
Intrinsic repair protects cells from pore-forming toxins
by microvesicle shedding

Matthew Romero1, Michelle Keyel1, Guilan Shi1,4, Pushpak Bhattacharjee1,5, Robyn Roth2, John E Heuser3 and Peter A Keyel*,1

Pore-forming toxins (PFTs) are used by both the immune system and by pathogens to disrupt cell membranes. Cells attempt to
repair this disruption in various ways, but the exact mechanism(s) that cells use are not fully understood, nor agreed upon. Current
models for membrane repair include (1) patch formation (e.g., fusion of internal vesicles with plasma membrane defects), (2)
endocytosis of the pores, and (3) shedding of the pores by blebbing from the cell membrane. In this study, we sought to determine
the specific mechanism(s) that cells use to resist three different cholesterol-dependent PFTs: Streptolysin O, Perfringolysin O, and
Intermedilysin. We found that all three toxins were shed from cells by blebbing from the cell membrane on extracellular
microvesicles (MVs). Unique among the cells studied, we found that macrophages were 10 times more resistant to the toxins, yet
they shed significantly smaller vesicles than the other cells. To examine the mechanism of shedding, we tested whether toxins with
engineered defects in pore formation or oligomerization were shed. We found that oligomerization was necessary and sufficient for
membrane shedding, suggesting that calcium influx and patch formation were not required for shedding. However, pore formation
enhanced shedding, suggesting that calcium influx and patch formation enhance repair. In contrast, monomeric toxins were
endocytosed. These data indicate that cells use two interrelated mechanisms of membrane repair: lipid-dependent MV shedding,
which we term ‘intrinsic repair’, and patch formation by intracellular organelles. Endocytosis may act after membrane repair is
complete by removing inactivated and monomeric toxins from the cell surface.
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Pore-forming toxins (PFTs) are utilized by the immune system
and pathogens.1,2 The pathogens Streptococcus pyogenes,
Streptococcus intermedius, and Clostridium perfringens pro-
duce Streptolysin O (SLO), Intermedilysin (ILY) and Perfrin-
golysin O (PFO), respectively. These toxins are classified as
cholesterol-dependent cytolysins (CDCs) because of their
need of cholesterol for pore formation.1 CDCs are secreted as
monomers that bind to cholesterol (SLO, PFO) or human
CD59 (ILY), then oligomerize into ring-shaped ~ 30 nm wide
prepores and undergo a conformational change that perfo-
rates the membrane.1,3–5 Several mutations arrest pore
formation at intermediate stages. SLO G398V/G399V (mono-
mer-locked) locks SLO predominantly as monomers.6,7 SLO
N402E (array-locked) oligomerizes into nontoxic linear
arrays.8,9 SLO Y255A (prepore locked) locks SLO into
nontoxic prepores incapable of membrane insertion.7,10

Finally, SLO N402C has reduced hemolytic activity because
it forms a mixture of enlarged, lytic pores, and linear arrays.8,9

These mutant toxins are valuable tools for understanding
cytotoxicity and cellular resistance.
Once inserted, pores undermine cell viability. Cells attempt

to reseal tears and remove protein-lined pores through
membrane repair.11,12 The most widely accepted model of
membrane repair is ‘patch repair’. During patch repair, Ca2+

influx depolymerizes cortical actin,13 recruits annexins to
stabilize damaged membranes,14–17 and promotes fusion of

endocytic structureswith the damagedmembrane.11 Although
well described for mechanical damage and laser
wounding,12,18 it is unclear whether patch repair mediates
PFT repair. For PFT repair, two alternative models of repair
exist: endocytosis and ectocytosis. In the endocytic model,
repair proceeds by rapidly clearing PFTs from the surface by
Ca2+-dependent caveolar internalization, and targeting PFTs
to lysosomes for degradation.19,20 However, internalization of
active pores, instead of monomers, oligomers or other
structures, has yet to be visualized.19–22 The primary evidence
supporting this view is the finding that membrane repair is
aborted by methyl-β-cyclodextrin, which disrupts caveolae.19

However, methyl-β-cyclodextrin alters the lipid homeostasis of
the plasmalemma in other profoundways, and is not specific to
caveolar internalization.19

An alternative model of membrane repair is the reverse
process of ‘ectocytosis’. In ectocytosis, which occurs with
SLO, pneumolysin and MAC, pores are sequestered into
membrane blebs and then shed from the cell surface on
microvesicles (MVs).16,23–28 PFT pores are sequestered
through an unknown Ca2+-independent mechanism on blebs
and tubules,24,27 which are shed from the membrane in a
Ca2+-dependent mechanism.24 Although Ca2+ influx recruits
intracellular repair proteins like Annexins16 and ESCRT-III,29 it
is unclear whether these proteins lead to bleb formation and
shedding. Furthermore, any role of membrane lipids in this
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process remains to be determined. Thus, the molecular
mechanism of this shedding process (and its relationship to
patch formation) remains to be determined.
Here we analyzed the mechanism of ectocytosis. We tested

the hypothesis that microvesicular shedding is a general
mechanism of CDC clearance across multiple cell types using
SLO, PFO, and ILY. We found that every cell type examined
shed toxin-containing MVs following sublytic CDC challenge.
Mechanistically, oligomerization was necessary and sufficient
for MV formation, suggesting that eukaryotic cells possess a
repair mechanism distinct from patch repair. As this repair
mechanism appears to rely on lipid properties intrinsic to the
cell membrane, we propose calling this novel ability of
membrane lipids to promote shedding following toxin oligo-
merization ‘intrinsic repair’. As pore formation further
enhanced shedding beyond that induced by oligomerization,
we propose that intrinsic resistance cooperates with patch
repair to promote cell survival. In contrast, we found that
endocytosis cleared inactive toxin monomers independently
membrane repair. Overall, we propose a cohesive model
integrating all three models of membrane repair: intrinsic
repair sheds toxin pores potentially in concert with patch
repair, and once membrane repair is complete, endocytosis
restores membrane homeostasis.

