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Pathogenic bacteria produce several virulence factors that help them establish infection in permissive hosts. Bacterial toxins are
a major class of virulence factors and hence are attractive therapeutic targets for vaccine development. Here, we describe the de-
velopment of a rapid, sensitive, and high-throughput assay that can be used as a versatile platform to measure the activities of
bacterial toxins. We have exploited the ability of these toxins to cause cell death via apoptosis of sensitive cultured cell lines as a
readout for measuring toxin activity. Caspases (cysteine-aspartic proteases) are induced early in the apoptotic pathway, and so
we used their induction to measure the activities of Clostridium difficile toxins A (TcdA) and B (TcdB) and binary toxin (CDTa-
CDTb), Corynebacterium diphtheriae toxin (DT), and Pseudomonas aeruginosa exotoxin A (PEA). Caspase induction in the cell
lines, upon exposure to toxins, was optimized by toxin concentration and intoxication time, and the specificity of caspase activ-
ity was established using a genetically mutated toxin and a pan-caspase inhibitor. In addition, we demonstrate the utility of the
caspase assay for measuring toxin potency, as well as neutralizing antibody (NAb) activity against C. difficile toxins. Further-
more, the caspase assay showed excellent correlation with the filamentous actin (F-actin) polymerization assay for measuring
TcdA and TcdB neutralization titers upon vaccination of hamsters. These results demonstrate that the detection of caspase in-
duction due to toxin exposure using a chemiluminescence readout can support potency and clinical immunogenicity testing for
bacterial toxin vaccine candidates in development.

Microorganisms cause pathogenesis by means of a wide vari-
ety of molecules called virulence factors. A large number of

divergent microbial pathogens synthesize toxins that are recog-
nized as primary virulence factors that affect the metabolism and
cause damage to eukaryotic cells, many times with lethal effects to
the host (1, 2). Major symptoms associated with diseases, such as
diphtheria, whooping cough, cholera, anthrax, and dysentery, are
all related to the activities of toxins produced by bacteria. In rec-
ognition of their central role in these and other diseases, bacterial
toxins have become attractive targets in the development of vac-
cines (1, 3). Bacterial toxins affect susceptible host cells by a variety
of modes of action: damage to cell membranes, inhibition of pro-
tein synthesis, activation of immune responses leading to cellular
damage, causing direct cell lysis, and facilitation of bacterial
spread through tissues (4). Organisms, such as Clostridium diffi-
cile, Corynebacterium diphtheriae, and Pseudomonas aeruginosa,
secrete toxins that are involved in different ways in the pathogen-
esis of disease. C. difficile toxins, for example, cause cellular toxic-
ity through the glucosylation of Rho G-protein and ADP-ribo-
sylation of actin, while C. diphtheriae and P. aeruginosa toxins
catalyze the transfer of ADP-ribose to elongation factor 2 to block
host cell protein synthesis, leading to the death of their target cells
(5–8). The clostridial toxin TcdB of C. difficile inactivates the small
GTPases Rho, Rac, and Cdc42, which have been shown to trigger
cell death via apoptosis (2, 9–11).

Apoptosis is a fundamental feature of all animal cells and is
essential for normal development and tissue homeostasis, whereas
unregulated apoptosis can create an imbalance in normal cell pro-
liferation processes (4, 7). Apoptosis is characterized by the pres-
ence of distinct morphological and biochemical features (12).
Morphologically, it can be characterized by DNA fragmentation,
membrane blebbing, cell rounding, cytoskeletal collapse, and the
formation of membrane-bound apoptotic vesicles that are rapidly
eliminated by phagocytosis (13). Biochemical features of apop-

totic cell death include the activation of a family of intracellular
cysteine endopeptidases known as caspases (cysteine-aspartic
proteases), which specifically cleave target proteins at a cysteine
amino acid that follows an aspartic acid residue (14, 15). Caspases
are synthesized as inactive proenzymes, which are converted into
active heterodimers by proteolytic cleavage and are responsible
for the deliberate disassembly of cells into apoptotic bodies (16).
Their activation indicates progression of the cellular apoptotic
pathway. The initiator caspases 8 and 9 and the executioner
caspase 3 are positioned at crucial junctions in the apoptotic path-
ways. The activation of the initiator caspases in response to extra-
cellular cytotoxic agents activates the executioner caspase 3, re-
sulting in a series of events that lead eventually to cell lysis and
disruption of normal cell processes (8, 12, 16–18).

