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ABSTRACT A subgroup of the cholesterol-dependent cytolysin (CDC) family of pore-forming toxins (PFTs) has an unusually nar-
row host range due to a requirement for binding to human CD59 (hCD59), a glycosylphosphatidylinositol (GPI)-linked comple-
ment regulatory molecule. hCD59-specific CDCs are produced by several organisms that inhabit human mucosal surfaces and
can act as pathogens, including Gardnerella vaginalis and Streptococcus intermedius. The consequences and potential selective
advantages of such PFT host limitation have remained unknown. Here, we demonstrate that, in addition to species restriction,
PFT ligation of hCD59 triggers a previously unrecognized pathway for programmed necrosis in primary erythrocytes (red blood
cells [RBCs]) from humans and transgenic mice expressing hCD59. Because they lack nuclei and mitochondria, RBCs have typi-
cally been thought to possess limited capacity to undergo programmed cell death. RBC programmed necrosis shares key molecu-
lar factors with nucleated cell necroptosis, including dependence on Fas/FasL signaling and RIP1 phosphorylation, necrosome
assembly, and restriction by caspase-8. Death due to programmed necrosis in RBCs is executed by acid sphingomyelinase-
dependent ceramide formation, NADPH oxidase- and iron-dependent reactive oxygen species formation, and glycolytic forma-
tion of advanced glycation end products. Bacterial PFTs that are hCD59 independent do not induce RBC programmed necrosis.
RBC programmed necrosis is biochemically distinct from eryptosis, the only other known programmed cell death pathway in
mature RBCs. Importantly, RBC programmed necrosis enhances the growth of PFT-producing pathogens during exposure to
primary RBCs, consistent with a role for such signaling in microbial growth and pathogenesis.

IMPORTANCE In this work, we provide the first description of a new form of programmed cell death in erythrocytes (RBCs) that
occurs as a consequence of cellular attack by human-specific bacterial toxins. By defining a new RBC death pathway that shares
important components with necroptosis, a programmed necrosis module that occurs in nucleated cells, these findings expand
our understanding of RBC biology and RBC-pathogen interactions. In addition, our work provides a link between cholesterol-
dependent cytolysin (CDC) host restriction and promotion of bacterial growth in the presence of RBCs, which may provide a
selective advantage to human-associated bacterial strains that elaborate such toxins and a potential explanation for the narrow-
ing of host range observed in this toxin family.
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Erythrocytes (red blood cells [RBCs]) are circulating, terminally
differentiated cells that transport O2 and CO2 in all mammals,

including humans. Mature human RBCs circulate for ~120 days
and are cleared by several distinct mechanisms (1). Genetic, in-
flammatory, or immune-mediated processes (e.g., sickle cell dis-
ease, hereditary spherocytosis, and cold agglutinin disease) can
shorten the RBC life span, producing anemia with serious clinical
consequences (2, 3). Due to their lack of nuclei and mitochondria
and their inability to synthesize proteins, mature RBCs were
thought to be incapable of sophisticated cellular processes such as
programmed cell death (PCD). Recently, eryptosis, a Ca2�-
dependent PCD unique to RBCs, was proposed to serve as an
apoptosis-like process for triggering RBC clearance by macro-
phages (4). Thus, there is an expanding appreciation for the po-
tential role of PCD in RBC biology and in the pathophysiology of

anemia in various settings, including heart failure, sickle cell dis-
ease, and malaria (4).

Pore-forming toxins (PFTs) are bacterial virulence factors that
bind host cell receptors, oligomerize, and insert a functional pore
into the membrane that may induce osmotic lysis (5). Pore for-
mation triggers target cell signaling pathways, including proin-
flammatory, membrane repair, and PCD modules (5). The
cholesterol-dependent cytolysins (CDCs) constitute a PFT sub-
family that relies on cholesterol binding (6). Most CDC mono-
mers bind directly to cholesterol, but a subset requires ligation of
human CD59 (hCD59), a glycosylphosphatidylinositol (GPI)-
anchored complement regulatory molecule, thereby restricting
their host range (6–8). PFTs induce RBC death and are thus
termed hemolytic; however, this hemolytic ability is often used
solely as a measure of the functionality of these toxins in the lab-
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oratory. The progression and role of RBC death in response to
attack by bacterial PFTs and its relevance to host-pathogen inter-
actions have been underappreciated. Many PFT-producing
pathogens may come into contact with RBCs in the course of
colonization or disease, including Gardnerella vaginalis, Strepto-
coccus intermedius, and Streptococcus pneumoniae (9–11). Some of
these pathogens can enter the RBC-dominated bloodstream,
causing bacteremia, aiding in dissemination and pathogenesis (9,
10, 12, 13). In some cases, bacteremic infections can also lead to
acquired (hemolytic) anemia (3). Additionally, G. vaginalis, asso-
ciated with bacterial vaginosis, proliferates and colonizes to its
highest levels at the vaginal mucosa during menses (11). Thus, the
interaction of PFT-producing pathogens with mature RBCs has
relevance to mechanisms of colonization and disease.