Results

Toxin and cell type can dictate CDC resistance. Before
testing the hypothesis that active CDCs are cleared by
microvesicular shedding, we first needed to determine the
sublytic dose for each CDC and if it was equivalent between
cell types and CDCs. We compared SLO with ILY, which
requires human CD59 for cytotoxicity,3 and PFO. In order to
compare cytotoxicity between toxins, we used a consistent
hemolytic dose. This controls for the extremely variable
hemolytic activity displayed between PFT preparations, even
at the same toxin mass9,21 (Supplementary Table S1). When
normalized by hemolytic activity, we found that all three wild-
type toxins, SLO, PFO, and ILY, had equivalent cytotoxicity in
HeLa and HEK cells (LD50 500 HU/ml, sublytic dose 125
HU/ml) (Figures 1a and b). To control for impurities in toxin
purification, we used an equivalent mass of non-hemolytic
monomer-locked SLO.7 Monomer-locked SLO showed no
cytotoxicity (Figures 1a and b). 3T3 cells, one model cell line
for membrane repair,30–32 displayed similar sensitivity to SLO
and PFO, but were resistant to ILY, as expected for murine
cells (Figure 1c). This indicates a consistent response
between cells to neutralize toxin pores.
We next compared these cells with primary murine bone

marrow-derived macrophages (BMDMs) and two immune cell
lines, THP-1 and NK92MI. In contrast to non-immune cell
lines, the immune cell lines showed variability between toxins
independently of CD59. THP-1 cells were twofold more
sensitive than HeLa cells to ILY (Figure 1d). ILY was not
cytotoxic to NK92MI because these cells lack CD5933

(Figure 1e). NK92MI cells were fourfold more resistant to
PFO than HeLa cells (Figure 1e). However, SLO showed
similar toxicity in each of these cell lines to HeLa cells
(Figure 1). In contrast, BMDM were ~ 10-fold more resistant to

both PFO andSLO (Figure 1f). These results indicate cells can
show toxin-specific sensitivity independently of CD59.

CDC resistance is not determined by CDC binding. Cell-
specific sensitivity may be due to differential CDC binding. To
test this hypothesis, we used SLO, which showed similar
toxicity across all cell lines except BMDM, to control for CDC
differences (Figure 1). We conjugated Cy5 to SLO C530A
(SLO-Cy5) or monomer-locked SLO C530A (monomer-
locked SLO-Cy5), challenged cells and measured binding
by flow cytometry. Toxicity to SLO-Cy5 was similar to
unconjugated, wild-type SLO, whereas monomer-locked
SLO-Cy5 was not cytotoxic (Figure 2a). We found that both
SLO-Cy5 and monomer-locked SLO-Cy5 similarly bound all
cell types, including highly resistant BMDM, in a dose-
dependent manner (Figure 2). Neither toxin saturated binding
sites in living cells (Figures 2b and c). These results indicate
that saturation of free cholesterol and impairment

Figure 1 Toxin and cell type dictate CDC resistance. (a-f) The indicated human
and murine cells were challenged with CDCs at the indicated concentrations in 2 mM
CaCl2 supplemented RPMI (RC) with 20 μg/ml propidium iodide (PI) for 5 min at 37 °
C. PI uptake was analyzed by flow cytometry and specific lysis was determined. The
graphs display the average± S.E.M. of at least three independent experiments
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of toxin binding are not major factors in cellular resistance
to CDCs.
We next asked whether variable resistance within a

particular cell population is due to toxin binding. Wemeasured
SLO binding in unpermeabilized, transiently permeabilized,
and fully lysed cells across a range of SLO-Cy5 concentra-
tions. Both dead and permeabilized cells showed similar toxin
binding, typically about 0.5–1 log more toxin than unpermea-
bilized cells (Figures 2b and c). Interestingly, toxin binding
steadily increased in a dose-dependent manner in all subsets
until surviving cells at high SLO concentrations bound more
toxin than cells killed by lower SLO concentrations (Figure 2b).
To control for population changes between each group, we
tested whether monomer-locked SLO-Cy5 showed similar
binding. This CDC bound similarly to wild-type toxin in all cell
types (Figure 2). Thus, toxin binding is unrelated to cellular
CDC resistance.

