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insertion for the PA-associated TEM8 complex has been reported to occur at a much higher pH (6.0 to 6.5) (27, 41). In
addition to differences in the extracellular domains, these receptors also differ in their cytoplasmic domains. The cytoplasmic domain of the CMG2 receptor possesses a region homologous to the WH-1 signaling domain of the Wiskott-Aldrich
syndrome proteins (4), while TEM8 appears to lack cytoplasmic signaling domains.
Given these differences, we hypothesized that receptor use
may influence the toxic responses to anthrax toxin in disease or
perhaps following vaccination. The U.S. Food and Drug Administration-licensed anthrax vaccine, anthrax vaccine adsorbed (AVA; BioThrax), is formulated from formalin-treated
filtrate of the culture supernatant from B. anthracis and contains predominantly PA, as well as small, but detectable
amounts of EF and LF (26, 37). The AVA vaccine is extremely
reactogenic, and adverse reactions to the anthrax vaccine have
been reported (9, 10, 12, 22, 25, 36, 39). In the present study,
we examined the influence of receptor expression on anthrax
toxin toxicity utilizing wild-type K1 Chinese hamster ovary cells
(CHO-K1), CHO cells lacking functional anthrax toxin receptors (CHO-R1.1), and a well-characterized series of CHOR1.1 cells expressing one of the two human anthrax toxin
receptors, TEM8 or CMG2 (31, 33, 41, 42). Our studies suggest that the CMG2 receptor might signal in response to cAMP
and that, unexpectedly, PA in the absence of EF or LF may
mediate toxicity in a receptor-dependent manner.

The major virulence factor of Bacillus anthracis is a threepart toxin consisting of protective antigen (PA), lethal factor
(LF), and edema factor (EF). EF is an adenylate cyclase that
converts ATP to cyclic AMP (cAMP), while LF is a zinc protease that cleaves mitogen activated protein kinase kinases (8,
16). The interaction of anthrax toxin with target cells has been
extensively studied. The process initiates when PA (83 kDa)
binds to the host receptor. Bound PA is cleaved to its active
63-kDa form (PA 63) by a furin-like protease, releasing a
20-kDa amino-terminal fragment (14, 24). Receptor-bound PA
63 self-associates to form ring-shaped heptamers that can bind
up to a total of three molecules of any combination of LF (90
kDa) and/or EF (89 kDa) (20, 21). The PA complex is endocytosed through a lipid-raft-mediated clathrin-dependent process (1, 3). As the endosome is acidified, the heptameric PA
complex forms a membrane pore, and LF and/or EF is translocated into the cytosol (5, 40).
Two human receptors for PA have been characterized: anthrax toxin receptor encoded by the tumor endothelial marker
8 gene (TEM8/ATR/ANTXR1) and capillary morphogenesis
protein two (CMG2/ANTXR2) (7, 31). Most human cells appear to express CMG2 (31); however, TEM8 has been reported to be expressed by human epithelial cells of the lungs,
skin, and intestines (6) and in endothelial cells (29). Very little
is known about receptor expression in other animal species.
The two human receptors are ca. 40% identical overall but
share 60% identity in the von Willebrand factor A-like region
where PA binding occurs (15, 31). In spite of the overall identity, CMG2 has a much higher affinity for PA (KD ⫽ 0.170 nM
compared to KD ⫽ 130 nM for TEM8) (32). Membrane insertion of PA is thought to first require dissociation from the
receptor, and the higher affinity of PA for CMG2 appears to
make dissociation more difficult. For example, dissociation
from CMG2 requires a very low pH (5.2), while membrane