Bacterial toxins can activate apoptotic pathways and hence,
caspases are molecules of particular interest in assay development
as potential indicators of apoptosis due to cell exposure to toxins.
A number of cultured cell lines undergo apoptosis when exposed
to various cytotoxic signals from pathogens or other sources.
Caspase activation occurs early in the programmed cell death
pathway and thus allows for the early detection of exposure to
these toxins. Measurements of caspase activation due to bacterial
toxin exposure, or a lack of caspase induction signal, may be used
as potency or release tests in vaccine development. The ability to
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inhibit toxin-induced caspase activation in vitro by animal and
human serum neutralizing antibodies is valuable for an evaluation
of vaccine efficacy. Conventionally, cell susceptibility to bacterial
toxins and neutralizing antibody responses in vitro rely on radio-
active cytotoxicity measurements for protein synthesis or are eval-
uated by microscopic observations of intoxicated cell monolayers.
These methods may be subjective, time-consuming, and inher-
ently low throughput, due to the requirements of manual obser-
vation and counting of cells (5, 7, 9, 19–22). Because of these
limitations, we sought to develop an alternative assay that may be
used as a versatile platform for measuring bacterial toxin activity
and to evaluate the immunogenicities of toxin-based vaccines.
Here, we describe that the cytotoxic activities of several unrelated
bacterial toxins can be easily and reliably quantified by measuring
in-cell caspase activation levels. The assay is sensitive and makes
use of multiwell plates and automated reagent handling systems,
allowing for high-throughput quantification of cellular apoptosis
due to toxins.

MATERIALS AND METHODS
Bacterial toxins. Native C. difficile toxins, TcdA from C. difficile strain VPI
10463 (product no. 01A01) and TcdB from VPI 10463 (product no.
01A02), both of which are VPI ribotype 087 strains, were purchased from
tgcBIOMICS GmbH (Mainz, Germany) and stored lyophilized at 4°C and
�70°C after reconstitution in pyrogen-free sterile water, with limited (�3
times) freeze-thawing. The TcdA and TcdB toxins were mutated as de-
scribed in the literature (23–25). These mutations included W101A,
D287A, and W519A for TcdA and W102A, D288A, and W520A for TcdB.
These point mutations have been demonstrated to destroy the enzymatic
activity of glucosylase and substrate binding of toxins. The muted toxins
were expressed in Baculovirus spp., purified from cell lysates using ce-
ramic hydroxyapatite type II (Bio-Rad, Hercules, CA) column chroma-
tography, and stored at �70°C. Recombinant His-tagged C. difficile bi-
nary CDTa-CDTb toxins were expressed in Escherichia coli, purified from
E. coli lysates by affinity chromatography, and buffer exchanged into 50
mM HEPES (pH 7.5), 150 mM NaCl, and stored at �70°C. P. aeruginosa
exotoxin A (PEA) and C. diphtheriae toxin (DT) were purchased from
EMD Millipore Corporation (Billerica, MA), reconstituted in sterile water
to 1 mg/ml, and stored at 4°C according to the manufacturer’s recom-
mendation. CRM197, the mutated form of DT, which is produced from a
single missense mutation (Gly52 to Glu52) within the fragment A region
(26–28), was purchased from MBL International Corporation (Woburn,
MA) in a solution of 1 mg/ml, and was stored at �70°C. All toxins had
�90% purity, as indicated by the accompanying literature of the pur-
chased toxins and by SDS analysis of internally produced material (data
not shown).

Cell lines and cell culture media. Vero cells (African green monkey
kidney) were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA) and cultured in Dulbecco’s minimum essential
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), per ATCC procedures. HeLa cells were obtained from the
ATCC and cultured in Eagle’s minimum essential medium (EMEM) sup-
plemented with 10% heat-inactivated FBS, per ATCC instructions.

Caspase inhibition reagents. z-Val-Ala-Asp-fmk (z-VAD-fmk), a
cell-permeant pan-caspase inhibitor that irreversibly binds to the catalytic
site of caspase proteases and inhibits the induction of apoptosis (Promega,
Madison, WI), was reconstituted in dimethyl sulfoxide (DMSO) at 20
mM, stored at �20°C, and used in the assay at a final concentration of 20
�M for the inhibition of caspase, per the manufacturer’s recommenda-
tions. Serum samples from hamsters immunized with inactivated TcdA
and TcdB toxins as previously described (29) were used for C. difficile
toxin neutralization assays.

