus-enriched fractions (but not control buffer
[not shown]) induced a significant cytosolic Ca2� increase within 2 to 5 min, and the
levels quickly returned to the baseline levels (Fig. 7A). Lysosomal exocytosis was next
monitored in LysoTracker-loaded cells exposed to 2.5 �g/ml of pilus-enriched fractions
or medium alone (in the absence of Ca2�). A rapid decrease in the fluorescence signal
was observed after treatment with pilus-enriched fractions, indicating that fusion of the
lysosomal membrane with the plasma membrane and LysoTracker release occurred
(Fig. 7B, pilus-enriched fractions [PeF]). Treatment of HBMEC with 2.5 �g/ml of the
pilus-enriched fractions slightly but significantly increased both ASM and ceramide
plasma membrane surface display, as determined by flow cytometry at 2 h after
exposure (Fig. 7C). In addition, the pilus-enriched fraction induced 2-APB-sensitive ASM
surface activity (Fig. 7E).

The pilus-enriched fraction also efficiently induced CRP formation on HBMEC. This
was first revealed by standard microscopy (Fig. 7D), and thereafter, the distribution of
CRPs was analyzed by single-molecule sensitive superresolution microscopy using

FIG 5 Ceramide release and CRP formation in response to isogenic ΔpilC1 or ΔpilC2 meningococcal mutants. (A) HBMEC were grown to
confluence in 8-well Ibidi �-slides and were infected with wild-type (WT) strain N. meningitidis 8013 or isogenic meningococcal mutant
N. meningitidis 8013 ΔpilE, N. meningitidis 8013 ΔpilC1, or N. meningitidis 8013 ΔpilC2 for 4 h or were left noninfected. Cells were washed,
fixed in FA, and stained with an anticeramide antibody and secondary Cy5-conjugated goat anti-mouse IgM (red). Images were captured
using a Nikon Eclipse Ti-E inverted microscope with a 20� objective lens. Bars, 100 �m. The results of one of three reproducible
experiments are shown. (B) HBMEC were infected with wild-type strain N. meningitidis 8013 or isogenic mutant N. meningitidis 8013 ΔpilE,
N. meningitidis 8013 ΔpilC1, or N. meningitidis 8013 ΔpilC2 or were left noninfected for 4 h. Surface ceramide levels were determined by
flow cytometry, and data are represented as the relative levels of ceramides on the host cell surface. (C) HBMEC were infected with the
N. meningitidis 8013 wild-type strain or the indicated mutants (the ΔpilE, ΔpilC1, or ΔpilC2 mutant) for 4 h at an MOI of 100. Adhesion was
determined by a gentamicin protection assay. Error bars represent the mean � SD. One-way ANOVA with Dunnett’s post hoc test was used
to determine significance. *, P � 0.05; **, P � 0.01; ****, P � 0.0001; ns, not significant.

Peters et al. Infection and Immunity

August 2019 Volume 87 Issue 8 e00410-19 iai.asm.org 8

https://iai.asm.org


indirect immunocytochemistry and direct stochastic optical reconstruction microscopy
(dSTORM) (40, 41) (Fig. 8). The overall number of CRPs with a size of �80 nm (41) in the
plasma membrane was significantly increased in HBMEC after 2 h of exposure to the
pilus-enriched fractions, and the formation of CRPs could be prevented by treatment
with 2-APB (Fig. 8A to D).

DISCUSSION

ASM has been shown to be an important factor in pathogen infection and survival.
Some bacterial pathogens can target ASM and thereby modulate microdomain reor-
ganization, which can alter cellular internalization or cell death (5–8, 11, 16–18, 43). As
a prerequisite, lysosomal ASM has to be relocalized at the cell surface and activated;
however, the precise mechanism by which this is achieved during bacterial infections
remains unknown. In this study, we tested the hypothesis that the meningococcal
pilus-induced increase in cytosolic Ca2� triggers lysosomal exocytosis and increases the
amount of cell surface ASM, followed by lipid microdomain formation. We demonstrate
that the highly piliated N. meningitidis isolate 8013 but not an isogenic pilus-deficient
mutant was effective at inducing ceramides on HBMEC. Increased ceramide surface
levels reflected increased ASM activity and were abrogated in the presence of the ASM
inhibitor amitriptyline. We showed that pilus-enriched fractions also triggered the
transient translocation of ASM to the host cell surface. We provided microscopic
evidence that live, piliated bacteria as well as pilus-enriched fractions induced transient
increases in cytosolic Ca2� levels in HBMEC and triggered lysosomal exocytosis, as
detected by exposure of Lamp1. Of importance, we finally showed that depletion of
cytosolic Ca2� transients with 2-APB, a chemical that acts to inhibit inositol 1,4,5-
trisphosphate receptors, abolished not only Lamp1 levels but also ASM translocation
and, thus, the formation of CRPs on N. meningitidis-infected HBMEC or cells treated with
pilus-enriched fractions.