MV shedding acts as general clearance mechanism for
CDCs. Although toxin binding was not related to SLO
resistance, MV shedding has been related to SLO resistance
in HeLa, HEK, and CHO cells.24,34 We tested if shedding was
a general mechanism of CDC resistance. We challenged six
cell types with sublytic doses of SLO, ILY, or PFO, or as a
negative control, the mass equivalent of monomer-locked
SLO, and isolated MV. We found that PFO and SLO localized
to MV, whereas ILY was not robustly detected by the anti-SLO
antibody (Figure 3). In contrast, monomer-locked SLO did not
localize to MV, indicating that toxin monomers do not trigger
shedding (Figure 3). Along with active CDCs, we found that
the GPI-anchored protein alkaline phosphatase was shed in
MV (Figure 3). This finding is consistent with previous
results.24,25 Also consistent with previous results,16,34 the
membrane repair protein Annexin A1 was only present in MV
following challenge with cytotoxic CDCs (Figure 3). In
contrast, monomer-locked SLO did not promote the shedding
of plasma membrane proteins (Figure 3). Overall, we
conclude that PFO and ILY are shed similarly to SLO on
MV from the plasma membrane.
We next tested if MV represent cellular debris from lysed

cells. To test this possibility, we measured the distribution of
two nuclear proteins, Lamin A/C and high mobility group box 1
protein (HMGB1). If MV represent cellular debris, Lamin A/C
would localize to the supernatant if disassembled, or with MV if
it remained associated with the nuclear envelope. In contrast,
HMGB1 does not associate with membranes and is released
into the supernatant following cell lysis.35 When we probed for
these proteins, Lamin A/C remained in the cell pellet, whereas
HMGB1 was present in MV following active CDC challenge,
but not in the supernatant (Figure 3). These controls indicate
that the MV fraction is not cellular debris. MV typically contain
β-actin,36 and MV are often highly permeabilized,24 which
accounts for the presence of β-actin in all three fractions

following treatment with cytotoxic CDCs (Figure 3). We also
tested if MV were produced by apoptosis. SLO can induce
apoptosis at high toxin concentrations.37 We found that SLO
does not induce apoptosis under our assay conditions,
regardless of toxin dose (Supplementary Figure S1). In
contrast, UV irradiation induced apoptosis as expected38

(Supplementary Figure S1). Thus, apoptosis and cell lysis do
not account for the observed MV shedding.

Smaller MV induced by SLO and PFO in more resistant
cells. To determine whether MV shedding is a conserved
repair mechanism between cell types, we compared the
cellular responses with sublytic toxin challenges (Figure 3).
We observed CDC, alkaline phosphatase, Annexin A1 and
HMGB1 in the MV pellet regardless of cell type used
(Figure 3). However, cells challenged with monomer-locked
SLO or ILY-challenged cells lacking human CD59 did not
shed any of these proteins in the MV pellet. These data
indicate that MV formation is a general membrane repair
response used to eliminate active toxins.
Finally, we used electron microscopy to confirm that the MV

fraction comprised membrane-bound structures containing
toxin and to measure size of shed vesicles. We observed
many membrane-bound structures, which occasionally were
positively stained because of charge interactions between
stain and lipids.39 Toxin pores were challenging to detect on
MV by negative stain (Figure 4, arrowheads). The majority of
MV were 200–400 nm in diameter, with a range of 50–
1000 nm, consistent with previous observations.24 Although
most cells had a consistent range of MV sizes, vesicles
originating from SLO-treated primary BMDM were typically
smaller, ~ 100–200 nm in diameter (Figure 4). The production
of smaller vesicles may be characteristic of cells with robust
CDC resistance.

MV formation does not require cytotoxicity. As MV
shedding was only triggered by active toxins, it is possible
that active pores are shed, whereas inactive toxin is
endocytosed. The methods used to assess toxin
endocytosis19–21,40 could not discriminate between active
pores and inactive toxin. We tested whether toxin inactivation
alters the cellular response to SLO. As wild-type SLO and
other CDCs may contain a mixture of active and inactive
toxins based on purification and other factors,26,27 we
partially inactivated SLO-Cy5 by freeze–thaw or fully inacti-
vated it by heat treatment. Freeze–thaw reduced cytotoxicity
in HeLa cells by twofold, whereas heat treatment eliminated
cytotoxicity (Figure 5a). We found that SLO binding did not
significantly change between treatments, indicating that toxin
binding was not compromised (Figure 5a). Next, we tested
how cytotoxic capacity altered membrane shedding by
challenging cells with equivalent mass quantities of heat-
inactivated SLO. Surprisingly, MV formation was not impaired

Figure 2 CDC resistance is not determined by extent of CDC binding. The indicated cells were resuspended in RC with 20 μg/ml PI, challenged with Cy5 conjugated SLO
C530A (SLOWT) or Cy5 conjugated SLO C530A G398V/G399V (SLO ML) at the indicated concentrations for 5 min at 37 °C, analyzed by flow cytometry, and specific lysis (a) or
toxin binding (b and c) determined. The graphs display the average± S.E.M. of at least three independent experiments. *Po0.05. Comparisons between SLOWTand SLO ML,
and SLO between cell lines were not significant
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by heat inactivation, as HeLa cells robustly shed SLO, alkaline
phosphatase and Annexin A1 in MV regardless of SLO activity
(Figure 5b). However, HMGB1 secretion in MV required pore
formation (Figure 5b). These results suggest that membrane
shedding does not require membrane perforation or
intracellular repair mechanisms such as patch repair.