Here, we show that vaginolysin (VLY) and intermedilysin
(ILY), hCD59-specific PFTs produced by G. vaginalis and S. inter-
medius, respectively, induce programmed necrosis (necroptosis)
in mature RBCs. Similarly to programmed necrosis in nucleated
cells (14), RBC programmed necrosis depends on Fas receptor
and Fas ligand (Fas/FasL), RIP1 kinase phosphorylation, and
mixed-lineage kinase domain-like (MLKL) protein. RBC pro-
grammed necrosis is also associated with assembly of a cytosolic
complex called the necrosome (14). Also similarly to programmed
necrosis in nucleated cells (14), this PCD is antagonized by
caspase-8 in mature RBCs. Downstream effector pathways in-
volved in the execution of RBC programmed necrosis included
the formation of ceramide by acid sphingomyelinase (aSMase),
formation of reactive oxygen species (ROS) by NADPH oxidase
(NOX) and iron in the Fenton reaction, and formation of ad-
vanced glycation end products (AGEs) via glycolysis. Importantly,
we show that RBC programmed necrosis is distinct from erypto-
sis, the only other known form of PCD in RBCs. Finally, the in-
duction of RBC programmed necrosis enhances the growth of
PFT-producing bacteria, suggesting a role for this PCD in the
pathogenesis of these organisms.

RESULTS
VLY, an hCD59-specific PFT, causes lipid raft enlargement and
recruitment of PCD factors to lipid rafts of mature RBCs. While
analyzing the interaction of VLY with lipid rafts of mature pri-
mary human RBCs, we observed an increase in lipid raft-
associated proteins (hCD59 and flotillin-1) and lipids (choles-
terol, GM1, and GT1b) in detergent-resistant membrane (DRM)
fractions derived from lipid rafts (Fig. 1A and B). This indicates an
increase in the size/stability of lipid rafts, which occurs during
lipid raft-dependent signaling (15, 16). Fas receptor (Fas) and Fas
ligand (FasL), which induce extrinsic PCD (17), were also re-
cruited to DRM fractions upon VLY treatment (Fig. 1C). Fas and
FasL exist outside lipid rafts in resting cells (18), and their recruit-
ment to these signaling microdomains, in addition to an increase
in raft size, suggested activation of PCD in mature RBCs. The
cytosolic protein hemoglobin (HGB) did not differ in localization
upon VLY stimulation.

hCD59-dependent PFTs induce Fas/FasL-dependent death
of mature human and transgenic murine RBCs. Because Fas and
FasL were recruited to lipid rafts in human RBCs following attack
by VLY, we hypothesized that this hCD59-specific PFT and other
bacterial PFTs might cause Fas/FasL-dependent death of mature
RBCs. Thus, we analyzed the hemolytic activity of several purified,
recombinant PFTs (see Fig. S1 in the supplemental material) at

different hemolytic doses, with 1 hemolytic unit (HU) corre-
sponding to 50% hemolysis (see Fig. S2). Indeed, VLY and ILY,
which are hCD59-specific PFTs, caused RBC death that was inhib-
ited by monoclonal antibody (MAb) neutralization of FasL
(Fig. 2A and B). The hCD59-independent PFTs pneumolysin
(PLY; from Streptococcus pneumoniae) and alpha-toxin (A-tox;
from Staphylococcus aureus) did not cause FasL-dependent RBC
death (Fig. 2B). VLY, ILY, and PLY are CDCs that may form pores
with an external diameter of �15 nm, whereas A-tox is not a CDC
and forms pores of 1 to 2 nm in diameter (5, 6). Exogenous re-
combinant FasL (rFasL) significantly enhanced VLY-mediated
RBC death (Fig. 2C), as did an agonistic MAb targeting Fas
(Fig. 2D). Notably, low hemolytic doses of all PFTs tested were
enhanced when combined with rFasL or agonistic Fas MAb
(Fig. 2E and F). We used hCD59 transgenic murine RBCs as a
model system, as these are susceptible to VLY and ILY, whereas
nontransgenic cells are resistant (Fig. 2G and H). Death of
hCD59-transgenic murine RBCs induced by VLY or ILY, but not
PLY, was inhibited by FasL neutralization, indicating that FasL-
dependent death can be initiated in nonhuman RBCs (Fig. 2H).
These results indicate that hCD59-specific PFTs initiate Fas/FasL
signaling in RBCs resulting in death and that the combination of
Fas/FasL signaling and pore formation primes RBCs for death by
any PFT.

hCD59-specific bacterial PFTs induce RIP1-dependent pro-
grammed necrosis in mature RBCs. Because hCD59-specific
PFTs caused Fas/FasL-dependent RBC death, we hypothesized