MATERIALS AND METHODS
CHO cell toxicity assays. Chinese hamster ovary cells, CHO-K1, were obtained from American Type Culture Collection (ATCC CCL-61; Manassas, VA).
The CHO anthrax toxin receptor-negative cell line, CHO-R1.1, and CHO-R1.1
cells expressing the human forms of TEM8 (CHO-TEM8) and CMG2 (CHOCMG2) were kindly provided by J. A. T. Young (31). CHO cell lines were
cultured in F-12 nutrient mixture (Ham) with L-glutamine (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillinstreptomycin (10,000 U of penicillin G sodium/ml and 10,000 U of streptomycin
sulfate/ml; Invitrogen) at 37°C in 5% CO2. The anthrax toxin components (List
Biologicals Laboratories, Campbell, CA) EF and LF were added at 2.5 g/ml,
PA was added at 5 g/ml, and PA 63 was added at 10 g/ml. The PA mutants PA
K397D/D425K, PA SSSR, and PA F427A, added at 10 g/ml, were kindly
provided by R. J. Collier (34).
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Anthrax toxin protective antigen (PA) binds to its cellular receptor, and seven subunits self-associate to form
a heptameric ring that mediates the cytoplasmic entry of lethal factor or edema factor. The influence of
receptor type on susceptibility to anthrax toxin components was examined using Chinese hamster ovary (CHO)
cells expressing the human form of one of two PA receptors: TEM8 or CMG2. Unexpectedly, PA alone,
previously believed to only mediate entry of lethal factor or edema factor, was found to be toxic to CHO-TEM8
cells; cells treated with PA alone displayed reduced cell growth and decreased metabolic activity. PA-treated
cells swelled and became permeable to membrane-excluded dye, suggesting that PA formed cell surface pores
on CHO-TEM8 cells. While CHO-CMG2 cells were not killed by wild-type PA, they were susceptible to the PA
variant, F427A. Receptor expression also conferred differences in susceptibility to edema factor.
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To assess anthrax toxicity, CHO cell lines were plated at 105 in 96-well flatbottomed plates and left untreated or incubated with anthrax toxin components.
After 18 h, the cells were fixed with 100% methanol for 5 min, stained with 2%
Giemsa in distilled water (Sigma-Aldrich, St. Louis, MO) for 20 min, and washed
with water. Individual wells were photographed at ⫻63 magnification with an
Olympus C-5060 microscope camera (Center Valley, PA).
The influence of anthrax toxin on metabolic activity was assessed using alamarBlue (Trek Diagnostic Systems, Inc., Westlake, OH). Cells were grown for 18 h
in the presence of anthrax toxin components. An 80% solution of alamarBlue in
Hanks balanced salt solution (HBSS; Invitrogen) was added at 10% of the well
volume, and the cells were incubated for an additional 20 h at 37°C in 5% CO2.
Conversion of oxidized alamarBlue to its reduced form was determined according to the manufacturer’s protocol. To assess the intracellular cAMP, cells were
incubated with anthrax toxin components for 2 h. Intracellular cAMP was measured utilizing the BioTrak ELISA kit according to the manufacturer’s protocol
(Amersham Biosciences/GE Healthcare, United Kingdom). Cell lysis was assessed by monitoring lactate dehydrogenase (LDH) release. Cells were incubated with anthrax toxin components for 18 h, and LDH release was measured
using a CytoTox-ONE homogeneous membrane integrity assay (Promega, Madison, WI) according to the manufacturer’s protocol.
Flow cytometry. CHO cell variants were plated 106 in 24-well flat-bottomed
tissue culture plates. Cells were incubated with or without anthrax toxin components for various times up to 24 h at 37°C in 5% CO2. In the low-pH assays, cells
were incubated with toxin for 5 min, and MES [2-(N-morpholino)ethanesulfonic
acid] buffer (pH 5.5; Sigma-Aldrich) was added to decrease the pH to 6.0. After
5 min, the medium was removed and reserved to include nonadherent cells in the
assay. The wells were washed with HBSS, treated with trypsin (Invitrogen) to
remove adherent cells, and suspended in the medium. For permeability studies,
cells were stained with 7-amino-actinomycin D (7-AAD; BD Biosciences, San
Jose, CA), and fluorescence (FL3) and cell size (forward scatter) were analyzed
by using a BD Biosciences FACSCalibur system.
For PA-receptor binding studies, trypsin-treated cells were incubated with PA
for 5 min at 37°C in 5% CO2, washed with HBSS, incubated with human serum
(1/100) from an anthrax vaccinated donor for 5 min (13), washed, incubated with
anti-human immunoglobulin G (IgG) Alexa Fluor 647 antibody (1/500) (Invitrogen), washed, and analyzed for fluorescence (FL4). Experimental values were
determined as the percentage of total cells exceeding two standard deviations of
the mean of control cells. All of these experiments were performed with at least
three independent trials, and data were analyzed by using a Student paired t test.
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FIG. 2. PA alone reduces metabolic activity in CHO-TEM8 cells.
CHO-R1.1, CHO-K1, CHO-CMG2, and CHO-TEM8 cells were incubated overnight with: 1, EF; 2, LF; 3, PA; 4, PA⫹EF; or 5, PA⫹LF.
The mitochondrial conversion of alamarBlue was measured to determine metabolic activity. Values are shown as percentages of untreated
control cells. The data are represented as means ⫾ the standard error
of the mean (SEM). An asterisk (ⴱ) signifies statistical significance
compared to untreated cells (P ⬍ 0.01).