We have recently shown that N. meningitidis strains can transiently translocate ASM
if they express the OpcA protein and use CRPs as a port of entry into HBMEC (6).
However, further meningococcal factors besides OpcA are likely to contribute to ASM
translocation and the generation of ceramides, since infection of brain endothelial cells
with an isogenic mutant lacking opcA resulted in a decrease in the amount of ceramide
on the host cell surface of only about 20 to 30% (6). TfP of pathogenic Neisseria are
essential during the initial stage of infection and are known to initiate a signal

FIG 6 Depletion of the Ca2� level interferes with invasion of N. meningitidis strain 8013 into HBMEC. HBMEC were
pretreated with different concentrations (10, 25, 50 �M) of the 1,4,5-trisphosphate receptor inhibitor 2-APB.
Afterwards, cells were infected for 4 h at an MOI of 100, and adhesion (left) and invasion (right) were determined
by a gentamicin protection assay. All results show the mean � SD levels as a percentage of the levels for untreated
control cells from three independent experiments performed in duplicate. P values are relative to the values for
untreated control cells and were determined by an ordinary one-way ANOVA with Dunnett’s post hoc test. **,
P � 0.01, ***, P �0.001.
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FIG 7 Effect of pilus-enriched fractions on Ca2� fluxes, ASM translocation and activity, and ceramide release. (A) HBMEC were loaded with Fluo-8 and treated
with 2.5 �g pilus-enriched fraction (PeF) from N. meningitidis 8013 in Ca2�-free medium. Cytosolic Ca2� concentrations were monitored over 10 min using a
Nikon Eclipse Ti-E inverted microscope and analyzed using NIS Elements AR software (Nikon). Fluorescence data from representative cells were exported and
are shown as the mean � SD number of relative fluorescence units relative to the starting fluorescence intensity value. (B) HBMEC were loaded with LysoTracker
green (80 nM) and treated with PeF (2.5 �g) in Ca2�-free medium. Fluorescence signals were monitored over 10 min. Fluorescence data from representative
cells were exported and are shown as the mean � SD number of relative fluorescence units relative to the starting fluorescence intensity value. Note the
disappearance of the LysoTracker green signal after addition of PeF, indicative of lysosomal exocytosis. (C) Cells were maintained in infection medium and
incubated with PeF (2.5 �g) from N. meningitidis 8013. The pilus-induced translocation of ASM and ceramide surface levels were detected by flow cytometry
analysis. Data show the mean � SD from three independent experiments performed in duplicate. P values were determined by an unpaired, two-tailed
Student’s t test. *, P � 0.05; **, P � 0.01. (D) Cells were grown to confluence in Ibidi �-slides and were incubated with PeF (2.5 �g) from N. meningitidis 8013
or were left nontreated. Cells were washed, fixed in FA, and stained with an anticeramide antibody and secondary Cy5-conjugated goat anti-mouse IgM (red).
Bars, 10 �m. (E) Cells were incubated with PeF or left nontreated, and ASM activity was determined. Reported is the activity of ASM after incubation of the cells
with PeF (1 �g) from N. meningitidis 8013. Values show the mean � SD from three independent experiments. A two-way ANOVA was used to determine
significance. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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transduction cascade, resulting in tyrosine phosphorylation of cytoskeletal proteins
(34). In addition, they induce Ca2� transients in cultures of epithelial cells and mono-
cytes (35, 36, 44). Here, we used real-time fluorescence imaging to examine Ca2� levels
in HBMEC during infection with piliated bacteria. Like the purified proteins and as
shown for A431 and ME180 cells, live bacteria also triggered changes in cytosolic Ca2�

fluxes (35, 36). Besides TfP, the pilus-associated Neisseria porins also trigger a transient
rise in cytosolic Ca2� levels. In contrast to TfP-induced Ca2� increases, the porin-
triggered Ca2� influx is rapid, occurs within 2 min after exposure of the protein, and
stimulates endosome exocytosis (45, 46). Pilus-associated porins are supposed to insert
into the host membrane to trigger an influx of Ca2� ions from the external environment
(44). In our experimental setting, we can exclude the possibility of any effects related
to N. meningitidis porins, since experiments were performed in Ca2�-free medium and
we could not detect any porin proteins on our pilus-enriched fraction preparation.