FIG 1 VLY, an hCD59-specific PFT, induces lipid raft enlargement, includ-
ing recruitment of Fas and FasL. (A) RBC detergent-resistant membranes
(DRMs) increase in abundance in response to VLY as measured by DPH flu-
orescence. Cholesterol and proteins increase in DRMs after VLY treatment,
with most proteins remaining soluble (SOL). (B) Dot blots showing that raft-
associated proteins (CD59 and flotillin-1) and lipids (GM1 and GT1b) in-
crease in DRMs in response to VLY. Hemoglobin (HGB) is excluded from
DRMs. (C) Fas and FasL, normally excluded from rafts, are recruited to DRMs
in response to VLY. ***, P � 0.001 (Student’s t test).
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that these PFTs might activate PCD in RBCs. In addition, two
components of complexes formed during programmed necrosis
(necroptosis) were recruited to RBC lipid rafts in response to VLY.
These components, Fas-associated death domain (FADD) and
RIP1 kinase (RIP1) are cytosolic and not normally associated with
lipid rafts but were found in DRMs following RBC stimulation
with VLY (Fig. 3A). This suggested that VLY might activate pro-
grammed necrosis, a PCD pathway that occurs in nucleated cell
types and can involve induction by Fas/FasL, in mature RBCs (14,
19).

We used necrostatin-1 (nec-1), a small-molecule inhibitor of
RIP1 kinase, to explore the induction of Fas/FasL-dependent pro-
grammed necrosis in mature RBCs (20). RIP1 phosphorylation
and recruitment to the cytosolic necrosome complex are critical
for the induction of programmed necrosis (19–21). The impor-
tance of RIP1 is such that programmed necrosis is also referred to
as RIP1-dependent cell death (14). nec-1 inhibited VLY-induced
RBC death over a range of concentrations (Fig. 3B). RIP3 kinase
also plays important roles in programmed necrosis (22, 23) by

interacting with a downstream protein, mixed-lineage kinase
domain-like (MLKL), to exert its effects (24). Inhibition of MLKL
with necrosulfonamide (NSA) also reduced RBC death caused by
VLY, consistent with a role for programmed necrosis in RBCs
(Fig. 3C). Similarly, nec-1 and NSA inhibited RBC death by
hCD59-dependent ILY but had no effect on hemolysis by hCD59-
independent PLY and A-tox (Fig. 3D to I). These results indicated
that hCD59-specific bacterial PFTs, but not hCD59-independent
PFTs, induce programmed necrosis in mature RBCs. In addition,
rFasL enhanced the hemolysis by all PFTs tested, regardless of
intrinsic hCD59 specificity (Fig. 2E). This enhanced death was
nec-1 inhibitable, indicating that the combination of Fas/FasL sig-
naling and PFT activity initiates RIP1-dependent programmed
necrosis in mature RBCs (Fig. 3J).

hCD59-specific bacterial PFTs induce FasL-dependent RIP1
phosphorylation and necrosome assembly in mature RBCs. To
further explore the molecular events associated with programmed

FIG 2 VLY and ILY, hCD59-specific PFTs, induce Fas/FasL-dependent death
in human and hCD59-transgenic murine RBCs. (A) Neutralization of FasL
with a MAb (NOK-1, 1 �g/ml) inhibits RBC death by VLY. (B) NOK-1 inhibits
RBC death by VLY or ILY but not by hCD59-independent PLY or A-tox. (C
and D) Exogenous rFasL (0.1 �g/ml) (C) or agonistic Fas MAb (2R2, 1 �g/ml)
(D) enhances RBC death by VLY. (E and F) rFasL (E) or 2R2 (F) enhances RBC
death caused by all PFTs tested. (G) C57BL/6J (nontransgenic) RBCs are re-
sistant to VLY and ILY but sensitive to PLY. (H) Death of hCD59-transgenic
murine RBCs by VLY or ILY is inhibited by NOK-1. IgG, irrelevant IgG. ***, P
� 0.001; **, P � 0.01 (two-way analysis of variance, Bonferroni posttest).

FIG 3 VLY and ILY cause RIP1- and MLKL-dependent programmed necro-
sis in mature RBCs. (A) Dot blots showing recruitment of RIP1 and FADD to
DRMs in response to VLY. Hemoglobin (HGB) remains in the soluble fraction
(SOL). (B) Inhibition of RIP1 with nec-1 reduces RBC death by VLY relative to
vehicle control. (C) Inhibition of MLKL with NSA reduces RBC death by VLY
relative to vehicle control. (D to I) Inhibition of RIP1 (D) or MLKL (E) reduces
RBC death by ILY and has no effect on death by PLY (F and G) or A-tox (H and
I). (J) Enhanced RBC death caused by the combination of PFTs and rFasL is
inhibited by nec-1 relative to vehicle control. ***, P � 0.001 (two-way analysis
of variance, Bonferroni posttest).
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necrosis in RBCs, RIP1 was isolated from RBCs by immunopre-
cipitation (IP) (Fig. 4A) and probed on immunoblots to deter-
mine its phosphorylation state in response to PFTs. RIP1 became
phosphorylated (p-RIP1) in RBCs in response to VLY or ILY but
not in response to hCD59-independent PFTs (Fig. 4B). RIP1
phosphorylation induced by VLY and ILY was also inhibited by
nec-1, confirming the activity of this inhibitor in primary human
RBCs (Fig. 4C). The induced p-RIP1 was prevented by FasL neu-
tralization, suggesting that hCD59-specific PFTs induce p-RIP1
through downstream activity of Fas/FasL (Fig. 4D). This seems
likely, as addition of rFasL alone to RBCs also resulted induced
RIP1 phosphorylation (Fig. 4E). We confirmed the specificity of
the IPs for RIP1, as an irrelevant IgG did not precipitate RIP1 (see
Fig. S3A in the supplemental material).