RESULTS
Receptor expression mediates differential susceptibility to
anthrax toxin. Wild-type CHO-K1 cells, CHO-R1.1 cells lacking functional anthrax toxin receptor, and CHO-R1.1 cells
expressing the human forms of TEM8 (CHO-TEM8) or
CMG2 (CHO-CMG2) were left untreated or incubated overnight with PA or PA⫹EF. Cells were fixed and stained with
Giemsa (Fig. 1). CHO-K1 cells displayed an elongated morphological form when treated with PA⫹EF as previously reported (16), while receptor-negative CHO-R1.1 cells had no
morphological change. Interestingly, CHO cells expressing the
human anthrax toxin receptors displayed differential susceptibility to PA and PA⫹EF. A visible reduction in cell number
was seen for CHO cells expressing the CMG2 receptor after
treatment with PA⫹EF and, surprisingly, cells expressing the
TEM8 receptor displayed a visible reduction in cell number
when treated with PA alone or PA⫹EF, suggesting PA alone
could mediate toxicity.
To quantify toxicity, we assessed the influence of the anthrax
toxin components on cellular metabolism (Fig. 2) using
alamarBlue. Mitochondrial activity of living cells can convert
oxidized alamarBlue to its reduced form, and the production of
reduced alamarBlue can be monitored spectrophotometrically
(13, 18). The metabolic activity of CHO-R1.1 and CHO-K1
cells was unaffected by treatment with anthrax toxin. In contrast, PA⫹EF caused a statistically significant reduction in
metabolic activity in CHO cells expressing the CMG2 receptor.
In addition, CHO-TEM8 cells displayed a statistically significant decrease when treated with PA⫹EF, PA⫹LF, and PA
alone. These results confirm the visual observations that PA
alone mediates toxicity to CHO cells expressing the TEM8
anthrax receptor, regardless of whether EF or LF is present.
Previous studies suggested that PA can induce apoptosis in
mouse macrophages expressing TEM8 (30). Annexin V stain
binds to the membrane phospholipid phosphatidylserine (28),
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FIG. 1. PA-mediated toxicity to CHO cells is receptor dependent.
Mutant CHO cells lacking anthrax toxin receptor (CHO-R1.1), wildtype CHO cells (CHO-K1), and CHO-R1.1 cells expressing the human
CMG2 receptor (CHO-CMG2) or TEM8 receptor (CHO-TEM8)
were incubated overnight with PA or PA⫹EF. Cells were fixed, stained
with Giemsa, and viewed at ⫻63 magnification. The asterisk (*) denotes conditions that resulted in a statistically significant loss of cellular metabolic activity (Fig. 2).
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which is externalized during the early stages of apoptosis, while
the membrane itself remains intact and impermeable to 7-AAD
(17). To assess apoptosis, CHO-TEM8 cells were stained with
both annexin V and 7-AAD. CHO-TEM8 cells stained positive
for both annexin V and 7-AAD at all time points tested, 10 min
to 18 h after PA addition (data not shown), suggesting that annexin V staining was due to compromised membrane integrity,
which allowed for the staining of cytoplasmic phospholipid phosphatidylserine and not externalized phospholipid phosphatidylserine resulting from an apoptotic process.
PA promotes cellular lysis in CHO-TEM8 cells. Since PA is
able to promote pore formation and our studies suggested that
incubation with PA resulted in compromised membrane integrity, the ability of PA to mediate cellular lysis was examined by
monitoring the release of LDH, a 40-kDa protein, from cells
(Fig. 3). A statistically significant increase in the release of
LDH was observed for CHO-TEM8 cells incubated overnight
with PA or PA⫹EF. Surprisingly, even though PA⫹LF reduced metabolic activity (Fig. 2) and increased the 7-AAD
permeability of CHO-TEM8 cells (see Fig. 4 and Table 1), cells
treated with PA⫹LF did not show an increase in LDH release,
suggesting that LF inhibited the release of cellular LDH. In
line with this observation, previous studies have shown that LF
can block PA-formed pores (23, 43).
The ability of PA to mediate cellular lysis was also examined
by flow cytometry. The dye 7-AAD is excluded from intact,
viable cells but stains the DNA of cells with compromised
membrane integrity. Cells were treated overnight with EF, LF,

TABLE 1. PA-mediated toxicity is receptor dependent
Mean 7-AAD-positive cells ⫾ SEMa