Caspase-Glo 3/7 assay reagent. The Caspase-Glo 3/7 assay reagent
(Promega, Madison, WI) was used for caspase detection in treated cells in

vitro. The reagent provides a proluminescent caspase-3/7 substrate, which
contains the tetrapeptide sequence DEVD, in combination with luciferase
and a cell-lysing agent. The addition of the Caspase-Glo 3/7 reagent di-
rectly to the assay well results in cell lysis, followed by caspase cleavage of
the DEVD substrate, and the generation of luminescence. The amount of
luminescence as displayed on the readout is proportional to the amount
of caspase activity in the sample.

Caspase assay optimization and toxin evaluation. The caspase assay
was optimized for several parameters, including toxin concentration, cell
seeding density, and serum-toxin preincubation time for C. difficile toxins
TcdA and TcdB, binary CDTa-CDTb, and DT and PEA. Vero cells were
used to assess caspase activation due to TcdA, TcdB, and binary CDTa-
CDTb. HeLa cells were used as target cells for DT and PEA. Various cell
input experiments (data not shown) led to the selection of a seeding den-
sity of 2.5 � 104 cells/well in a total volume of 100 �l/well of black glass-
bottom 96-well tissue culture plates (Thermo Scientific, Rochester, NY)
or a 50-�l cell suspension at a seeding density of 3 � 104 cells/ml in a
384-well plate. Cells were incubated at 37°C in 5% CO2 and allowed to
grow to �90% confluence. The following day, cell supernatants were
replaced by toxins diluted in tissue culture medium at a different range of
concentrations for each toxin (Fig. 1) and incubated overnight at 37°C in
5% CO2. Caspase-Glo reagent was added directly to individual wells at 30
�l/well in 96-well plates (15 �l/well in 384-well plates), mixed gently on
an orbital shaker for about 30 s, and further incubated at 37°C in 5% CO2

for 30 to 60 min prior to reading. Luminescence measurements were
obtained using the PerkinElmer 2030 multilabel reader Victor 4� plate
reader. The toxin concentrations used for the time course studies were
90% effective concentrations (EC90s) and were 20 ng/ml TcdA, 80 pg/ml
TcdB, 1 �g/ml DT, and 10 �g/ml PEA. In these time course experiments,
the Caspase-Glo reagent was added as described above at various times
after intoxication, depending on the toxin and cell line being evaluated,
ranging from 2 to 48 h, to determine the optimum time for toxin exposure
and caspase activation. To demonstrate the specificity of the toxin-in-
duced caspase activation, the genetically modified toxins were tested
alongside the corresponding active toxins at the same concentrations, or
the pan-caspase inhibitor (z-VAD-fmk) was added to the active toxin
wells at a concentration of 20 �M.

F-actin polymerization assay. Detection of filamentous actin (F-ac-
tin) polymerization was employed as a means to correlate the results with
the caspase activation assay data. The F-actin assay was described in detail
by Xie et al. (29). Briefly, Vero cell suspensions were added to 384-well
plates and incubated overnight at 37°C in 5% CO2. Following incubation,
supernatants were replaced by a toxin preincubated with or without neu-
tralizing serum, and plates were returned to the incubator for an addi-
tional 48 h (see below for toxin concentrations used in our assay compar-
isons). Following a series of centrifugations, washes, and incubations, the
wells were stained as described in Xie et al. (29) to enable the detection and
imaging of F-actin polymerization in the treated cells using a scanning
cytometer (Molecular Devices, Sunnyvale, CA).