Formation of the necrosome is generally associated with
programmed necrosis in nucleated cells (25). Necrosomes con-
tain important signaling proteins, RIP1, RIP3, FADD, and
caspase-8 (14). To investigate necrosome assembly in RBCs,
RIP1 IPs were probed for specific coprecipitants. Necrosome
components RIP3 and FADD coprecipitated with RIP1 follow-
ing stimulation with VLY or ILY, suggesting necrosome assem-
bly. These associations were inhibited by nec-1 (Fig. 4F).
hCD59-independent PFTs (PLY and A-tox) did not induce ne-
crosome assembly in RBCs (Fig. 4F).

Necrosome-associated caspase-8 antagonizes RBC pro-
grammed necrosis. In nucleated cells, caspase-8 is a necrosome
component that antagonizes programmed necrosis by cleaving
RIP1 and RIP3 (14, 26). To determine if caspase-8 served a similar
role in RBCs, we analyzed caspase-8 by IP (Fig. 5A) and found that
RIP1 coprecipitated with caspase-8 in RBCs regardless of PFT
stimulation, suggesting a constitutive association of these proteins
in RBCs but not THP-1 cells (Fig. 5B). FADD coprecipitated with
caspase-8 only in response to VLY or ILY, suggesting formation of
a RIP1/FADD/caspase-8 complex in response to hCD59-specific

PFTs (Fig. 5B). Pan-caspase inhibition enhanced RBC death by
VLY or ILY (Fig. 5C and D), and this enhanced death was pre-
vented by RIP1 inhibition (Fig. 5E). Specific inhibition of
caspase-8, but not caspase-3, enhanced RBC death by VLY or ILY
(Fig. 5F), consistent with an antagonistic role for caspase-8 in RBC
programmed necrosis similar to its function in programmed ne-
crosis of nucleated cells (14). In agreement with this finding,
caspase-8 inhibition led to an increase in RIP1 phosphorylation
following VLY stimulation (Fig. 5G). The IPs were specific for
caspase-8, as an irrelevant IgG did not pull down caspase-8 (see
Fig. S3B in the supplemental material).

NOX/iron-dependent ROS formation and aSMase-
dependent ceramide formation are downstream components of
RBC programmed necrosis. Cell death by programmed necrosis
may involve several different downstream effector pathways, in-
cluding ceramide formation, ROS formation, phospholipase/cal-
pain activity, and AGE formation by enhanced glycolysis (14).
Effector pathways vary by cell type, and several mechanisms may
be active within single cell types (14). RBC death induced by VLY
and ILY was blunted by inhibition of NOX (Fig. 6A and B), and
both VLY and ILY caused an increase in ROS in RBCs (Fig. 6C).
Additionally, iron chelation reduced RBC death caused by VLY
and ILY and prevented ROS induction by these PFTs (Fig. 6D to
F). These results suggest that NOX-dependent ROS contribute to
RBC death by programmed necrosis and that ROS formation is
enhanced by iron, likely due to the Fenton reaction.

Inhibition of aSMase, which produces ceramide from sphin-
gomyelin, reduced RBC death by VLY and ILY, as did MAb neu-
tralization of ceramide (Fig. 6G to I). VLY and ILY caused signif-
icant increases in surface ceramide, whereas hCD59-independent
PFTs did not (Fig. 6J). Thus, aSMase-dependent ceramide forma-
tion is an additional downstream component in RBC pro-
grammed necrosis.

FIG 4 VLY and ILY induce FasL-dependent phosphorylation of RIP1 and necrosome assembly in RBCs. (A) Coomassie blue-stained SDS-PAGE gel showing
RIP1 IP. H, IgG heavy chain; L, IgG light chain. (B to F) Immunoblots from RIP1 IPs showing RIP1 phosphorylation (p-RIP1) in response to VLY or ILY (B),
prevention of p-RIP1 with nec-1 (C), prevention of p-RIP1 with NOK-1 (D), p-RIP1 induced by rFasL (E), and coprecipitation of RIP3 and FADD with RIP1 in
response to VLY or ILY that is prevented by RIP1 inhibition (F). NT, no treatment.
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Glycolytic formation of AGEs contributes to the execution of
RBC programmed necrosis. AGE formation may occur down-
stream of programmed necrosis in nucleated cells due to increased
glycolysis (27). Exogenous glucose enhanced RBC death by VLY
and ILY in a RIP1-dependent manner (Fig. 7A). Glycolysis drove
this process, as a nonmetabolizable glucose analog, 2-deoxy-D-
glucose, did not affect PFT-mediated RBC death (Fig. 7B). Impor-
tantly, glucose uptake had no effect on RBC death by the hCD59-
independent PFT, PLY (Fig. 7C). That glycolysis participates in
RBC programmed necrosis suggests the involvement of AGEs
(27). Indeed, specific inhibition of AGEs reduced RBC death by
VLY and ILY (Fig. 7D and E) and prevented enhancement of RBC
death by glucose uptake (Fig. 7F). Using a whole-cell fluorescence
assay, we detected an increase in AGE formation in response to
VLY and ILY but not PLY (Fig. 7G). These results show that gly-
colytic AGE formation plays a crucial role in the demise of RBCs
by programmed necrosis.

