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Pyolysin (PLO), a cholesterol-dependent cytolysin expressed by Arcanobacterium pyogenes, is an important
host-protective antigen. However, this molecule is toxic and requires inactivation prior to its use as a vaccine.
Three genetically toxoided, nonhemolytic PLO molecules, HIS-PLO.F,,,, HIS-PLO.AP,,,, and HIS-PLO.A,,,
were found to be nontoxic, and vaccinated mice were protected from infection, indicating the potential of these
toxoids as vaccines. Furthermore, in a mouse model of infection, A. pyogenes carrying the F,,, mutation was as
attenuated as a PLO-deficient strain, indicating that the cytolytic activity of PLO is important in virulence.

Arcanobacterium pyogenes, a widely distributed inhabitant of
the mucous membranes of domestic animals, is found associ-
ated with the respiratory, gastrointestinal, and genital tracts
(10, 18, 28, 40), and infection with this organism can occur
following a precipitating injury or infection. Economically im-
portant diseases caused by this organism include mastitis and
abortion in dairy cows (23) and liver abscesses in feedlot cattle
(22, 20).

A. pyogenes expresses a cholesterol-dependent cytolysin
(CDCQ), pyolysin (PLO) (6), which is a major virulence factor in
infections by this organism. CDCs, expressed by many gram-
positive pathogens, exert their effects by binding to cholesterol
and forming large, oligomeric pores in eukaryotic-cell mem-
branes (7). The CDCs can affect a wide variety of physiological
processes in the host, including complement activation (33),
up-regulation of cytokine production (15, 30, 39), and inhibi-
tion of the respiratory burst and bactericidal activity of poly-
morphonuclear leukocytes and monocytes (27, 32), and are
directly cytotoxic for polymorphonuclear leukocytes and mac-
rophages (19, 42). PLO is also an important host-protective
antigen, as formalin-inactivated, recombinant, His-tagged PLO
(HIS-PLO) was efficacious as a vaccine in mice (19). However,
the toxicity of PLO limits its usefulness as a vaccine without
prior inactivation.

The CDCs possess a characteristic, C-terminal undecapep-
tide sequence, which has been implicated in the initial inter-
action of the toxin with the host cell membrane (13, 14, 16).
Mutational analysis of the undecapeptide in PLO and other
CDCs has identified residues which are critical for cytolytic
activity (8, 9, 21, 24, 34). Specifically, we have shown that
replacement of tryptophan 497 with phenylalanine or deletion
of a proline residue at position 499 significantly reduced the
hemolytic and cholesterol binding activities of PLO (8). In
addition, other residues, not found within the undecapeptide
region, affect the pore-forming ability of CDCs, particularly
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residues involved in the formation of the transmembrane hair-
pins (36, 37) and residues located at the C terminus of the
protein (31, 38). Knowledge of the residues critical for toxic
activity allowed the design of genetic toxoids, i.e., recombinant
toxins with mutations affecting activity, for use as immunopro-
phylactic agents.