Toxin neutralization assays. The EC90s for TcdA and TcdB (4 ng/ml
TcdA and 40pg/ml TcdB) were used for demonstrating the neutralization
of toxins by preincubation of toxins using serum samples from animals
previously hyperimmunized with toxins as described earlier (29). For
both caspase and F-actin polymerization assays, Vero cells were seeded at
a density of 3 � 104 cells/ml in 50 �l/well of a 384-well plate and were
incubated at 37°C in 5% CO2 for 24 h. The following day, supernatants
were replaced by preincubated toxins with 1:2 serially diluted immune
serum, and cells were further incubated for 24 h for the caspase assay or for
48 h for the F-actin assay. The cytometric F-actin neutralization assay was
conducted over a period of four consecutive days, and data acquisition for
the assay involved an image of the monolayer acquired using the scanning
cytometer. The caspase assay was conducted over a period of three con-
secutive days, and data acquisition involved the luminescence measure-
ments obtained from the addition of caspase substrate using a lumines-
cence-capable plate reader.
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The EC50 was calculated by four-parameter regression fitting of the
titration curve using GraphPad Prism 5 for Windows version 5.04, for
both the Caspase-Glo and the cytometric assays.

RESULTS

Toxin-induced caspase activation over a range of toxin concen-
trations was demonstrated in Vero cells for C. difficile toxins
(TcdA, TcdB, and binary CDTa-CDTb), and in HeLa cells for C.
diphtheriae and P. aeruginosa toxins as shown in Fig. 1. The aver-
age 50% effective doses (ED50s) of 5 replicate wells across 2 assays
for TcdA and TcdB were calculated to be approximately 1.26
ng/ml and 12.5 pg/ml, respectively. The average ED50 for binary
CDTa-CDTb was 3.0 ng/ml. The average ED50s of 5 replicate wells
across 2 assays for DT and PEA were found to be approximately
0.0026 �g/ml and 0.42 �g/ml, respectively (Fig. 1).

To further optimize the assay, we determined the time course
of caspase activation following toxin exposure. Appropriate cell
monolayers (seeded 24 h prior at a density of 2.5 � 104 cells/well)
were treated with individual toxins at EC90s shown to produce
high levels of the caspase activation signal (80 pg/ml of TcdB, 20
ng/ml of TcdA, 1 �g/ml of DT, and 10 �g/ml of PEA). Caspase
levels were assessed at various time intervals ranging from 2 to 48
h postintoxication. Preliminary time courses were conducted at
fewer and shorter incubation times (2, 4, 5, and 7 h for DT and
PEA, and 4, 8, and 16 h for TcdA and TcdB; data not shown). The
results showed that the levels of caspase activation increased in a
time-dependent manner, and the kinetics varied for each toxin
(Fig. 2). TcdA and TcdB showed significant increases at 16 h, peak

levels at 24 h, began to decrease at 28 h, and showed a considerable
loss of activity by 48 h. DT-induced caspase activation was seen as
early as 4 h, with peak levels at 6 h, and it began to decrease there-
after with a significant drop of activity by 16 h. PEA-induced
caspase activation peaked around 10 h, noticeably decreased by 14
h, and was followed by an almost complete loss of activity at 24 h.

To test the specificity of the toxins’ ability to induce caspase, we
assayed genetically inactivated toxins (Fig. 3). Toxin mutagenesis
has been described in the peer-reviewed literature as a means to
decrease or inactivate bacterial toxins and thus to enable their use
in the development of vaccines. Previous studies have shown that
the introduction of specific mutations in bacterial toxin genes
leads to the inactivation of or a decrease in toxicity (23, 27, 30, 31).
To test the specificity of the toxins’ ability to induce caspase, we
assayed genetically altered toxins. All mutant toxins were evalu-
ated using the same titrations as with their corresponding active
toxins, and none were assayed for nuclease activity. Genetically
inactivated TcdA and TcdB were unable to induce caspase activity
at concentrations at which the wild-type toxins clearly demon-
strated caspase induction (Fig. 3A and B). Similar data were also
obtained with CRM197, a mutant DT (Fig. 3C). Furthermore, we
were able to inhibit the caspase signal induced by the four wild-
type toxins in the assay by the addition of a caspase inhibitor at all
concentrations of toxin tested (Fig. 3A to D). These data demon-
strate the specificity of caspase induction by individual toxins.