RBC programmed necrosis is distinct from eryptosis. Al-
though the identification of programmed necrosis in RBCs in re-
sponse to hCD59-specific PFTs was unexpected, there is a prece-
dent in eryptosis, a PCD unique to RBCs, which was recently
described (4). To determine if RBC programmed necrosis was
distinct from eryptosis, two well-characterized eryptotic stimuli,
hyperosmotic stress and excess calcium, were used (28, 29). Hy-

perosmotic or calcium-induced eryptosis was not affected by
nec-1, did not induce p-RIP1, did not depend on FasL, and was
not enhanced by rFasL addition (Fig. 8A to D). Moreover, factors
on which eryptosis depends (e.g., intracellular Ca2� and p38
mitogen-activated protein kinase [MAPK] [4, 30]) played no role
in RBC programmed necrosis induced by hCD59-specific PFTs
(Fig. 8E and F). Thus, programmed necrosis is a new PCD path-
way in mature RBCs that is distinct from eryptosis.

Induction of RBC programmed necrosis enhances bacterial
growth in vitro. hCD59-specific PFTs induce Fas/FasL-
dependent programmed necrosis of mature RBCs while hCD59-
independent PFTs do not. This observation raises the question of
the potential benefit that RBC programmed necrosis may have for
PFT-producing pathogenic bacteria. We hypothesized that induc-
tion of programmed necrosis might increase RBC killing at low
organism or PFT concentrations, resulting in more efficient re-
lease of nutrients that might enhance bacterial growth. To this
end, a series of bacterial growth assays were performed during
which G. vaginalis, S. intermedius, and S. pneumoniae were cul-
tured with or without human RBCs. Using RIP1 IP and immuno-
blotting, we confirmed that live G. vaginalis and S. intermedius
induced p-RIP1 (Fig. 9A and B). RIP1 phosphorylation was in-
duced by native VLY or ILY, respectively, as it was prevented by an
anti-CDC antibody (31) (Fig. 9A and B; see also Fig. S4 in the

FIG 5 Caspase-8 is a necrosome component that antagonizes RBC programmed necrosis. (A) Coomassie blue-stained SDS-PAGE gel showing caspase-8 IP. H,
IgG heavy chain; L, IgG light chain. (B) Immunoblots from caspase-8 IPs showing coprecipitation of RIP1 under all conditions and coprecipitation of FADD in
response to VLY or ILY. RIP1 does not coprecipitate with caspase-8 in THP-1 cells. (C to E) Pan-caspase inhibition with 10 �M z-VAD-fmk enhanced RBC death
by VLY or ILY (C and D, respectively) and was prevented by nec-1 (E). (F) Specific inhibition of caspase-8 with 10 �M z-IETD-fmk enhanced RBC death caused
by VLY or ILY. Caspase-3 inhibition (10 �M z-DEVD-fmk) had no effect. (G) Levels of p-RIP1 increase in RBCs following inhibition of caspase-8 (z-IETD)
relative to a caspase inhibitor negative control (z-FA). ***, P � 0.001 (two-way analysis of variance, Bonferroni posttest). z-FA-fmk, caspase inhibitor negative
control.
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supplemental material). G. vaginalis growth required RBCs,
whereas S. intermedius growth was significantly enhanced in the
presence of RBCs (Fig. 9C and D). Neutralization of RBC FasL
reduced G. vaginalis and S. intermedius growth in the presence of
human RBCs (Fig. 9C and D), suggesting that FasL-dependent
programmed necrosis of RBCs enhanced the proliferation of
G. vaginalis and S. intermedius. Consistent with the finding that
the hCD59-independent PLY did not induce FasL-dependent

RBC programmed necrosis, the growth of S. pneumoniae (which
produces PLY) was unaffected by FasL neutralization in RBCs
(Fig. 9E).

Addition of exogenous rFasL allowed all bacterial PFTs to
cause RBC programmed necrosis, resulting in enhanced RBC
death, regardless of intrinsic hCD59 specificity (Fig. 2E and 3J).
Consistent with this observation, addition of rFasL to human
RBCs enhanced bacterial growth by hCD59-specific PFT-
producing G. vaginalis and S. intermedius as well as by hCD59-
independent PFT-producing S. pneumoniae (Fig. 9F to H). Col-
lectively, these results demonstrate that the induction of RBC
programmed necrosis enhances bacterial growth. Consistent with
the hypothesis that release of RBC cytosolic contents might pro-
vide nutrients to prime bacterial growth, addition of purified he-
moglobin to cultures also enhanced the growth of all three species
tested (see Fig. S5 in the supplemental material).