Cell type

CHO-R1.1
CHO-K1
CHO-CMG2
CHO-TEM8

Untreated

With PA

With PA⫹EF

With PA⫹LF

2⫾1
2⫾3
2⫾1
3⫾2

1⫾1
2⫾2
3⫾1
24 ⫾ 7*

2⫾1
2⫾2
7⫾3
24 ⫾ 12*

2⫾1
2⫾2
3⫾2
15 ⫾ 4*

a
Cells were left untreated or incubated overnight with anthrax toxin components. Viability was analyzed by flow cytometry measuring 7-AAD permeability.
Values represent the percentage of total cells exceeding two standard deviations
of the mean of control cells. *, Statistically significant compared to untreated
control cells (P ⬍ 0.01).

FIG. 4. PA induces size changes and 7-AAD permeability in CHOTEM8 cells. CHO-K1, CHO-CMG2, or CHO-TEM8 cells were incubated with PA or PA⫹EF. (A) Forward scatter (FSC-H) as a measure
of cell size for CHO-TEM8 cells untreated (open) or incubated with
PA for 45 min (filled). Cell size (B) and permeability to 7-AAD
(C) were analyzed by flow cytometry. Values are shown as the percentage of total cells exceeding two standard deviations of the mean of
control cells.

or PA alone or in combination. Increased staining with 7-AAD
was not observed for CHO-R1.1, CHO-K1, or CHO-CMG2
cells compared to untreated controls (Table 1). In contrast, 15
to 24% of CHO-TEM8 cells were permeable to 7-AAD after
overnight incubation with PA in the presence or absence of EF
or LF. This increase in the permeability of CHO-TEM8 cells
treated with PA closely paralleled the reduced metabolic activity observed in Fig. 2.
It is of interest that while a 34% decrease in metabolic activity
was observed for PA⫹EF-treated CHO-CMG2 cells (Fig. 2),
treatment of CHO-CMG2 cells with PA⫹EF did not result in
significantly increased staining with 7-AAD compared to untreated cells (Table 1). These results suggested that the inhibition
of CHO-CMG2 cell proliferation by PA⫹EF was not due to
compromised membrane integrity. We examined intracellular
cAMP levels in cells treated with PA⫹EF. After 2 h, cAMP levels
for the wild-type CHO-K1 cells (1,839 ⫾ 428 fmol/well) were not
significantly different from those seen in the CHO-CMG2 cells
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FIG. 3. PA promotes cellular lysis of CHO-TEM8 cells. CHOTEM8 cells were incubated overnight with EF, LF, PA, PA⫹EF, or
PA⫹LF. Cellular LDH release was measured and is presented as the
percentage of total lysis. The data are represented as mean ⫾ the
SEM. An asterisk (ⴱ) signifies statistical significance from untreated
cells (P ⬍ 0.05).
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(3,065 ⫾ 1,149 fmol/well). These results suggest cAMP may inhibit cellular proliferation in a receptor-dependent way.
While examining permeability to 7-AAD, we observed that
the CHO-TEM8 cells increased in size after treatment with PA
(Fig. 4A), prompting us to examine the time course of cellular
responses to PA and PA⫹EF. CHO-R1.1 (data not shown),
CHO-K1, and CHO-CMG2 cells did not show any increase in
cell size (Fig. 4B) or increase in 7-AAD permeability (Fig. 4C)
at any time after treatment with anthrax toxin. In contrast,
CHO-TEM8 cells showed an increase in size within 5 min after
treatment with PA alone or in combination with EF (Fig. 4B).
However, PA-mediated permeability to 7-AAD was delayed.
Increased staining with 7-AAD was first observed about 1.5 h
after toxin treatment and continued to increase up to 4 h
posttreatment (Fig. 4C). These experiments were repeated
with two different preparations of PA, as well as proteolytically
activated PA, PA 63, and similar results were seen. These
results suggest that PA induces rapid cellular swelling in
TEM8-expressing cells that eventually leads to cellular lysis.
PA has been reported to form univalent cation specific channels (5). Unregulated entry of sodium ions can lead to cell lysis
by breaking down the sodium gradient, allowing the cell to
accumulate water.
Influence of pH on cellular permeability in CHO-TEM8
cells. PA heptamers have been shown to form pores on the
cytoplasmic membrane when the pH is reduced (19), and a
recent study by Rainey et al. (27) found that PA-TEM8 complexes form pores at a higher pH (6.0 to 6.5) than PA-CMG2
(pH 5.2). We examined the influence of low pH on cellular
permeability. CHO cells were incubated with or without PA for
5 min, and the pH was decreased to 6.0 by the addition of
buffer. After an additional 5 min, the cells were stained with
7-AAD, and the permeability was analyzed by flow cytometry.
Incubation at pH 6 did not affect wild-type CHO-K1 or CHOCMG2 cells under any circumstances (Fig. 5). However, decreasing the pH of PA-treated CHO-TEM8 cells caused a
statistically significant increase in cellular permeability, inde-
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FIG. 6. Analysis of PA mutants. CHO-CMG2 and CHO-TEM8
cells were: 1, untreated; 2, incubated overnight with wild-type PA; 3,
incubated overnight with proteolytically activated PA 63; 4, incubated
overnight with furin cleavage resistant mutant (PA SSSR); 5, incubated
overnight with pore formation resistant mutant (PA K397D/D425K);
or 6, incubated overnight with domain 2 mutant (PA F427A). Increases in 7-AAD permeability were analyzed by flow cytometry. Values are shown as the percentage of total cells exceeding two standard
deviations of the mean of control cells. The data are represented as
means ⫾ the SEM. An asterisk (ⴱ) signifies statistical significance from
untreated cells (P ⬍ 0.02).