Toxin oligomerization is necessary and sufficient for
membrane shedding. As heat-inactivated SLO was shed,
but monomer-locked SLO was not, we tested whether
oligomerization was sufficient to promote MV shedding using
toxins arrested at different stages of oligomerization.7,9 As
these toxins are non-hemolytic, we tested whether they
showed cytotoxicity at equivalent masses to wild-type SLO.
We found that array-locked and prepore-locked SLO neither
killed HeLa cells nor promoted transient permeabilization
(Figures 6a and b). We tested whether these toxins promoted
MV formation by treating cells with a sublytic dose of
wild-type SLO or mass equivalent of mutant SLO. Although

monomer-locked SLO did not promote MV shedding, both
array-locked and prepore-locked SLO induced MV formation
(Figure 6c). These data show that toxin oligomerization is
necessary and sufficient to promote membrane shedding.
These data further suggest that patch repair is not req-
uired for MV shedding. This suggests that MV shedding
represents a new mechanism of CDC elimination, which we
term intrinsic repair.
If intrinsic repair is a protective mechanism triggered by

toxin oligomerization, then we predict addition of non-
hemolytic toxin oligomers will enhance cellular survival
following CDC challenge. To test this prediction, we used
SLO N402C, which forms a mixture of enlarged, competent
pores and oligomeric linear arrays. It has ~10-fold lower
specific activity than wild-type SLO against erythrocytes.9

If linear arrays promote membrane repair, we expect SLO
N402C will have reduced cytotoxicity at equivalent hemolytic
doses. Indeed, we found that SLON402Cwas poorly cytotoxic
at all doses, in contrast to wild-type SLO (Figure 6d).

Figure 3 MV shedding acts as a general clearance mechanism for CDCs. The indicated cells were challenged with sublytic concentrations of SLO, PFO, or ILYor equivalent
mass of SLO ML in RC for 15 min at 37 °C. Cells were pelleted at 2000 × g for 5 min to yield cell pellet (C). Cell supernatants were spun at 100 000 × g for 40 min at 4 °C and
high-speed supernatant (S) and MV pellet (MV) collected. All fractions were solubilized at 95 °C in SDS-sample buffer, resolved by SDS-PAGE and transferred to nitrocellulose.
Portions of the blot were probed with 6D11 anti-SLO, EPR4477 anti-alkaline phosphatase, CPTC-ANXA1–3 anti-Annexin A1, MANLAC-4A7 anti-Lamin A/C, EPR3507 anti-
HMGB1 and AC-15 anti-β-actin antibodies. ILY did not reliably cross-react with 6D11, so it is not consistently visualized on blots. The blots show one representative experiment
from at least three independent experiments
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SLO N402C transiently permeabilized cells, confirming that
pore formation occurred (Figure 6e). As one hallmark of
membrane repair is calcium dependence,11,12,31,41 we tested
whether calcium removal altered repair following SLO N402C

challenge. We challenged HeLa cells with wild-type SLO or
SLO N402C in the presence of EGTA and measured PI
uptake. We observed that the absence of calcium made cells
about twofold more sensitive to wild-type SLO (Figure 6d).
Given the extremely low cytotoxicity of SLO N402C, we
observed no increase in cytotoxicity (Figure 6d). However, we
observed an increase in cell permeabilization (Figure 6e). This

Figure 4 Membrane blebs exhibit structural similarity. The indicated cells were
challenged with a sublytic concentration of SLO or PFO in RC for 15 min to induce
membrane blebbing. MVs were recovered by ultracentrifugation as described in
Figure 3, adsorbed onto formavar-coated grids, negatively stained using 1% uranyl
acetate, and visualized using transmission electron microscopy. Representative
micrographs from three independent experiments are shown. Arrowheads mark CDC
pores. Scale bar= 200 nm

Figure 5 MV formation does not require cytotoxicity. Cy5 conjugated SLO C530A
was partially inactivated by freeze–thaw (SLO FT), fully inactivated by heat treatment
at 37 °C for 15 min (SLO HT) or left unperturbed (SLO WT). (a) Cells were
resuspended in RC with 20 μg/ml PI and challenged with equivalent masses of all
three toxin subsets. (b) MV were isolated as described in Figure 3 from cells
challenged with 250 HU/ml SLO WT or equivalent masses of other toxins.
Graphs display the average±S.E.M., whereas blots show one representative
experiment, of at least three independent experiments. *Po0.05, **Po0.01 and
***Po0.001
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indicates that SLO N402C promotes robust calcium-
dependent repair. Finally, we measured MV production
induced by SLO N402C both at equivalent mass and
equivalent hemolytic activity to wild-type SLO. Although an
equivalent mass of SLO N402C induced less robust shedding
than wild-type SLO, treatment with an equivalent hemolytic
dose of SLO N402C induced a similar degree of shedding
(Figure 6f). We interpret these results to indicate that addition
of inactive linear arrays decreases CDC cytotoxicity, which
enhances repair. Furthermore, as the combination of active
pores and inactive oligomers promoted increased shedding
compared with inactive oligomers alone, we believe that
membrane perforation triggers additional repair events
beyond intrinsic repair, potentially patch repair. Thus, intrinsic
repair and patch repair may cooperate for optimal membrane
repair.

Compensatory endocytosis only removes inactive SLO
from the cell surface. As shedding removes both active
pores and inactive oligomers, we determined the fate of
monomer-locked SLO, which is not shed. We tested
whether monomer-locked SLO is removed by endocytosis.
We incubated HeLa cells with dextran concurrently with
wild-type SLO or monomer-locked SLO and examined them
by immunofluorescence. Wild-type SLO localized to a few
punctate structures (Figure 7a), as previously described.19,24

In contrast, an equivalent mass of monomer-locked SLO
localized more broadly across the cells (Figure 7b), consis-
tent with our observation that wild-type SLO is shed from
cells, but monomer-locked SLO remains cell associated
(Figure 3). As the endocytosis model suggests an increase in
endocytosis following SLO challenge, we next compared the
number of dextran-positive structures in each treatment