FIG 6 RBC programmed necrosis is executed in part by aSMase-dependent
ceramide formation and NOX/iron-dependent ROS. (A and B) NOX inhibi-
tion with 10 �M VAS-2870 reduces RBC death by VLY and ILY compared to
vehicle control. (C) VLY and ILY induce ROS in RBCs as measured by
DCFDA. (D and E) Iron chelation with 100 �M 2,2-bipyridyl reduces RBC
death by VLY or ILY relative to vehicle control. (F) Iron chelation prevents
ROS induction by VLY and ILY. (G and H) Inhibition of aSMase with 20 �M
desipramine (DPA) reduced RBC death by VLY and ILY relative to vehicle
control. (I) Ceramide neutralization with MAb 15B4 reduced death by VLY or
ILY relative to irrelevant IgM (IgM). (J) VLY and ILY induce surface ceramide
as determined by immunofluorescence. ***, P � 0.001 (two-way analysis of
variance, Bonferroni posttest).

FIG 7 Glycolytic formation of AGEs is a component in the execution of RBC
programmed necrosis. (A) Glucose (gluc) uptake by RBCs in a 5 mM solution
enhanced death by VLY or ILY and was prevented by nec-1. (B) Uptake of the
nonmetabolizable 2-deoxy-D-glucose (2-deoxygluc) had no effect on RBC
death. (C) Glucose uptake had no effect on RBC death by the hCD59-
independent PLY. (D and E) AGE inhibition with 1 mM pyridoxamine re-
duced death by VLY or ILY relative to vehicle control. (F) RBC death enhanced
by glucose uptake is prevented by AGE inhibition. (G) VLY and ILY induce
RBC AGE formation as determined by whole-cell immunofluorescence assay.
***, P � 0.001; **, P � 0.01; *, P � 0.05 (two-way analysis of variance, Bon-
ferroni posttest).
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DISCUSSION
RBC programmed necrosis: a new form of PCD induced by bac-
terial PFTs. These findings provide evidence for the induction of a
previously unidentified PCD pathway in mature RBCs by human-
specific bacterial PFTs. RBC programmed necrosis was activated
by hCD59-specific CDCs VLY and ILY but not by other PFTs.
RBC programmed necrosis depended on Fas/FasL, RIP1 phos-
phorylation, and MLKL and was antagonized by caspase-8. RBC
programmed necrosis was also associated with necrosome assem-
bly and was executed by aSMase-dependent ceramide formation,
NOX/iron-dependent ROS production, and glycolytic AGE for-
mation.

hCD59-independent PFTs (i.e., PLY and A-tox) did not acti-
vate RBC programmed necrosis, consistent with an important
role for hCD59 binding/signaling. However, these PFTs did acti-
vate RBC programmed necrosis when combined with exogenous
rFasL or a Fas-specific agonistic MAb. That hCD59-independent
PFTs can produce RBC programmed necrosis in combination
with rFasL is significant, because many infections in vivo have high
levels of circulating FasL (32, 33). Similarly, as members of the
tumor necrosis factor (TNF) superfamily, there are infectious set-
tings in which high levels of other known necroptotic stimuli (e.g.,
TNF-� and TRAIL) are seen (34). Induction of RBC programmed
necrosis by rFasL combined with PFT suggests that FasL functions
downstream of hCD59 binding/signaling by VLY or ILY. This is
supported by the finding that FasL neutralization prevents RIP1
phosphorylation by VLY or ILY and that rFasL alone induces RIP1
phosphorylation in RBCs.

RBC programmed necrosis and eryptosis are distinct. The
discovery of programmed necrosis in RBCs by hCD59-specific
PFTs is not the first instance of RBC PCD. Eryptosis is a Ca2�-,
p38 MAPK-dependent PCD process in RBCs (4). It is character-
ized by phosphatidylserine externalization and ceramide forma-
tion, marking these RBCs for macrophage ingestion (4, 18). Our
results demonstrate that RBC programmed necrosis differs from
eryptosis, functioning as an independent, previously unrecog-
nized PCD pathway in mature RBCs. It is possible that eryptosis
contributes to “natural” RBC death/removal due to noninfectious
injury, whereas programmed necrosis is induced by infection with
PFT-producing pathogens.

Significance of RBC programmed necrosis. hCD59-specific
PFT induction of RBC programmed necrosis is significant for at
least two reasons: (i) it provides new understanding of the rele-
vance of programmed necrosis to RBC biology and physiology
and (ii) it suggests that RBC programmed necrosis may play a role
in colonization or pathogenesis of hCD59-specific PFT-
producing pathogens. Whereas eryptosis is important, it does not
share key molecular features of PCD that occur in nucleated cells,
including caspase dependence (whereas senescent and storage-
damaged RBCs display active caspases [35, 36], these critical apo-
ptotic enzymes have not been conclusively linked to eryptosis [28,
37, 38]) and the requirement of extrinsic ligands of the TNF su-
perfamily (37). Therefore, eryptosis is a PCD unique to mature
RBCs that is not shared with nucleated cells. Conversely, RBC
programmed necrosis proceeds in a manner molecularly similar
to nucleated cell necroptosis, sharing many key features. These
include dependence on RIP1 phosphorylation, MLKL, and extrin-
sic ligands of the TNF superfamily (e.g., FasL); antagonism by
caspase-8; and necrosome assembly. Moreover, whereas Fas and
FasL differ in their cellular localizations during oxidative stress
and in senescent RBCs (18), they were reported to be nonfunc-
tional in mature RBCs (37, 39). Nonetheless, we show that Fas and
FasL drive programmed necrosis in mature RBCs, promoting
RIP1 phosphorylation. The intimate involvement of Fas/FasL in
RBC programmed necrosis may explain the differential localiza-
tion of Fas/FasL previously seen in senescent RBCs (18), suggest-
ing that aged RBCs may be primed for programmed necrosis.
These findings expand our knowledge of RBC physiology by iden-
tifying other PCD pathways in RBCs. Given the similarities of
programmed necrosis in RBCs and nucleated cells, we speculate
that caspase-dependent apoptosis, resembling that of nucleated
cells, may occur in mature RBCs. Alternatively, it is possible that
mature RBCs have lost the capacity for classical apoptosis but
retained the capacity for programmed necrosis.