Next, we compared the performance of the caspase assay with
that of an established cytometric method (29) to evaluate cellular

FIG 1 Dose-response curves of in vitro toxin-induced caspase activity: C. difficile TcdA on Vero cells (A), C. difficile TcdB on Vero cells (B), C. difficile binary toxin
CDTa-CDTb on Vero cells (C), C. diphtheriae toxin on HeLa cells (D), and P. aeruginosa exotoxin A on HeLa cells (E). Caspase induction was measured in
toxin-treated cell cultures using the Caspase-Glo 3/7 assay kit (Promega), and the results are shown as mean luminescence (measured in relative light units
[RLU]) � the standard deviation for 5 replicate wells across 2 assays. The EC50 (50% effective concentration) was calculated by four-parameter logistic regression
fitting of the titration curve.
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toxicity caused by toxins. Both assays were conducted to assess the
ability of serum antibodies induced by immunization with TcdA
and TcdB toxoids to neutralize the proapoptotic activity of the
wild-type toxins. Preincubation of TcdA or TcdB toxins with se-
rial dilutions of hyperimmune hamster serum samples (as de-
scribed in Materials and Methods) protected the cells from toxin-
induced cellular toxicity, as measured by the inhibition of caspase
activation (Fig. 4A) and by the inhibition of cell rounding via
F-actin depolymerization (data not shown). The assays were con-
ducted head to head using identical conditions for both in terms of
cell numbers, toxin concentrations, serum dilution, and preincu-
bation of toxins with immune serum samples. Following the in-
cubation of serum samples and toxins on the cells, development of
the plates and data acquisition were conducted using parameters
that were optimized for each individual assay. The study evaluated
toxin neutralization in serum samples collected from 20 individ-
ual animals previously immunized with inactivated toxins. Both
methods used 384-well plates and a toxin concentration that was
previously determined (29) to cause 90% cytotoxicity in the well.
Comparable neutralization titers were obtained by both methods
with an R2 value of 0.807 for anti-TcdA titers and 0.904 for anti-
TcdB titers (Fig. 4B).

DISCUSSION

Bacterial toxins are attractive targets for drug and vaccine devel-
opment. Hence, several methods have been reported to assess
their functional activity in eukaryotic cells in vitro. Moreover,
functional assays are increasingly used to determine the type of
immune response induced by toxins, for quality control of toxins
as vaccine antigens, and as potency release tests in toxin-based
vaccine development. This has led to an increased demand for
high-throughput cell-based assays with decreased cycle times.

Several assays reported in the literature rely on visual observations
of cytopathic effects of toxins, e.g., rounding of cells or loss of
viability (5, 7, 9, 19–22). Recently, an elegant high-throughput
assay has been reported that can quantitate actin polymerization
to measure the effects of C. difficile toxins TcdA and TcdB on Vero
cells (29). Other methods available for quantifying the biological
(enzymatic) activities of toxins within a cell are often cumber-
some, low throughput, and require costly instruments for acquir-
ing measurements related to the effects of toxins in eukaryotic
cells. There are several reports in the literature linking C. difficile
toxins to apoptosis and the activation of caspases. Carneiro et al.
(32) have shown caspase 3 and 9 induction by Western blotting in
human intestinal epithelial cell line T84 with TcdA exposure. Sim-
ilar data have been reported for TcdB in HeLa cells by Qa’Dan et
al. (10). Moreover, Hippenstiel et al. (33) showed that TcdA and
TcdB mediated rho-inactivation, leading to caspase induction and
apoptosis. Since other bacterial toxins are known to cause death of
the target cells via apoptosis, we postulated that measuring caspase
activation might not only be used to detect the cytotoxic effects of
a majority of bacterial toxins but also could be used in the devel-
opment of a simple luminescent assay allowing for an earlier read-
out and higher throughput compared to standard cell-based as-
says that rely on quantifying morphological changes.

The cell lines used in our study were chosen for their sensitiv-
ities to the respective toxins and for historical reasons. Vero cells
have been shown to be very sensitive to C. difficile toxins and have
been used in a published F-actin polymerization assay (19, 29, 33,
34). Since we compared the caspase and F-actin polymerization
assay, Vero cells were selected for our caspase studies for TcdA and
TcdB toxins. Similarly, diphtheria toxin and Pseudomonas entero-
toxins have historically been tested on HeLa cells at our institu-
tion, and the use of HeLa cells for studying caspase activation (and