pendent of the presence of EF or LF. The pH-mediated increase in permeability observed in Fig. 5 was equivalent to the
cellular permeability observed 4 h after PA treatment (Fig. 4),
under conditions where the pH remained unchanged (pH 7.3).
These results suggest that PA forms pre-pore complexes on the
plasma membranes of cells expressing the TEM8 receptor.
These pores can open spontaneously in the absence of a pH
change (Fig. 4), but lowering the pH accelerates this process
(Fig. 5).
Analysis of PA mutants. PA internalization and pore formation is a complex, multistep process. We examined the ability
of a panel of well-characterized mutants of PA, which are
defective in various stages of the intoxication process, to mediate cellular lysis. The PA mutant SSSR has a mutation in the
PA domain 1 furin cleavage site in which RKKR has been
changed to SSSR. PA SSSR binds to cellular receptors but is
not cleaved by furin and is therefore unable to oligomerize,
bind EF or LF, or form pores (2, 3, 11). The PA mutant
K397D/D425K has two point mutations in PA domain 2, which
is mainly responsible for pore formation and EF/LF translocation. PA K397D/D425K binds to cellular receptors, oligomerizes, and binds EF and LF but is unable to form pores (35).
The PA mutant F427A also possesses a point mutation in PA
domain 2. PA F427A binds to the receptor, oligomerizes, binds
EF and LF, and forms sodium dodecyl sulfate-resistant heptamers indicative of pore formation but does not promote
translocation of EF or LF into the cytoplasm (35).
To assess toxicity of the various forms of PA, CHO-CMG2
and CHO-TEM8 cells were left untreated or treated overnight
with wild-type PA, proteolytically activated PA 63, or mutant
PA (Fig. 6). Statistically significantly increased 7-AAD permeability was observed for CHO-TEM8 cells treated with wildtype PA and the cleaved form, PA 63. Increased cellular permeability was not seen for CHO-TEM8 cells treated with PA
SSSR or PA K397D/D425K. These results suggested that PA
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FIG. 5. Influence of low pH on PA-mediated permeability. CHOK1, CHO-CMG2, and CHO-TEM8 cells were incubated with PA for 5
min, and the pH was adjusted to 6.0. The cells were stained and
analyzed by flow cytometry. Values are shown as the percentage of
total cells exceeding two standard deviations of the mean of control
cells. The data are represented as means ⫾ the SEM. An asterisk (ⴱ)
signifies statistical significance from untreated cells (P ⬍ 0.05).
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DISCUSSION

FIG. 7. Susceptibility to PA-mediated toxicity is influenced by
receptor expression. (A) PA-receptor binding on CHO cells; CHOR1.1 (filled histogram), CHO-K1 (thin line), CHO-CMG2 (dotted
line), and CHO-TEM8 (heavy line) cells were incubated with PA
for 5 min, washed, incubated with anti-PA serum for 10 min,
washed, incubated with anti-IgG Alexa Fluor 647 antibody for 20
min, and analyzed by flow cytometry. CHO-CMG2 cells (B) and
CHO-TEM8 cells (C) were incubated with PA for 5 min and left
untreated or treated with buffer to decrease the pH for 5 min. The
cells were double labeled for PA-receptor binding and cell permeability with 7-AAD and then analyzed by flow cytometry. (D) Fold

