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ABSTRACT

Staphylococcus aureus is the leading cause of nosocomial and community-acquired infections, including
soft tissue and skin infections and bacteremia. However, efforts to develop an effective vaccine against S.
aureus infections have not been successful. We evaluated serotypes 5 and 8 capsule polysaccharides (CP)
CRM, 47 conjugates as vaccine candidates in murine models of bacteremia, lethal sepsis, and skin infection.
The conjugate vaccines elicited a good antibody response, and active immunization of CP5-CRM or CP8-
CRM conjugates protected against staphylococcal bacteremia. In the skin infection model, CP8-CRM but
not CP5-CRM protected against dermonecrosis, and CP8-CRM immunization significantly decreased the
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bacterial burden in the lesion. However, neither CP5-CRM nor CP8-CRM protected against mortality in the
lethal sepsis model. The results indicate the capsular vaccines elicit protection against some, but not all,

aspects of staphylococcal infection.

Introduction

Community-associated methicillin-resistant Staphylococcus
aureus (MRSA) is the most common causative bacterial
pathogen of skin and soft tissue infections (SSTI) in the
United States."” The increasing prevalence of MRSA infec-
tions in previously healthy individuals without identified
risk factors,® and the identification of S. aureus strains
resistant to many licensed antibiotics’ have marked an
urgent need to develop an effective vaccine to prevent S.
aureus infections.

The approach of targeting the capsular polysaccharides (CP)
as vaccine candidates has been employed successfully against
many bacterial pathogens, including S. pneumoniae, H. influen-
zae, and N. meningitidis.° In S. aureus, CP serotype 5 and 8
CPs comprise the majority of clinical isolates.”” A polysaccha-
ride capsule envelopes the surface of many bacterial pathogens
and can confer resistance to phagocytic clearance by the host
innate immune response, thereby prolonging persistence of
pathogen in the bloodstream of the host (reviewed in ref. 10).
However, the resistance can be overcome by the opsonophago-
cytic antibodies targeting the capsule.'' > In addition to the
critical role of the CPs in bacteremia,'"'* the S. aureus CPs
have also been shown to enhance virulence in rodent models of
surgical wound infection,*® septic arthritis,'” subcutaneous
abscess formation,'® and renal abscess formation.'® Due to dif-
ferences in immunological defense against S. aureus infections,
we have speculated that CP may be a less desirable target for S.

aureus than typically encapsulated bacterial pathogens.'”*'

Furthermore, the advent of the epidemic CP™ USA300 strain
in the US suggests that unencapsulated strains can be fully
virulent.”>**

Fattom et al. first demonstrated that CP5-EPA and
CP8-EPA conjugate vaccines were immunogenic in mice
and humans, and that these vaccines induced opsonic anti-
bodies that showed efficacy in protecting rodents from
lethal peritonitis and reducing the bacterial burden in non-
lethal staphylococcal infection.”**® More recently, active
immunization with CP-conjugate vaccines has been shown
to reduce bacteremia,'*'>*”*® and prevent osteomyelitis in
rodents.”® Likewise, capsular antibodies have shown pro-
tective efficacy in rodent models of mastitis, endocarditis,
and skin abscesses.””**>' However, the S. aureus CP vac-
cines have not been examined for protective efficacy
against dermonecrotic skin lesions or lethal sepsis. They
also have not been tested against unencapsulated USA300
strains. In this study, we prepared CP5 and CP8 conjugate
vaccines, evaluated their optimal dosage, and determined
whether active immunization protected against S. aureus
bacteremia, lethality and skin infection (SSTI). The assess-
ment of CP5 and CP8 conjugate vaccines in relevant ani-
mal infection models is important in guiding future trials
of multivalent vaccine that include CP5 and CP8 as
components.
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Figure 1. Immunogenicity and protective efficacy of CP5 and CP8 conjugate vaccines in BALB/c mice. Groups of four BALB/c mice were immunized on days 0, 14, and 28
with 10, 2, or 0.4 g of CP5-CRM, CP8-CRM, or CRM alone adsorbed to 100 g aluminum phosphate adjuvant. Blood was collected from each mouse before each immuni-
zation and prior to challenge. Serum was diluted 1:100 for evaluation of antibodies to CP5 or CP8 by ELISA (A). On Day 42, the mice were challenged intraperitoneally with
~107 CFU of (Q) Reynolds (CP5) or (D) Reynolds (CP8). Quantitative blood cultures were performed on heparinized blood collected by tail vein puncture 2 h after chal-