FIG 2 Time course of in vitro toxin-induced caspase activity: C. difficile TcdA at 20 ng/ml (A), C. difficile TcdB at 80 pg/ml (B), C. diphtheriae toxin at 1 �g/ml
(C), and P. aeruginosa exotoxin A at 10 �g/ml (D). Caspase induction was measured in toxin-treated cell cultures using the Caspase-Glo 3/7 assay kit (Promega),
and the results are shown as the mean luminescence (in relative light units [RLU]) for duplicate wells.
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thus, apoptosis) has been reported previously (12, 27, 35, 36).
Additionally, these cell lines provided the sensitivity needed to
carry out the assay rapidly and reliably, leading to their selection as
preferred cell substrates. Ultimately, the choice of cell lines de-
pends on the individual toxin source and user needs. We were able
to observe caspase induction caused by TcdA, TcdB, and CDTa-
CDTb in Vero cells and that caused by DT and PEA in HeLa cells.
Interestingly, the kinetics of caspase induction varied with the type
of toxin used. DT demonstrated peak caspase induction following
intoxication within 6 h, followed by PEA at 10 h. TcdA and TcdB
were found to have slower kinetics (peak around 20 h) of caspase
induction. This differential kinetics might reflect differences in
their modes of action. That is, DT and PEA act on elongation
factor, thus shutting down protein synthesis and producing early
induction of caspases. In contrast, C. difficile toxins are known to
interfere with actin polymerization, which results in detachment
and rounding, and may require more time to induce cell death.
Hence, it was important to determine the optimal time for caspase
detection after exposure to each individual toxin.

We used a pan-caspase inhibitor, z-VAD-fmk, to ascertain the
specificities of the signals induced upon toxin exposure. The pan-
caspase inhibitor was able to inhibit caspase activity at all concen-
trations of toxins used. Furthermore, the cells appeared healthy
upon visualization, suggesting that the inhibitor was able to pre-
vent cell death induced by TcdA, TcdB, PEA, and DT (data not
shown). We also determined the ability of a mutant toxin to in-
duce caspase. Mutations that abolished the ADP-ribosylation ac-

tivity of DT resulted in a toxin that was incapable of inducing
caspase activity (28). Similarly, mutations that led to the loss of the
glucosyltransferase activities of TcdA and TcdB resulted in toxins
that failed to induce caspase activity (24, 34, 37–39). The data
strongly suggest that the biological and enzymatic activities of the
toxins are primarily responsible for caspase induction that results
in the loss of viability and in cell death. As demonstrated by our
studies and results, this assay allows for the differentiation of spe-
cific toxins at given concentrations and at different levels of bio-
logical activity.

Natural infection with C. difficile or immunization with toxins
TcdA and TcdB results in antibody responses that are capable of
neutralizing the toxins in vitro, which have shown to be protective
against disease in vivo (40). Therefore, we evaluated the ability of
the caspase assay to quantify the neutralization titers generated in
hamsters upon immunization with toxin. We observed that
caspase activation was inhibited by hyperimmune sera raised
against TcdA and TcdB, demonstrating the specificity of the assay
to reliably detect caspase signals due to bacterial toxins and to
detect the neutralization of toxins by specific antibodies. Further-
more, we compared the neutralizing antibody titers generated in
the animal study as measured by the caspase assay with those
measured in the established neutralizing antibody assay (the actin
polymerization cytometric assay described earlier), and we ob-
served excellent correlation between the two assays, with a shorter
cycle time of 3 days for caspase assay.

In summary, we present a versatile platform for quantifying the

FIG 3 Specificity of toxin-induced caspase activity in vitro was demonstrated by addition of 20 �M caspase inhibitor z-VAD-fmk (Œ) or genetic inactivation of
toxin (o) compared to active toxins (closed symbols) for C. difficile TcdA (A), C. difficile TcdB (B), C. diphtheriae toxin (C), and P. aeruginosa exotoxin A (D).
Genetically inactivated C. difficile toxins were produced from point mutations in the enzymatic domains of TcdA and TcdB. The inactive C. diphtheriae toxin
CRM197 was produced by a single missense mutation (Gly52 to Glu52) within the fragment A region. Caspase induction was measured in toxin-treated cell
cultures using Caspase-Glo 3/7 assay kit (Promega), and the results are shown as the mean luminescence (in relative light units [RLU]) � the standard deviation
for 3 replicate wells.
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cytotoxic activities of several common bacterial toxins via the
measurement of caspase activation as an early indicator of cell
death. The signal obtained for caspase activity and therefore,
apoptosis, is directly proportional to toxin dose and can be specif-
ically blocked by anti-toxin antibodies at a magnitude relative to
the antibody titer. The assay can be performed in a high-through-
put format. It is a fast, efficient, and reliable method for evaluating
cell apoptosis in response to bacterial toxins, as well as a means to
measure neutralizing antibody titers. This assay is a valuable tool
for the study of toxin-based vaccine candidates and their efficacy
in clinical trials, and for establishing immune correlates to protec-
tive antibody levels for bacterial toxins that cause disease.