FIG 8 Treatment of HBMEC with pilus-enriched fractions increases the number of plasma membrane-associated
CRPs. (A) Quantification of subdiffraction-sized CRPs within the plasma membrane of HBMEC pretreated with
different concentrations of the pilus-enriched fraction (PeF) at 5 �g, 2.5 �g, or 2.5 �g or with 50 �M 2-APB or not
treated. The superresolution images show a dose-dependent enrichment of sphingolipid nanodomains upon pilus
treatment. (B) Representative dSTORM images of HBMEC treated with the indicated concentrations of PeF (as
shown in panel A). (C) Images of the corresponding dSTORM insets (red squares) from panel B, illustrating the
increase in the number of CRPs induced by the addition of PeF. (D) Conventional diffraction-limited microscopy of
the sections shown in panel C. Bars, 5 �m (B) and 500 nm (C and D).
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Ca2� transients in cultures of epithelial cells have been thought to be transduced by
the proposed pilus receptor, CD46 (35), as it could be blocked by anti-CD46 antibodies
(35). However, recent publications have highlighted the specific interaction between
the meningococcal ligands PilE and PilV and the cellular host receptor CD147 to be
essential for meningococcal adhesion to human brain endothelial cells and colonization
of human blood vessels (42). Whether Ca2� transients might be transduced by CD147
needs further investigations.

Ca2� is a highly versatile intracellular signal that can regulate many different cellular
functions (49, 50), and the effects of Ca2� fluxes in response to N. meningitidis are likely
to be various. These transients have, for example, been demonstrated to increase the
intracellular survival of the related species N. gonorrhoeae. Ca2�-dependent lysosomal
exocytosis leads to the redistribution of Lamp1 to the plasma membrane and the
release of the luminal content of the vesicle to the extracellular milieu. Lamp1 cleavage
at the host cell surface by the secreted neisserial IgA protease finally results in lysosome
remodeling and enhanced bacterial survival within cells (36, 45, 51). The data presented
in this study now show that the exocytic events resulting from the pilus-induced Ca2�

transients also bring ASM to the outer leaflet of the plasma membrane. However,
further studies are required to determine the exact mechanism of ASM enzyme
activation in response to TfP.

In nonsecretory cells, most lysosomes that undergo Ca2�-regulated exocytosis
belong to a peripheral population (52). By this means, calcium is primarily responsible
for the fusion rather than the recruitment of lysosomes to the plasma membrane (52).
Peripheral lysosomes were subsequently identified to be the major population of
intracellular vesicles that respond to Ca2� fluxes by fusing with the plasma membrane
and promoting plasma membrane repair (23, 52–54). Restoring membrane integrity is
crucial to preclude necrosis and apoptosis and reduce inflammation from necrotic cells.
Interestingly, host cell entry by Trypanosoma cruzi mimics a process of plasma mem-
brane injury and repair that involves Ca2�-mediated exocytosis of lysosomes and the
delivery of ASM to the outer leaflet of the plasma membrane, followed by a rapid form
of endocytosis that internalizes membrane lesions (53, 55). A similar mechanism was
recently observed during the entry of adenovirus into nonphagocytic cells (56). The
viral membrane lytic protein protein VI induces small plasma membrane lesions and
stimulates Ca2� influx and lysosomal exocytosis, finally resulting in the release of ASM
and the degradation of sphingomyelin to ceramide lipids in the plasma membrane (56).
In contrast to the stimulation of lysosomal exocytosis by T. cruzi or adenovirus infection,
the N. meningitidis-mediated increase of Ca2� transients did not involve small plasma
membrane lesions or Ca2� influx from the extracellular milieu; instead, Ca2� transients
arose from the endoplasmic reticulum.

Besides bacterial or viral infection, ASM is exposed to the host cell surface in
response to further stimuli, including CD95 or DR5 ligation, UV irradiation, or mem-
brane damage (5, 57–61). Recently, the application of the reactive oxygen species (ROS)
hydrogen peroxide to mammalian cells has been demonstrated to induce a rapid
Ca2�-dependent ASM translocation by lysosomal exocytosis (22). In contrast, CD95 or
DR5 activation induces ROS-dependent ASM trafficking independently of Ca2� (58). The
precise mechanism for Ca2�-independent ASM externalization is not well understood
and might involve protein kinase C� phosphorylation of ASM and translocation to the
plasma membrane (20). Taken together, in this study, we provide experimental evi-
dence supporting the conclusion that ASM, which resides within lysosomes, can be
exocytosed from N. meningitidis-infected brain endothelial cells in a Ca2�-dependent
manner and act on the outer plasma membrane to promote the formation of CRPs.