Figure 6 Toxin oligomerization is necessary and sufficient for membrane shedding. (a and b) HeLa cells were challenged with SLOWT, SLO ML, SLO N402E ‘array-locked’
(SLO AL), or SLO Y255A ‘prepore locked’ (SLO PL) at the indicated concentrations in RC with 20 μg/ml PI for 5 min at 37 °C. PI uptake was analyzed by flow cytometry and
specific lysis (a) or permeabilization (b) was determined. (c) MV from HeLa cells challenged with a sublytic dose of SLO WTor mass equivalent of other toxins were isolated
and probed as described in Figure 3. (d and e) HeLa cells were challenged with SLOWTor SLO N402C (N402C) in either RC (calcium) or 2 mM EGTA in RPMI (EGTA) with PI for
5 min at 37 °C. PI uptake was analyzed by flow cytometry and specific lysis (d) or permeabilization (e) was determined. (f) MV from HeLa cells challenged with a sublytic
dose of SLO, mass equivalent of SLO ML or SLO N402C, or equivalent hemolytic activity of SLO N402C (N402C*) were isolated and probed as described in Figure 3. Graphs
display the average±S.E.M. of at least three independent experiments. Blots show one representative experiment from at least three independent experiments. **Po0.01
and ***Po0.001
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group (Figures 7a–c). On average, we found 15.6±1.1
dextran-positive punctae/cell in cells challenged with
monomer-locked SLO, whereas we found 12.6±1.0 and
10.9± 0.99 punctae/cell in unchallenged and wild-type SLO
challenged cells, respectively (Figure 7d). This suggests that
monomer-locked SLO, but not wild-type SLO, promotes
endocytosis. We next determined the extent of colocalization
between SLO and dextran. Wild-type SLO colocalized with
dextran much less frequently than monomer-locked SLO,
with 5.46± 0.96 colocalized punctae/cell compared with
11.6± 1.1 punctae/cell with monomer-locked SLO
(Figure 7d). This suggests that inactive, monomeric SLO is
cleared by endocytosis, whereas active pores are cleared via
MV shedding.
As immunofluorescence does not reveal pore archite-

cture or ultrastructure, we cannot discriminate between
SLO/dextran punctae that represent blebs on the surface or
SLO/dextran punctae that represent endosomes, nor can we
discriminate monomers from linear arrays or complete
pores. Although monomer-locked SLO is predominantly
monomeric,6,7 short oligomers are also formed by this
toxin.6,7 In order to directly visualize SLO pore architecture
and cellular ultrastructure, we used rapid-freeze ‘deep-etch’
electron microscopy to visualize SLO on HeLa cells
(Figures 7e–h). We observed high concentrations of complete
pores sequestered on membrane blebs on HeLa cells
challenged with wild-type SLO (Figures 7e and f). We attribute
cell-associated wild-type SLO detected by flow cytometry
(Figure 2), western blot (Figure 3), and immunofluorescence
(Figure 7a) to SLO on these blebs. In contrast, we observed
short oligomers of monomer-locked SLO widely distributed on
the plasma membrane, and no toxin sequestered on blebs
(Figures 7g and h). Monomer-locked SLO instead localized
to endocytic pits on the cell surface (Figures 7g and h).
Therefore, previously described endocytosis of SLO19 could
represent the internalization of SLO monomers and short
oligomers. This suggests a new model for membrane repair
(Figure 8). Overall, we propose that resistance to CDC pores
and oligomers relies on intrinsic repair – sequestration and
membrane shedding – coupled to recruitment of repair
proteins and patch formation, whereas monomeric toxins
and unshed blebs are cleared after repair by compensatory
endocytosis (Figure 8).

Discussion

We examined the mechanism of membrane repair using
multiple bacterial toxins and cell lines. We found toxin and cell
type both controlled lethality independently of toxin binding.
At sublytic toxin doses, we found that all cell types executed
membrane repair through microvesicular shedding, with
smaller vesicles associated with improved repair. We found
that endocytosis acts after repair to remove inactive toxin from
the membrane. This suggests a model in which membrane
repair acts in two coordinated steps: intrinsic repair and patch
formation. Intrinsic repair of the cell membrane was triggered
by toxin oligomerization, whereas pore formation enhanced
repair, suggesting patch repair may also contribute to CDC
clearance. Overall, these results provide a new paradigm for
membrane repair of CDC-induced damage.

Figure 7 Compensatory endocytosis removes inactive SLO from the cell surface.
(a–d) HeLa cells were seeded onto coverslips, serum starved for 1 h in RPMI and
challenged with sublytic dose of SLO WT (a), the equivalent mass of SLO ML (b), or
no toxin (c) in the presence of 2.5 mg/ml dextran Texas Red (red) in RC for 15 min at
37 °C. Coverslips were fixed, permeabilized, and stained with 6D11 anti-SLO
antibody followed by anti-mouse 488 antibody, mounted and analyzed by confocal
microscopy. (d) The number of dextran punctae and dextran/SLO double-positive
punctae was quantified by direct counts. (e–h) HeLa cells were seeded onto
coverslips, challenged with a sublytic dose of SLO (e and f) or mass equivalent of
SLO ML (g and h) for 5 min at 37 °C, washed, fixed in 2% glutaraldehyde and
analyzed by rapid-freeze, ‘deep-etch’ EM. SLO pores and oligomers are pseudo-
colored red to aid visualization. Immunofluorescent images show one representative
image of five independent experiments. The graph displays the average± S.E.M. of
five independent experiments. EM micrographs show representative fields from two
independent experiments. *Po0.05, **Po0.01 and ***Po0.001. Scale
bar= 10 μm for (a–c) and 100 nm for (e–h)
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We found that SLO, PFO, and ILYare all shed on MV from a
range of cell types spanning primary murine macrophages to
immortalized human cell lines. These findings add to the
extensive body of evidence from multiple groups showing that
cells resist PFTs via MV shedding.16,23–27,42,43 Despite this
evidence, it has been argued that MAC,22,44 perforin,21 and
SLO19,20 are resisted by endocytosis. These arguments have
relied on methods which cannot discriminate between mono-
meric and oligomeric toxin. Our ultrastructural evidence
suggests an explanation that reconciles these seemingly
opposed observations. We find that inactive toxin is endocy-
tosed, whereas complete pores are sequestered on blebs for
shedding. Our findings indicate that sequestration and
shedding is the primary resistance mechanism, whereas
compensatory endocytosis removes inactive toxin and toxin-
laden blebs once repair is complete.
Our finding that toxin oligomerization is necessary and