Three genetically toxoided HIS-PLO proteins were evalu-
ated for their potential as vaccines. The previously described
HIS-PLO.F,,, and HIS-PLO.AP,,, proteins have mutations in
the PLO undecapeptide region which significantly reduce the
hemolytic and cholesterol binding activities of these molecules
(8). As it was unknown whether antibodies to a native unde-
capeptide were required to neutralize PLO activity, a mutant
HIS-PLO molecule which contained a mutation outside the
undecapeptide region was also chosen. This mutant protein,
HIS-PLO.A,,,, was selected from a number of mutations iden-
tified by error-prone PCR. Briefly, error-prone PCR was per-
formed in the presence of 5 mM MgCl,, as previously described
(12), by using primers 5'-acagcatcctcgagtgccggattgggaaac-3' and
5'-tggaattcectaggatttgacattgt-3', which amplify the A. pyogenes plo
gene. PCR products were cloned into the six-His tag vector
pTrcHis B (Invitrogen) by using the Xhol and EcoRI restric-
tion sites incorporated into the primers (underlined), and non-
hemolytic colonies were identified on Luria-Bertani agar con-
taining 5% ovine blood and 100 g of ampicillin/ml following
electroporation of Escherichia coli DH5«. Plasmid DNA was
extracted from nonhemolytic colonies (3) and subjected to
automated DNA sequencing to identify mutations. One such
plasmid, pJGS128, was found to contain two mutations. The
first mapped to codon 43 of plo and resulted in no change in
the amino acid sequence (CCG to CCA), while a second mu-
tation in codon 522 resulted in a threonine (ACG) to alanine
(GCG) change. HIS-PLO.A,,, was purified by using TALON
resin (Clontech) as previously described (8). The hemolytic
and cholesterol binding activities of HIS-PLO.As,, were then
assessed (8). HIS-PLO.As,, had significantly reduced hemo-
lytic and cholesterol binding activities compared with HIS-
PLO, with 0.8 and 2.6% of wild-type activities, respectively.
The ability of HIS-PLO.As,, to bind to host cell membranes
was also determined as previously described (11). HIS-
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FIG. 1. Membrane binding activity of HIS-PLO proteins. HIS-PLO
proteins were diluted to a concentration of 2.5 pg/ml in bovine serum
albumin (1 mg/ml), 0.5 ml was added to an equal volume of 10% ovine
blood, and the mixture was incubated on ice for 20 min. The cells were
subsequently harvested by centrifugation and lysed in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis sample buffer. Samples in-
cubated with HIS-PLO (lane 1) or HIS-PLO.A,, (lane 2) were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to nitrocellulose, and immunostained with a 1/100 dilution
of goat anti-HIS-PLO. The position of the 55-kDa PLO band is indi-
cated by the arrow. Molecular mass markers, in kilodaltons, are indi-
cated on the left.

PLO.As,, was able to bind to host cell membranes as well as
HIS-PLO did (Fig. 1), despite the significant reduction in cho-
lesterol binding of this mutant (2.6% of wild type). This result
is consistent with the suggestion that PLO may bind to other
host cell membrane receptors in addition to cholesterol (8).

To assess the toxicity of the HIS-PLO genetic toxoids,
groups of five outbred ICR mice were injected intraperitone-
ally (i.p.) with 10 pg of HIS-PLO.F,y,, HIS-PLO.AP,,, or
HIS-PLO.As,, and were monitored over 7 days. The i.p. ad-
ministration of 10 pg of untreated HIS-PLO was uniformly
lethal in less than 24 h (19). In contrast, at no time did the mice
treated with the genetic toxoids display any clinical signs, in-
dicating that these recombinant proteins were nontoxic in the
amounts given.

Groups of five outbred ICR mice were immunized i.p. with
10 g of HIS-PLO toxoids in Ribi MPL+TDM emulsion
(Corixa) on days 0 and 14. The mice were bled from the orbital
sinus on day 27, and the serum antibody responses were de-
termined using a PLO hemolysis neutralization assay (6). For-
malin-inactivated HIS-PLO gave the best antibody response,
followed by HIS-PLO.A,,, and then HIS-PLO.AP,4, and HIS-
PLO.F,,,, which contained mutations in the undecapeptide
(Table 1). The differences in antibody responses to the vac-
cines may be due to the formalin treatment allowing for better
exposure of important epitopes, as in the case of formalin-
inactivated HIS-PLO, or the presence of a wild-type unde-
capeptide resulting in the production of more neutralizing
antibodies, as for HIS-PLO and HIS-PLO.A,,,. To determine
whether these antibody titers were protective, the immunized
mice and five unimmunized control mice were challenged i.p.
with 4.7 X 10® CFU of 4. pyogenes BBR1 (19) 28 days post-
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TABLE 1. Average bacterial viable counts and serum antibody
titers from immunized and control mice

Avg bacterial viable
Avg serum hemolysis count (CFU) from?’:

Mouse group neutralization titer”

Liver PF
HIS-PLO.F,; immunized 111.4 — —
HIS-PLO.AP 44y immunized 2229 — —
HIS-PLO.As,, immunized 608.9 —_ —_
HIS-PLO toxoid immunized 1,024 — —
Unimmunized <16 41 x10% 5.6 X 107