MATERIALS AND METHODS
Bacterial strains. N. meningitidis strain 8013 (clone 12, also designated 2C4.3) is a piliated capsulated

Opa- and Opc-negative variant of the serogroup C meningococcal clinical isolate 8013 (sequence type
77 [ST77]/ST8 clonal complex [CC]; Institut Pasteur, 1989) and was kindly provided by M. Taha (37). The
characteristics of the wild-type strain and the mutants are summarized in Table S1 in the supplemental
material. Bacteria were grown overnight on Columbia blood agar plates (bioMérieux) at 37°C in 5% CO2
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and cultured on the next day in PPM� medium (proteose-peptone medium supplemented with 1�
Kellogg´s supplement, 0.01 M MgCl2, and 0.005 M NaHCO3). Pilus mutants were grown overnight on GC
agar plates (37°C, 5% CO2) with spectinomycin (75 �g/ml) and were cultured in the same medium used
for the wild type but supplemented with additional spectinomycin (75 �g/ml).

Cell culture. Immortalized human brain microvascular endothelial cells (HBMEC) were kindly pro-
vided by K. S. Kim (62) and were cultured as described previously (63). Briefly, cells were cultured in RPMI
1640 medium supplemented with 1% sodium pyruvate (1 mM), 1% L-glutamine (2 mM), and 1%
nonessential amino acids (all purchased from GE Healthcare, Little Chalfont, UK) plus 5 U/ml heparin
(Biochrom, Berlin, Germany) and 30 �g/ml endothelial cell growth supplement (ECGS; CellSystems,
Troisdorf, Germany). Cells were incubated at 37°C in 5% CO2 in a humidified atmosphere.

Infection assays. Adhesion and invasion were determined by using gentamicin protection assays.
Cells at between the 10th and 25th passages were used for infection assays at a density of 4 � 105

cells/well, with bacteria used at a multiplicity of infection (MOI) of 100, unless indicated otherwise, as
described previously (6).

Reagents and antibodies. The following antibodies were used in this study: mouse IgG2a anti-ASM
(clone ab74281; Abcam), rabbit IgG anti-ASM (clone H181; Santa Cruz), mouse IgM anticeramide (clone
MID 15B4; Enzo Life Science), rabbit IgG anticeramide (kindly provided by E. Bieberich [41]), mouse IgG
phycoerythrin (PE)-conjugated anti-Lamp1 (clone H4A3; Santa Cruz), mouse IgG anti-PilE (SM1; M. Virji
[66]), polyclonal rabbit anti-PorB (Genosys Biotechnologies), a mouse IgM isotype control (clone ICIGMPU;
Immunostep), a mouse IgG1 isotype control (clone PPV-06; Invitrogen), and a normal rabbit IgG isotype
control (clone sc-2027; Santa Cruz). The following secondary conjugated antibodies, all of which were
purchased from Jackson ImmunoResearch, were used in this study: Cy5-conjugated goat anti-mouse IgM,
Cy5-conjugated goat anti-rabbit IgG (H�L), Cy3-conjugated goat anti-rabbit IgG (H�L), Cy3-conjugated
rabbit anti-mouse IgG F(ab=)2, and peroxidase-conjugated goat anti-mouse IgG and IgM (H�L). The
isotype and secondary antibody controls are shown in Fig. S4. The following reagents were used in this
study: 2-aminoethoxydiphenyl borate (2-APB; Tocris Bioscience) was used at a final concentration of 10,
25, or 50 �M and did not affect bacterial growth or fitness when applied under infection conditions.
Hoechst 33342 (Invitrogen) was used for nuclear staining at a final concentration of 1 �g/ml, the calcium
indicator dye Fluo-8 (Abcam) was used at a final concentration of 4 �M, and LysoTracker green DND-26
(Invitrogen) was used at a concentration of 80 nM. All compounds were dissolved in dimethyl sulfoxide
(DMSO), and the final concentration of DMSO in the culture wells never exceeded 0.1%.