As RBC programmed necrosis enhanced bacterial proliferation
in vitro, this PCD may play a role in bacterial growth and patho-
genesis in vivo. G. vaginalis colonizes the lower genital tract of
women (11). The growth/presence of G. vaginalis varies through-
out the menstrual cycle, with the highest levels of G. vaginalis
occurring during menses (11). This suggests that RBC availability
may affect bacterial growth. We speculate that VLY-mediated
RBC programmed necrosis plays a significant role in the patho-
genesis of bacterial vaginosis. In addition, S. intermedius infection
is associated with abscess formation in the brain and liver, result-
ing from hematogenous spread from mucosal surfaces (10). As
RBC programmed necrosis enhances S. intermedius growth in
vitro, we speculate that this PCD may aid its dissemination and
growth. The potential for increased bacterial growth during the

FIG 8 RBC programmed necrosis differs from eryptosis. (A) Eryptosis by
hyperosmotic stress (Osm) or excess calcium (Cal) is not inhibited by nec-1.
(B) RIP1 IPs showing that eryptosis does not induce p-RIP1. (C and D) Eryp-
tosis is unaffected by NOK-1 (C) or rFasL (D). (E and F) Eryptosis depends on
intracellular Ca2� as shown by chelation with 10 �M BAPTA/AM [1,2-bis(o-
aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid–acetoxymethyl ester] (E)
and p38 mitogen-activated protein kinase (MAPK) as shown by inhibition
with 10 �M p38 MAPK inhibitor III (Calbiochem) (F) while RBC pro-
grammed necrosis by VLY or ILY does not. ***, P � 0.001 (two-way analysis of
variance, Bonferroni posttest).
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hematogenous phase of S. intermedius infections as a result of RBC
programmed necrosis could lead to exacerbated abscess forma-
tion due to greater bacterial burden. When considering this
growth benefit, the direct induction of hCD59-specific RBC pro-
grammed necrosis by VLY and ILY might explain a potential se-
lective advantage associated with human-specific PFT production
by G. vaginalis and S. intermedius.

Pneumonia due to S. pneumoniae may progress to bacteremia
(9), but as PLY cannot induce RBC programmed necrosis, a role
for this PCD in pneumococcal infection is unclear. Nonetheless,
pneumococcal infection is associated with FasL release, because
S. pneumoniae elicits increased FasL levels in lung (40) and causes
FasL-dependent bystander death following phagocytosis (41). As
shown here, PLY can induce RBC programmed necrosis when
combined with rFasL, raising the possibility that this PCD plays a
role in systemic pneumococcal infection. These potential roles of
RBC programmed necrosis in promoting the pathogenesis of dif-
ferent microbes are intriguing and suggest the possibility for ther-
apeutic intervention by targeting factors specific to this PCD.

MATERIALS AND METHODS
Human cells. Primary human RBCs, with or without leukoreduction us-
ing Purecell Neo leukocyte reduction filters (Haemonetics), were ob-
tained from healthy volunteers under a protocol approved by the Colum-
bia University Institutional Review Board. Leukoreduction did not affect
results. Murine RBCs were obtained from wild-type or hCD59 transgenic

C57BL/6J mice (42), which were used in accordance with a protocol ap-
proved by the Columbia University Institutional Animal Care and Use
Committee. THP-1 cells (ATCC TIB-202) were grown in RPMI 1640 plus
GlutaMAX plus 25 mM HEPES (Invitrogen) supplemented with 10%
fetal bovine serum and 10 �g/ml ciprofloxacin.

DRM isolation. Human RBC suspensions (20%), treated with or
without 1 �g/ml VLY at 37°C for 0.5 h, were solubilized in 1% Triton
X-100 at 4°C for 1 h. DRMs were isolated as described previously (43).

Hemolysis assays. Hemolysis assays were done in Dulbecco’s
phosphate-buffered saline (DPBS) (7). Recombinant PFTs were ex-
pressed and purified as previously described (7, 44, 45) and used at 1 HU
unless specified otherwise. For pharmacological or Ab inhibition, RBCs
were pretreated with inhibitors for 1 h at 37°C. rFasL or MAb 2R2 (Enzo
Life Sciences) was added with PFTs. None of the inhibitors tested affected
RBC binding by a green fluorescent protein (GFP) fusion protein of the
VLY binding domain (see Fig. S6 in the supplemental material). Eryptosis
was induced with 950 mM sucrose or 1 mM CaCl2 at 37°C for 18 h. For
glucose uptake, RBCs were incubated with 5 mM glucose for 18 h, and
glucose was removed by centrifugation.