ACKNOWLEDGMENTS

We recognize the contributions of Rachel Xoconostle for the purification
efforts of C. difficile recombinant toxins. We are also grateful to Andy Xie,
Tony Kanavage, and Suzanne Cole for helpful discussions and to Joe Joyce
and Jon Heinrichs for critical reading of the manuscript.

All authors are current employees of Merck and Co., Inc., and may
own stocks of the company.

REFERENCES
1. Rappuoli R, Pizza M, Douce G, Dougan G. 1996. New vaccines against

bacterial toxins. Adv. Exp. Med. Biol. 397:55– 60.

2. Schmitt CK, Meysick KC, O’Brien AD. 1999. Bacterial toxins: friends or
foes? Emerg. Infect. Dis. 5:224 –234.

3. Dorner F, McDonel JL. 1985. Bacterial toxin vaccines. Vaccine 3:94 –102.
4. Weinrauch Y, Zychlinsky A. 1999. The induction of apoptosis by bacte-

rial pathogens. Annu. Rev. Microbiol. 53:155–187.
5. Morimoto H, Bonavida B. 1992. Diphtheria toxin- and Pseudomonas A

toxin-mediated apoptosis. ADP ribosylation of elongation factor-2 is re-
quired for DNA fragmentation and cell lysis and synergy with tumor ne-
crosis factor-alpha. J. Immunol. 149:2089 –2094.

6. Burnette WN. 1997. Bacterial ADP-ribosylating toxins: form, function,
and recombinant vaccine development. Behring Inst. Mitt. 98:434 – 441.

7. Keppler-Hafkemeyer A, Kreitman RJ, Pastan I. 2000. Apoptosis induced
by immunotoxins used in the treatment of hematologic malignancies. Int.
J. Cancer 87:86 –94.

8. Jenkins CE, Swiatoniowski A, Issekutz AC, Lin TJ. 2004. Pseudomonas
aeruginosa exotoxin A induces human mast cell apoptosis by a caspase-8
and -3-dependent mechanism. J. Biol. Chem. 279:37201–37207.

9. Castex F, Corthier G, Jouvert S, Elmer GW, Lucas F, Bastide M. 1990.
Prevention of Clostridium difficile-induced experimental pseudomembra-
nous colitis by Saccharomyces boulardii: a scanning electron microscopic
and microbiological study. J. Gen. Microbiol. 136:1085–1089.

10. Qa’Dan M, Ramsey M, Daniel J, Spyres LM, Safiejko-Mroczka B,
Ortiz-Leduc W, Ballard JD. 2002. Clostridium difficile toxin B activates
dual caspase-dependent and caspase-independent apoptosis in intoxi-
cated cells. Cell Microbiol. 4:425– 434.

11. Voth DE, Ballard JD. 2005. Clostridium difficile toxins: mechanism of
action and role in disease. Clin. Microbiol. Rev. 18:247–263.

12. Imre G, Heering J, Takeda AN, Husmann M, Thiede B, zu Heringdorf

FIG 4 Neutralization of C. difficile toxin-induced caspase activity in vitro by preincubation of toxin with hamster serum containing anti-toxin neutralizing
antibodies. The titration of serum samples from a subset of four hamsters vaccinated with inactivated TcdA (A) and TcdB (B) showed a dose-dependent pattern
of inhibition of caspase induction by both toxins. A comparison of TcdA (C) and TcdB (D) neutralizing antibody titers in serum samples from 20 vaccinated
hamsters determined in the caspase assay (y axis) correlates well with the titers determined in the F-actin cytometric assay (x axis) for both toxins. The results are
shown as antibody titers determined from the inverse of the antibody dilution that achieved 50% inhibition of toxin activity at an EC90 dose, calculated using a
four-parameter logistical fit of each serum titration curve. Caspase induction was measured in toxin-treated cell cultures using the Caspase-Glo 3/7 assay kit
(Promega), and F-actin was measured by a scanning cytometer referenced in Materials and Methods. Both assays were conducted once each at the same time with
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