Flow cytometry. At 3 days prior to the experiment, 1.25 � 105 cells/ml were seeded in a 24-well
plate and were grown to approximately 1 � 106 cells/ml. On the day of the infection experiment, cell
medium was replaced by RPMI 1640 medium plus 10% human serum and, if indicated, preincubated for
30 min with different concentrations of 2-APB. Cells were infected with the bacteria for 4 h. After
infection, the cells were washed once with phosphate-buffered saline (PBS), trypsinized, and harvested
in an Eppendorf tube. After washing with ice-cold fluorescence-activated cell sorting (FACS) buffer (5%
fetal calf serum [FCS] in PBS), the cells were incubated with either mouse IgM anticeramide (1:30 in FACS
buffer), mouse IgG PE-conjugated anti-Lamp1 (1:20 in FACS buffer), mouse IgG2a anti-ASM (1:250 in FACS
buffer), or the corresponding isotype control antibodies (1:100 in FACS buffer) for 1.5 h at 4°C in the dark.
After incubation, the cells were washed three times with FACS buffer and incubated with the appropriate
secondary antibodies (1:500 in FACS buffer) for 30 min. Then, the cells were washed three times with
FACS buffer and were fixed in 3.7% paraformaldehyde (FA; in PBS) for 30 min at 4°C. Afterwards, the cells
were washed 3 times with FACS buffer and 500 �l was transferred into a FACS tube for measurement.
Ten thousand cells were analyzed using a FACSCalibur flow cytometer (BD Bioscience), and the data were
analyzed and graphed using FlowJo (v10) software (FlowJo, LLC).

ASM activity assay. For determination of ASM surface activity, a commercially available acid
sphingomyelinase activity assay kit from Echelon was used with some adaptations to the manufacturer’s
protocol. One day prior to the infection experiment, 0.75 � 104 cells were seeded into a black-walled,
black-bottom 96-well plate (Thermo Scientific). On the day of infection, the growth medium was replaced
with RPMI 1640 medium plus 10% human serum, and infection assays were carried out for 2 h at 37°C
in 5% CO2. When indicated, cells were pretreated with 50 �M 2-APB for 30 min prior to infection. After
infection, cells were washed once with PBS and the ASM substrate was added directly to the cells. For
pilus-treated samples, 1 �g of the preparation was added to the cells right after the substrate was added.
The activity of ASM was then detected in a spectrophotometer (Infinite F200 Pro Reader; Tecan Group,
Maennedorf, Switzerland) at a 360-nm excitation wavelength and a 460-nm emission wavelength every
20 min for 5 h.

Immunofluorescence microscopy. For ceramide staining, 2.5 � 104 cells/well were seeded in 8-well
chamber �-slides (Ibidi) and grown overnight. Cells were infected with bacteria for 4 h, washed with PBS,
and fixed for 20 min with 3.7% paraformaldehyde. For the indicated experiments, cells were infected with
GFP-expressing N. meningitidis strain 8013, a derivative of N. meningitidis 8013 expressing GFP from the
plasmid pEG2-Ery (64). After fixation, cells were washed two times with PBS and blocked for 5 min in
blocking buffer (1% FCS, 2% bovine serum albumin [BSA] in PBS). Then, the cells were washed and
incubated with the primary antibody (1:200 dilution in blocking buffer) for 45 min at room temperature
(RT), followed by treatment with the appropriate Cy fluorescent dye-labeled secondary antibody (1:200
in blocking buffer) for 45 min. (For ASM and LAMP1, cells were stained live on ice before fixation.) The
samples were covered with PBS, and images were taken using a Nikon Eclipse Ti-E inverted microscope
equipped with an Okolab incubator set to 37°C. Images were taken at a �40 magnification and
processed and analyzed using ImageJ software.
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LSM and dSTORM. Laser scanning microscopy (LSM) and dSTORM imaging were performed as
previously described (42). Briefly, HBMEC were seeded into 0.2% gelatin-coated 8-well plates on coverslip
II slides (Sarstedt) at a concentration of 3 � 104 cells per well. After 24 h, the cells were treated with the
amounts of pilus-enriched fractions indicated above for 2 h. After washing, the cells were labeled on ice
with �2-�g/ml rabbit anti-C16/24 ceramide IgG antibody for 50 min in cell culture medium and again
washed. The cells were then fixed with 3% formaldehyde and 0.3% glutaraldehyde for 15 min on ice and
30 min at RT. After washing and blocking for 30 min with 5% BSA in PBS, staining with a secondary Alexa
Fluor 647-conjugated goat anti-rabbit F(ab=)2 IgG fragment followed by 1 h in 5% BSA blocking buffer
was performed. Cells were washed and again fixed with 2% formaldehyde and 0.2% glutaraldehyde to
immobilize the antibodies. dSTORM imaging was performed in switching buffer, consisting of 100 mM
�-mercaptoethylamine (MEA; Sigma) in PBS, adjusted to pH 7.4. An inverted wide-field fluorescence
microscope (model IX-71; Olympus) equipped with an oil-immersion objective (60�; numerical aperture,
1.45; Olympus) was used for superresolution measurements. Alexa Fluor 647 fluorophores were excited
with a 641-nm diode laser (model Cube 640-100C; Coherent), which was spectrally cleaned by use of a
cleanup filter (Laser Clean-up filter 640/10; Chroma). Emission light was filtered by a dichroic mirror
(beamsplitter HC560/659; Semrock) and a band- and long-pass filter (bandpass filter HC697/75 and
longpass filter LP647; Semrock) before it was projected onto an electron-multiplying charge-coupled-
device camera chip (model iXon DU-897; Andor). Additional lenses in the detection path were used to
generate a final pixel size of 128 nm. The equatorial plasma membrane slightly above the coverslip was
imaged using a highly inclined and laminated optical sheet (Hilo). Thirty thousand images with an
exposure time of 20 ms were recorded while using an irradiation intensity of �7 kW/cm2. Data were
processed with the ThunderSTORM and rapidSTORM programs and analyzed with Fiji or custom-written
Mathematica code. The number of CRPs in the reconstructed superresolved images with a pixel size of
20 nm was determined using the “analyze particles” command in Fiji software. LSM imaging was
performed with an LSM700 system (Zeiss, Germany) equipped with a Plan-Apochromat 63� (numerical
aperture, 1.4) oil objective. Cy5 fluorophores were excited with a 639-nm solid-state laser. Images were
processed using LSM software Zen system 2012 and Fiji software.