Our studies have shown that receptor type can influence the
cellular responses to anthrax toxin in two ways. First, CHO
cells expressing different anthrax toxin receptors displayed different responses to anthrax edema toxin (PA⫹EF) even
though the cAMP levels were similar. Wild-type CHO-K1 cells
displayed a morphological response to elevated cAMP levels
(Fig. 1) and assumed the elongated form described in previous
studies (16), but toxin treatment did not alter their metabolic
activity compared to that of untreated control cells (Fig. 2). In
contrast, CHO-CMG2 cells treated with PA⫹EF displayed
reduced cell numbers (Fig. 1) and decreased metabolic activity
(Fig. 2), which appeared to be due to an arrest in cellular
division and not cellular death. The cytoplasmic domain of the

increase in 7-AAD permeability after low pH change of PA treated
CHO-CMG2 and CHO-TEM8 cells as a function of PA binding (high,
⬎1,000; medium, 100 to 1,000; low, ⬍100). The data are represented
as means ⫾ the SEM. An asterisk (ⴱ) signifies statistical significance
from cells only treated with PA (P ⬍ 0.05).
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furin cleavage, oligomerization, and pore formation are required for PA-mediated toxicity. Interestingly, increased
7-AAD permeability was seen when CHO-TEM8 cells were
treated with mutant PA F427A, the mutant that fails to induce
EF and LF translocation; furthermore, this mutant also induced permeability in CHO-CMG2 cells.
Level of receptor expression influences toxicity. The influence of receptor density on PA sensitivity was also examined.
The amount of PA binding to the different CHO cell lines was
determined by flow cytometry using antibody to PA (Fig. 7A).
All of the receptor-expressing cells bound more PA than the
CHO-R1.1 receptor-negative cell line. Although the expression of the endogenous CHO cell anthrax receptor on the
CHO-K1 cells was very uniform, the CHO-R1.1 cells expressing the human forms of the anthrax toxin receptors, CMG2
and TEM8, exhibited a broad range of PA binding.
The susceptibility of CHO-CMG2 and CHO-TEM8 cells to
PA was examined as a function of PA binding. Cells were
treated with PA or treated with PA followed by treatment with
low-pH buffer to promote PA-mediated lysis. The cells were
stained with antibody to PA to assess PA binding levels and
with 7-AAD to assess viability. As observed in Fig. 5, brief PA
and low-pH treatment does not result in increased permeability to 7-AAD for CHO-CMG2 cells (Fig. 7B). In contrast,
treatment of CHO-TEM8 cells with PA and low pH resulted in
significantly increased permeability to 7-AAD compared to
that for cells only exposed to PA (Fig. 7C). Susceptibility to
PA-mediated permeability was assessed as a function of high
(⬎1,000), medium (1,000 to 100), and low (⬍100) fluorescence
(FL4) of bound PA (Fig. 7D). Receptor expression levels influenced susceptibility to lysis. Cells with the highest level of
PA binding exhibited an ⬃7-fold increase in 7-AAD permeability after treatment with PA and low pH. However, even
CHO-TEM8 cells that bound the intermediate and low levels
of PA displayed statistically significant 4.5- and 2-fold increases, respectively, in 7-AAD permeability (Fig. 7D).
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reactogenic (9, 10, 12, 22, 25, 36, 39). Although susceptibility to
PA is influenced by the level of TEM8 expression (Fig. 7), even
the low, but statistically significant, levels of PA-mediated
swelling and lysis (seen in Fig. 4) could lead to problems,
particularly in the vasculature. The CHO-TEM8 cells described here could serve as sensitive indicators for potential
PA-mediated toxicity.
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TEM8 receptor appears to lack an intracellular signaling domain and would have been an interesting control for the responses of CMG2 to PA⫹EF, except that we made the unexpected discovery that PA alone was toxic for cells expressing
the TEM8 receptor.
The PA-mediated toxicity to CHO-TEM8 cells appears to be
due to pore formation since PA mutants deficient in pore
formation did not display any toxicity (Fig. 6). Salles et al. (30)
reported PA-mediated apoptosis of RAW 264.7 mouse macrophages overexpressing TEM8 and hypothesized that PAmediated pore formation in the endosomal vesicles released
proteases that triggered the activation of apoptosis (30). However, we were unable to detect any signs of apoptosis in CHOTEM8 cells, and our studies suggest that toxicity is due to pore
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