“ Minimum titer detected was 16.
> Minimum titers detected were 500 CFU/g for liver and 10 CFU/ml for PF.
¢ —, below the limits of detection.

vaccination. All five unimmunized and challenged mice dis-
played signs of illness by 24 to 48 h, with large numbers of
bacteria recovered from the liver and peritoneal fluid (PF)
(Table 1). In contrast, all the mice immunized with HIS-PLO
proteins displayed no signs of illness at any time and no bac-
teria were isolated from the liver and PF at 7 days postchal-
lenge (Table 1). Therefore, immunization with any of these
toxoids resulted in complete protection against 4. pyogenes in
this animal model, indicating that these genetic toxoids may
have utility as vaccines.

As cytolytic activity is only one of the potential effects of
PLO on the host, the ability of one of these mutant PLO
proteins to participate in the pathogenesis of A. pyogenes in-
fections was assessed. A strain carrying plo.F,,, was con-
structed as follows. A 3.6-kb EcoRI-Xhol fragment from the
cosmid ApHI, containing plo (6), was cloned into pHSS21
(29), and the EcoRI site was destroyed with T4 DNA polymer-
ase. EcoRI and Nrul sites (underlined in the primer sequence)
were incorporated immediately downstream of the plo stop
codon by using a Transformer site-directed mutagenesis kit
(Clontech) with the mutagenic primer 5’-ctcatcaccatcgcgaa
gaattcgttgcggtaac-3'. A 1.6-kb HindIII-BamHI fragment con-
taining the erm(X) gene from pNG2 (35) was treated with T4
DNA polymerase, and this fragment was cloned into the Nrul
site to generate the recombinant plasmid pJGS195 (Fig. 2).
The 1.0-kb Sal/l-EcoRI fragment of pJGS195 was replaced with
the 1.0-kb Sal/l-EcoRI fragment of pJGS135, which carries the
F,, mutation (8), to form pJGS196 (Fig. 2).

pJGS195 and pJGS196 plasmid DNA were introduced into
A. pyogenes BBR1 by electroporation (17), and recombinants

(E) s BE(N/B) (HIN) X
pJestes L 1 blo >| erm{X)

X s E L

pJGS135 [ hispioFa > 0.5kb

(E) s E(N/B) (HIN) X
pJGS196 I—| plo.Fm>| erm(X)

FIG. 2. Maps of the plasmids used to construct A. pyogenes strains
JGS350 and JGS351. Plasmid names are shown on the left. BamHI
(B), EcoRI (E), HindIII (H), Nrul (N), Sall (S), and Xhol (X) sites are
shown. Restriction sites shown in parentheses were destroyed during
the construction of these plasmids. The shaded area of pJGS135 indi-
cates the six-His tag encoded by pTrcHis B. A bar indicating 0.5 kb is
shown on the right.
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TABLE 2. Virulence of A. pyogenes BBR1 and JGS351

Avg bacterial viable count

(CFU) from infected mouse

Challenge strain No. infected/

and dose (CFU) total no. specimen”:
Liver PF
BBR1
3.7 X 107 0/8 —t —
3.7 X 108 7/8 1.9 x 108 8.7 X 107
3.7 X 10° 8/8 ND¢ ND
JGS351
1.8 X 108 0/8 — —
1.8 x 10° 3/8 1.1 X 10° 5.9 x 107
1.8 x 10%° 6/8 2.4 % 10° 3.1 % 10°

“ Minimum titers detected were 500 CFU/g for liver and 10 CFU/ml for PF.
> below the limits of detection.
¢ ND, not determined.

were selected on brain heart infusion-blood agar containing 15
pg of erythromycin (Em)/ml. As these plasmids were ColE1
replicon based, they acted as suicide plasmids in 4. pyogenes
(17). Em* mutants, designated JGS350 and JGS351, trans-
formed with pJGS195 and pJGS196, respectively, were chosen
for further analysis. JGS350 was constructed to ensure that
there were no effects of the erm(X) gene insertion on PLO
expression.