Immunoprecipitation. Human RBC suspensions (20%) in DPBS
were treated with PFTs (0.5 HU), rFasL (1 �g/ml), or bacteria (G. vaginalis
or S. intermedius at an optical density at 600 nm [OD600] of 0.6) for 30 min
at 37°C and sonicated, and phosphatase inhibitor cocktail set III (1:100;
Millipore) was added. THP-1 cells were adjusted to a concentration of 5 �
107 cells/ml and sonicated. Sonicates from either cell type were precleared
with 200 �l of control agarose resin (Pierce); 10 �g of anti-RIP1 MAb
G322-2 (BD) or anti-caspase-8 MAb 12F5 (AG Scientific) was added and
incubated overnight at 4°C. Protein G plus agarose (100 �l; Pierce) was

FIG 9 RBC programmed necrosis enhances growth of PFT-producing pathogenic bacteria in vitro. (A and B) RIP1 IPs showing p-RIP1 in response to live
G. vaginalis (GV) or S. intermedius (SI). A neutralizing PAb against CDCs (�CDC) prevents p-RIP1 formation relative to control prebleed (PB) serum. (C and
D) Enhanced growth of 2 starting inocula (OD600 of 0.1 and OD600 of 0.01) of G. vaginalis (C) or S. intermedius (D) in the presence of human RBCs is partially
inhibited by FasL neutralization with NOK-1 relative to irrelevant IgG. (E) Growth of S. pneumoniae, which produces the hCD59-independent PLY, is not
affected by FasL neutralization. (F to H) Addition of rFasL to cultures including human RBCs and G. vaginalis (F), S. intermedius (G), or S. pneumoniae (H),
inoculated at an OD600 of 0.1, enhanced the growth of all bacteria tested. ***, P � 0.001; **, P � 0.01 (two-way analysis of variance, Bonferroni posttest).
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added for 2 h at room temperature. Precipitates were suspended in 50 �l
1� NuPAGE LDS sample buffer and boiled.

Anti-CDC antibody. The anti-CDC polyclonal antibody was raised
against VLY in rabbits and was described previously (31). This antibody
cross-reacts with other CDCs as shown in Fig. S4 in the supplemental
material.

Fluorescence assays. Human RBC suspensions (0.5%) were incu-
bated with sublytic doses (�0.2 HU) of PFTs at 37°C for 1 h. To detect
ROS, 2,7-dichlorofluorescein diacetate (20 �M; DCFDA; Invitrogen) was
added. To detect ceramide or AGEs, RBCs were labeled with 10 �g/ml of
15B4 anticeramide MAb or anti-AGE polyclonal antibody (PAb) (Ab-
Cam) for 1 h and anti-mouse IgM or IgG fluorescein isothiocyanate
(FITC) conjugates for 1 h at 37°C and washed. To measure DRMs, diphe-
nylhexatriene (DPH; Invitrogen) was added to samples at 2 �g/ml. Fluo-
rescence was measured in an Infinite M200 (Tecan) at excitation/emission
wavelengths of 495 nm/525 nm for DCFDA, 490 nm/525 nm for FITC,
and 360 nm/430 nm for DPH. Cholesterol was measured using the Am-
plex red cholesterol assay kit (Invitrogen).

Immunoblots. For dot/Western blot assays, the following Abs were
used: anti-RIP1 (BD; G322-2), anti-RIP3 (Thermo Scientific), anti-
FADD (Millipore), anti-caspase-8 (AG Scientific), anti-CD59 (Thermo
Scientific), anti-flotillin-1 (Sigma), anti-GM1 (AbCam), anti-GT1b (Mil-
lipore), anti-Fas (Thermo Scientific), anti-FasL (Thermo Scientific), and
antihemoglobin (Santa Cruz) at dilutions of 1:1,000. For p-RIP1, anti-
phospho-Ser/Thr (Cell Signaling Technology) was used at 1:500.

Bacterial growth assays. G. vaginalis strain ATCC 49145 was inocu-
lated in brain heart infusion (BHI) broth with 10% fetal bovine serum at
37°C and 5% CO2 with or without 5% human RBCs and grown for 18 h.
S. intermedius strain ATCC 27335 and S. pneumoniae strain R6 were in-
oculated in Trypticase soy (TS) broth at 37°C with or without 5% human
RBCs and grown for 5 h. For FasL inhibition, 5 �g/ml of NOK-1 or an
irrelevant mouse IgG was added to the medium 1 h before inoculation.
For rFasL experiments, 1 �g/ml was added with inocula. Growth was
assessed by quantitative culture.

Statistics. Data are presented as means � standard deviations (SD)
from 3 experiments analyzed by the indicated statistical tests (GraphPad
Prism).

SUPPLEMENTAL MATERIAL
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