sufficient for MV shedding have far-reaching implications. It
implies that specific toxin activity is critical to interpreting
membrane repair experiments. Our experiments with heat-
inactivated and mutant toxins suggest that repair responses
can be altered by the specific activity of the toxin preparation.
Recently, it was shown that pneumolysin is robustly shed.27

Notably, this toxin had low-specific activity (87 kHU/mg versus
450–1280 kHU/mg for SLO here) and was 90% prepores.27

Both of these factors may account for the robust shedding and
survival. Similarly, the non-hemolytic PFT Ostreolysin A
promotes blebbing at high concentrations.45 The switch to
blebbing could depend on the extent of oligomerization.

Overall, our findings support a stronger role for lipidmembrane
dynamics in membrane repair than previously appreciated.
Finally, our findings suggest a new model of membrane

repair. We propose that membrane repair acts in two steps:
intrinsic repair and patch formation. Intrinsic repair is the ability
of the lipid bilayer to resist PFTs based on the biochemical and
biophysical properties of the membrane lipids, like sterol
accessibility46 or sequestration of toxin oligomers onto blebs.
Neither ATP nor proteins24 are necessary for intrinsic repair,
although lipid modifying and binding enzymes, especially
sphingomyelinases, likely enhance and regulate intrinsic
repair. In conjunction with intrinsic repair, calcium influx
through pores promotes shedding and marshals an intracel-
lular response.24 Repair proteins, including Annexins and
ESCRT machinery, are recruited to sites of damage.12,14,16,29

These proteins act to seal the damage and facilitate patch
repair: the hetero/homotypic fusion of intracellular vesicles
with the plasma membrane.17 Both forms of repair act in
concert to quickly restore membrane homeostasis. Compen-
satory endocytosis has a functionally distinct role in our model
by clearing inactive toxin, blebs that failed to shed, and
intracellular components after repair. This model reconciles
seemingly contradictory observations and provides a frame-
work for understanding the relationships between repair
proteins and membrane lipids involved in membrane repair.
Future research will examine whether non-CDCs trigger
intrinsic repair, how CDC-induced lipid reorganization leads
to blebbing, how shedding kinetics are regulated, and the
coordination between intrinsic repair and patch formation.

Materials and Methods
Reagents. All reagents were from Thermofisher Scientific (Waltham, MA, USA)
unless otherwise noted. The pBAD-gIII plasmid encoding His-tagged SLO7 was a
kind gift from Michael Caparon (Washington University in St. Louis, MO, USA).
Cysteine-less His-tagged PFO in pET2247 and Cysteine-less His-tagged ILY in
pTrcHisA,48 respectively, were generous gifts from Rodney Tweten (University of
Oklahoma Health Sciences Center, Oklahoma City, OK, USA). Monomer-locked
(G398V/G399V) and prepore-locked (Y255A) SLO were generated by Quikchange
PCR. Primer sequences are available upon request. Cysteine-less SLO (C530A),
array-locked (N402E), and N402C SLO were previously described.9 Anti-Annexin
A1 (CPTC-ANXA1-3-s) was deposited to the DSHB by Clinical Proteomics
Technologies for Cancer (DSHB Hybridoma Product CPTC-ANXA1-3) and anti-
Lamin A/C (MANLAC-4A7-s) was deposited to the DSHB by GE Morris (DSHB
Hybridoma Product MANLAC1(4A7)). Both were obtained from the Developmental
Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at the
University of Iowa, Department of Biology, Iowa City, IA, USA. Anti-alkaline
phosphatase EPR4477 rabbit monoclonal antibody (rAb) (catalog: GTX62596) and
anti-β-actin AC-15 mouse monoclonal antibody (mAb) (catalog: GTX26276) were
obtained from GeneTex (Irvine, CA, USA). Anti-SLO antibody 6D11 mAb (catalog:
NBP1–05126) was obtained from Novus Biologicals (Littleton, CO, USA). Anti-
HMGB1 EPR3507 rAb (catalog: ab79823) was obtained from Abcam (Cambridge,
MA, USA). Anti-mouse (711-035-151) and anti-rabbit (711-035-152) HRP-
conjugated antibodies were obtained from Jackson Immunoresearch (West Grove,
PA, USA).