Southern blotting of A. pyogenes genomic DNA digested
with EcoRI-Xhol revealed a 3.6-kb band in BBR1 and 3.1-kb
bands in JGS350 and JGS351 when probed with a plo-specific
probe (data not shown). The presence of erm(X) in JGS350
and JGS351 was confirmed with an erm(X)-specific probe,
while the lack of vector sequences was confirmed by using a
pHSS21-specific (vector) probe (data not shown). Further-
more, the plo genes from BBR1, JGS350, and JGS351 were
amplified by PCR and the products were digested with BamHI.
Incorporation of the F,,, mutation results in loss of the BamHI
site in plo (Fig. 2). The products from BBR1 and JGS350, but
not JGS351, were digested by BarmHI (data not shown), con-
firming the allelic replacement of the wild-type plo gene in
JGS351 by the integration of the F,o, mutation and the erm(X)
gene as the result of a double crossover event.

The activity of PLO in culture supernatant fluid (CSF) from
BBR1, JGS350, or JGS351 was determined by hemolytic assay
(8). CSF from JGS351 contained no measurable hemolytic
activity (titer, <1). In contrast, the average titers of BBR1 and
JGS350 CSF were 32 and 32, respectively, indicating that in-
sertion of the erm(X) cassette had no effect on the expression
of PLO in JGS350. Additionally, Western blotting with anti-
serum against PLO revealed that similar amounts of PLO
protein were expressed by the three strains (data not shown).

The relative levels of virulence of BBR1 and JGS351 were
assessed in a mouse i.p. challenge model. Groups of eight
outbred ICR mice were challenged with 10-fold serial dilutions
of A. pyogenes BBR1 or JGS351 as previously described (19),
and the mice were monitored over 7 days. The infection rates
and bacterial viable counts for strains BBR1 and JGS351 are
shown in Table 2. In this model, infection with 3.7 X 10° CFU
of BBR1 was uniformly lethal to mice within less than 16 h
(Table 2). Challenge with 3.7 X 10® CFU of BBR1 resulted in
infection of seven-eighths of the mice within 48 to 72 h, while

INFECT. IMMUN.

10-fold-fewer CFU of BBR1 were unable to establish an in-
fection. In contrast, six-eighths of the mice challenged with 1.8
X 10'° and only three-eighths of the mice challenged with 1.8
X 10° CFU of JGS351 were infected. All the mice challenged
with 1.8 X 10® CFU of JGS351 remained clinically normal, and
at necropsy, no bacteria were isolated (Table 2). For JGS351,
the 50% infectious dose, as calculated by the Reed-Muench
method (41), was 5.6 X 10° CFU, 1.7 log,, higher than for
BBR1 (9.9 X 107 CFU) and approximately the same as for a
plo knockout strain, PLO-1 (6.5 x 10° CFU [19]).

CDCs can affect host physiological processes in a multifac-
torial manner. In fact, the regions of the CDC molecule re-
sponsible for cytokine up-regulation and complement activa-
tion are distinct from those required for hemolytic and
cytolytic and cholesterol binding activities (4, 20, 25). There-
fore, as JGS351, expressing PLO.F,o, is reduced for virulence
to a similar degree as a plo knockout strain, this suggests that
cytolytic ability, rather than another CDC activity, may play the
predominant role in the pathogenic effect of PLO, at least in a
murine i.p. model of infection. Similarly, Streptococcus pneu-
moniae strains expressing pneumolysin with decreased comple-
ment binding activities had reduced virulence in a murine
pneumonia model (2) but had essentially wild-type virulence in
bacteremia models in mice (5) and rats (1).

Genetic toxoids of PLO provide a major advantage over
native or recombinant PLO in that they do not require inacti-
vation prior to their use as vaccines. The results obtained in
this study indicate that these genetic toxoids may be efficacious
veterinary vaccines. Vaccination experiments designed to pre-
vent disease in economically important animals, such as the
prevention of liver abscesses in feedlot cattle or mastitis in
dairy cows, are an important step in determining the efficacy of
PLO-based vaccines for A. pyogenes disease.
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