lenge. Data are presented as means =+ standard errors and were analyzed by one-way ANOVA with multiple comparisons made to the group receiving CRM alone.

sk
, P

< 0.0001; *, P < 0.05. For each experiment, the results of one representative experiment are presented; each was repeated at least twice.

Results and discussion

CP5-CRM and CP8-CRM were protective against S. aureus
bacteremia

Purified CP has poor immunogenicity in animals. To miti-
gate this, we conjugated CP to a nontoxic mutant of diph-
theria toxin, cross reacting mutant (CRM) 97, to increase
the immunogenicity of CP. To determine the optimal
immunogenic dose of our CP5-CRM and CP8-CRM vac-
cines, we actively immunized mice with CP doses ranging
from 0.4 to 10 ug per mouse. Optimal immunogenicity was
achieved at doses of 0.4 and 2 pg (Fig. 1A-B). To evaluate
whether the vaccines would protect against bacteremia in
an established bacteremia model,'>'****? we challenged the
animals IP with ~10” CFU Reynolds (CP5) or Reynolds
(CP8), both encapsulated strains. Quantitative blood cul-
tures performed on mouse blood collected 2 h after chal-
lenge showed that CP5-CRM and CP8-CRM decreased the
bacterial load in mice challenged with either strain
(Fig. 1C-D). Subsequent immunizations were performed
with a polysaccharide dose of 1 g CP5-CRM or CP8-CRM.

CP5-CRM and CP8-CRM did not protect against mortality
in a lethal sepsis model

To determine whether active immunization with CP5-CRM
or CP8-CRM protected mice from S. aureus lethal sepsis,
immunized BALB/c mice were infected with CP5" Newman
or CP8" ST80 strains, respectively. We observed no signifi-
cant differences in survival in mice vaccinated with either
CP5-CRM (Fig. 2A) or CP8-CRM (Fig. 2B) compared with
control animals given CRM only. Bacterial burdens at 24h
post-infection in both vaccinated groups were also statisti-
cally not different (Fig. 2C-D).

CP8-CRM but not CP5-CRM protected against
dermonecrotic skin lesions

Mice immunized with CP5-CRM or CRM only showed no sig-
nificant differences in lesion size during the course of skin
infection with CP5" S. aureus Newman (36 mm? vs. 33 mm®
mean area of dermonecrosis on day 7 post-infection (PI),
Fig. 2E). In contrast, CP8-CRM immunized mice infected with
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Figure 2. Evaluation of CP5-CRM and CP8-CRM as vaccines against S. aureus strains Newman and ST80 in the murine models of lethal sepsis and skin infection. BALB/c
mice were immunized with 1 g of CP5-CRM or CP8-CRM adsorbed to 100 g aluminum phosphate adjuvant on days 0, 14, and 28. On day 42, mice were challenged in
the bacteremia model with (A) Newman or (B) ST80 and in the dermonecrosis model with (E) Newman or (F) ST80 (n = 8 to 10 mice/group). In the lethal sepsis model,
blood was collected at 24 hours post-infection and plated for CFU analysis (C-D) and mice were monitored for survival for 28 days. In the skin infection model, the area of
dermonecrosis was photographed and measured for 15 days. (G) Bacterial burden on 7 days post-infection in the lesions of CP8-CRM or CRM immunized BALB/c mice
challenged with ST80 in the skin infection model. (H) Immunized mice were challenged in the skin infection model with USA300 strain 923 (n = 8/group). (I) Bacterial bur-
den on 7 days post-infection in the skin lesions of CP8-CRM or CRM immunized BALB/c mice challenged with USA300 strain 923. Data are presented as means =+ standard
errors and considered significant at a confidence level of 95%. For each experiment, the results of one representative experiment are presented; each was repeated at

least twice.