Mice. All mice were housed and maintained at Texas Tech University according to
IACUC standards, adhering to the Guide for the Care and Use of Laboratory
Animals (8th edn, NRC 2011) for animal husbandry. C57BL/6 mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA) (stock # 000664). Mice of both
genders aged 6–15 weeks were used to prepare BMDM. Sample size was
determined as the minimum number of mice needed to provide sufficient bone
marrow for experiments. Consequently, no randomization or blinding was needed.
Mice were killed by asphyxiation through controlled flow of pure CO2 followed by
cervical dislocation.

Figure 8 Membrane repair acts by intrinsic repair and patch formation. (1) Toxin
monomers bind to cholesterol or human CD59 on the cell membrane and oligomerize.
(2) Oligomerization drives sequestration of toxin on blebs via intrinsic repair. Blebs
can be sealed by repair proteins (red) like Annexins, or catalyzed by ESCRT
machinery. (3) MVs are shed from the membrane in a Ca2+-dependent manner. (4)
Intracellular vesicles undergo Ca2+ -dependent patch formation with the plasma
membrane to complete resealing. (5) Once repair is complete, endocytosis restores
membrane homeostasis by clearing unshed toxin-laden blebs and monomeric toxins
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Cell culture. All cell lines were maintained at 37 °C, 5% CO2. HeLa (ATCC
(Manassas, VA, USA) CCL-2), HEK-293 (ATCC CRL-1573), and THP-1 cells (ATCC
TIB-202) were cultured in DMEM (Corning, Corning, NY, USA) supplemented with 10%
fetal calf serum (FCS) (Atlas Biologicals, Fort Collins, CO, USA) and 1x L-glutamine
(D10). 3T3 cells (ATCC, CRL-1658) and L929 cells (ATCC, CCL1) were cultured in
D10 supplemented with 1 mM sodium pyruvate (Corning) and 1x non-essential amino
acids (GE Healthcare, Pittsburgh, PA, USA). NK92MI cells (ATCC, CRL-2408) were
cultured in Alpha MEM (GE Healthcare) supplemented with 10% FCS, 1x L-glutamine,
0.2 mM myo-inositol and 0.02 mM folic acid. Macrophages were isolated from C57BL/6
mouse bone marrow and cultured as previously described.49 BMDM were differentiated
for 7–21 days in DMEM supplemented with 30% L929 cell supernatants, 20% FCS
(VWR Seradigm, Radnor, PA, USA), 1 mM sodium pyruvate and 1x L-glutamine.

Recombinant toxins. Toxins were purified as previously described.26 Toxins
were induced with 0.2% arabinose (SLO), or 0.2 mM IPTG (PFO and ILY). For
conjugation of toxins to Cy5, purified toxin was gel filtered into 100 mM sodium
bicarbonate (pH 8.5) using a Zeba gel filtration column according to the
manufacturer’s instructions. Enough monoreactive Cy5 dye (GE Healthcare) to label
0.25 mg protein was reconstituted 100 mM sodium bicarbonate, added to the
recombinant SLO and incubated at room temperature for 1 h. Conjugated SLO was
gel filtered into PBS to remove unconjugated dye and 5 mM DTTwas added before
snap freezing on dry ice. The C530A mutation retains wild-type binding, pore
structure, and hemolytic activity, but removes oxygen sensitivity of the toxin.9,50

Removal of oxygen sensitivity is critical for Cy5 conjugation, as Cy5 conjugation of
oxygen-sensitive toxin greatly reduces hemolytic activities in an unpredictable
manner (data not shown). Protein concentration was determined by Bradford Assay
and hemolytic activity was determined as previously described.26 Instead of sheep
red blood cells, human red blood cells (ZenBio, Research Triangle Park, NC, USA)
were used. One hemolytic unit is defined as the amount of toxin required to lyse
50% of a 2% human red blood cell solution after 30 min at 37 °C in 2 mM CaCl2,
10 mM HEPES and 0.3% BSA in PBS. The specific activity and protein
concentrations for each active toxin is listed in Supplementary Table S1. We used
HU/ml to normalize toxin activities in each experiment and to achieve consistent
cytotoxicity across toxin preparations. Pore-deficient toxins SLO G398V/G399V
(SLO monomer-locked), SLO Y255A (SLO prepore locked), and SLO N402E
(SLO array locked) had a specific activity ofo10 HU/mg. For freeze–thaw and heat
treatment experiments, one aliquot of SLO was thawed, a portion removed to
assess wild-type cytotoxicity and the remainder frozen at − 20 °C for 5 min. Once
thawed, a portion was removed to assess cytotoxicity of freeze-thawed toxin and the
remainder incubated at 37 °C for 15 min before assessing cytotoxicity of heat-
inactivated toxin.

Cytotoxicity assay. Cytotoxicity was assessed as previously described.24

Cells were resuspended in 200 μl at 2 × 106 cells/ml in RPMI supplemented with
2 mM CaCl2 (RC) and 20 μg/ml propidium iodide (Sigma, St. Louis, MO, USA). We
maintained a consistent number of cells and assay volume instead of normalizing to
cellular protein because intracellular protein does not directly correlate with cellular
surface area. As cells were in suspension and rounded, surface area correlates with
forward scatter (FSC) by flow cytometry (Supplementary Table S2). We found that
toxin sensitivity did not correlate with FSC, suggesting that total surface area did not
have a role in our system. In some experiments, the 2 mM CaCl2 was replaced with
2 mM EGTA. Toxins were diluted in RC according to hemolytic activity (wild-type
toxins) or equivalent mass (inactive mutant toxins) and further diluted in twofold
intervals. Cells were examined for PI fluorescence using an Accuri C6 (BD Bio-
sciences, San Jose, CA, USA). Debris was gated out and cells exhibiting high PI
fluorescence (2–3 log shift) (PI high), low PI fluorescence (~1 log shift) (PI low), or
background PI fluorescence (PI neg) were quantified, normalized against untreated
cells, and graphed according to toxin concentration. Both PI neg and PI low
populations remain metabolically active, indicating that only the PI high population
are dead cells.24 Specific lysis was determined as follows: % Specific Lysis= (% PI
HighExperimental—% PI HighControl)/(100—%PI HighControl). Permeabilized cells were
determined similarly, using PI Low instead of PI High populations. The sublytic dose
was defined as the highest toxin concentration that gave o20% specific lysis.