Calcium measurement. Intracellular calcium levels were estimated using a Fluo-8 no-wash calcium
assay (Abcam Ltd., Cambridge, UK). The assay was performed according to the manufacturer’s protocol
with minor modifications. Briefly, 1.5 � 105 cells/well were seeded in 24-well plates and allowed to plate
down overnight. Prior to infection, cell culture medium was removed and the cells were washed twice
with Hanks’ balanced salt solution (HBSS; calcium free; Sigma). Cells were incubated with 4 �M Fluo-8 in
HBSS for 30 min at 37°C in 5% CO2. After incubation, the cells were washed three times with HBSS and
covered with 300 �l HBSS. Fluo-8-loaded cells were then infected with bacteria in the presence or
absence of 50 �M 2-APB or were left uninfected. Changes in intracellular calcium levels were observed
over a 20-min period using a Nikon Eclipse Ti-E inverted microscope and evaluated with the time
measurement option of Nikon NIS-Elements AR software. For analysis, individual cells were selected for
single-cell analysis and tracking of calcium level changes.

Preparation of pilus-enriched fractions. For preparation of pilus-enriched fractions, the bacterial
content of 50 blood agar plates was harvested in 40 ml of 0.15 M ethanolamine (in PBS) with a pH of 10.5.
Pili were sheared off by intensive vortexing for 2 min, followed by centrifugation at 12,000 � g for 10 min
at RT to remove the cellular debris. The supernatant was used for an additional centrifugation step at
21,000 � g for 90 min to remove smaller debris. Then, the supernatant was transferred to an Erlenmeyer
flask, ammonium sulfate-saturated 0.15 M ethanolamine was added to a concentration of 10%, and the
mixture was incubated under continuous shaking for 30 min at RT. The protein-ammonium sulfate
precipitate was then harvested by centrifugation at 21,000 � g for 15 min. The supernatant was then
discarded and the pellet was resuspended in 0.05 M Tris-buffered saline (TBS), pH 7.5. Protein solutions
were then applied to a 6-ml Viva Spin column with a 7,000-dalton-molecular-weight-cutof (MWCO) and
were centrifuged at 4,000 � g at RT until the volume reached 1 ml. To clean the sample, TBS was added
again to 6 ml, followed by centrifugation as mentioned above.

Statistical analysis. Statistical analysis was performed with GraphPad Prism (v6) software (GraphPad
Software Inc., La Jolla, CA) by an unpaired two-tailed Student’s t test or analysis of variance (ANOVA)
followed by a post hoc test. Significance values are indicated in the figure legends.
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