Annexin V assay. HeLa cells (5 × 105) were challenged with SLO at various
concentrations for 30 min at 37 °C or UV irradiated for 15 s followed by 4 h culture
at 37 °C. Following treatment, cells were stained with 0.9 μg/ml Annexin V-FITC and
20 μg/ml PI in Annexin V Binding Buffer (1.4 mM NaCl, 25 mM CaCl2, 100 mM
HEPES, pH 7.4) for 15 min on ice and analyzed by FACS using an Accuri C6.

Isolation of MVs. MV were isolated as previously described.24 Briefly, 5 × 106–
1 × 107 cells were harvested, resuspended in RC at 2.5 × 106–5 × 106 cells/ml,
challenged with a sublytic concentration of toxin (hemolytic toxins) or equivalent mass
(inactive toxins) and incubated for 15 min at 37 °C. Cells were pelleted at 2000 × g for
5 min, solubilized at 95 °C in SDS-sample buffer for 5 min and sonicated.
Supernatants were spun at 100 000 × g in a Beckman Coulter TL-100 ultracentrifuge
using a Beckman TLS 55 rotor for 40 min at 4 °C. Both high-speed supernatant and
MV pellet were solubilized at 95 °C in 4x SDS-sample buffer. We label these
structures as ‘microvesicles’ to distinguish them from exosomes and other
extracellular vesicles. Exosomes are 40–120 nm cup-shaped structures derived from
the lumen of multivesicular bodies, whereas MVs are variably sized plasma
membrane derived vesicles.51 We have previously demonstrated 24,52,53 that vesicles
triggered by SLO best fit the definition of MVs. These MV are also not toxic to cells
and do not fuse with the plasma membrane of cells that internalize these MV.52,53

SDS-PAGE and immunoblotting. Samples were resolved on 10%
polyacrylamide gels at 90 V/165 min and transferred in ice bath to nitrocellulose
in transfer buffer (15.6 mM Tris and 120 mM glycine) at 90 mA for 85 min. Blocking
was performed using 5% skim milk in 10 mM Tris-HCl, 150 mM NaCl and 0.1%
Tween 20 at pH 7.5. Blots were incubated with 6D11 anti-SLO mAb (1:1000),
CPTC-ANXA1–3 anti-Annexin A1 (1:250) mAb, MANLAC-4A7 anti-Lamin A/C
(1:250) mAb, AC-15 anti-β-actin (1:5000) mAb, EPR3507 anti-HMGB1 (1: 4000)
rAb, or EPR4477 anti-alkaline phosphatase rAb (1:1000) followed by HRP-
conjugated anti-mouse or anti-rabbit IgG antibodies (1:10,000) and developed with
ECL (0.01% H2O2 (Walmart, Fayetteville, AR, USA), 0.2 mM p-Coumaric acid
(Sigma), 1.25 mM Luminol (Sigma), 0.1 M Tris pH 8.4).54

Electron microscopy. MV were isolated by ultracentrifugation as described
above, resuspended in PBS, and adsorbed onto formavar-coated grids for 5 min.
Grids were negatively stained using 1% uranyl acetate for 30 s and imaged on a
Hitachi (Tokyo, Japan) H-8100 transmission electron microscopy. Rapid-freeze,
‘deep-etch’ microscopy was performed as previously described.9,24

Immunofluorescence. Immunofluorescence was performed as previously
described.24 HeLa cells were plated on coverslips, serum starved in RPMI for 1 h
at 37 °C, challenged with SLO diluted in RPMI containing 2.5 mg/ml 10 000 MW
lysine-fixable dextran Texas Red and 2 mM CaCl2 for 15 min at 37 °C. Cells were
washed in PBS, fixed in 2% paraformaldehyde, washed, permeabilized in 10% goat
serum with 0.02% saponin, probed with 6D11 anti-SLO (1:250) mAb for 1 h, washed,
probed with goat Alexa-Fluor-488-conjugated anti-mouse-IgG (1:500) for 1 h, washed,
DAPI stained, washed and mounted on slides in gelvatol. Cells were imaged on a
Fluoview 300 confocal microscope (Olympus, Waltham, MA, USA) using a 63x oil
objective (1.40 NA) and CoolSnap HQ2 camera (Photometrics, Tucson, AZ, USA).
Images were quantitated using Photoshop (Adobe, San Jose, CA, USA).

Statistics. Prism 5.0 (Graphpad, La Jolla, CA, USA) or SPSS (IBM, Armonk, NY,
USA) were used for statistical analysis. Data are represented as mean± S.E.M. as
indicated. Statistical significance was determined by two-way ANOVA with
Bonferroni post-testing; Po0.05 was considered statistically significant. Graphs
were generated in Excel (Microsoft, Redmond, WA, USA) and Photoshop.
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