CP8* ST80, a community-associated MRSA strain from
Europe, had ameliorated skin lesions compared with the con-
trol group in the skin infection model (82 mm® vs. 49 mm®
mean area of dermonecrosis on day 7 PI, Fig. 2F, p < 0.01).
The smaller lesions in CP8-CRM vaccinated ST80 infected
mice also showed a significantly (P = 0.0085) decreased tissue
bacterial burden, compared with the control group 7 days after
inoculation (Fig. 2G).

Because USA300, the predominant community-associated
MRSA genetic background in the United States is CP serotype-neg-
ative, we hypothesized that a CP-based vaccine would not protect
against this strain. As expected, immunization with CP8-CRM did
not result in a decrease in the severity of dermonecrosis following
infection with the USA300 isolate 923 (37 mm? vs. 36 mm? mean
area of dermonecrosis on day 7, Fig. 2H). There were also no signif-
icant differences in the number of bacteria recovered from the skin

lesions (Fig. 2I). This result underscores the specificity of the pro-
tective effect of immunization with CP8-CRM, since the vaccine
protected against CP8" ST80, but not against CP~ USA300.

We found that CP5-CRM and CP8-CRM vaccines were also
immunogenic, and that active immunization protected mice
against S. aureus bacteremia, consistent with previous studies."**?
Neither vaccine, however, was protective in an IV challenge
model of lethal sepsis. In contrast with a previous report®
wherein CP5 antibodies significantly reduced the bacterial burden
in a subcutaneous abscess model, CP5-CRM did not reduce lesion
size in the dermonecrosis model. In contrast, CP8-CRM did ame-
liorate the severity of dermonecrosis caused by a CP8-expressing
strain. However, no benefit was seen during skin infection caused
by a USA300 strain, which is not surprising given that such
strains do not express capsule due to three conserved mutations
in the cap5 operon.™*



1612 (&) B.L.CHENGETAL.

As we have previously summarized,'* ' encapsulated bacte-

rial pathogens infection are more common and often severe in
mice and humans with B lymphocyte and antibody deficiencies.
In contrast, the same phenomenon is not observed with S.
aureus infections, which has led us to question the utility of tar-
geting CP with antibody as a protective mechanism of vaccina-
tion targeting S. aureus. In preclinical models of infection, CP-
based vaccines have shown protection against bacteremia, oste-
omyelitis, mastitis, endocarditis, and SSTI, but not in a lethal
sepsis model. Clearly, a CP vaccine alone is insufficient to
prevent infection, as documented by clinical trials of CP5(8)-
Epa vaccines that were immunogenic but not protective in
patients undergoing hemodialysis.”>*°

The present study has limitations. We have not tested the
CP conjugates in a variety of murine backgrounds, S. aureus
strains or carrier proteins. We found that antigenic protection
against S. aureus infection is dependent on the route of infec-
tion and the disease model. Another limitation of our study
was that mouse models are imperfect in translating into success
in human clinical trials. Compared with humans, a mouse is
different in terms of immune response and resistance to S.
aureus superantigens and cytotoxins. The present study also
has strengths. Sometimes immunization with the capsule anti-
gens successfully decreased the bacterial burden of the infec-
tion, while sometimes it did not. USA300, the epidemic strain
in the US, does not elaborate a capsule. Perhaps other strains
do not as well. A capsule containing vaccine would be unlikely
to prevent an infection caused by a USA300 strain. Thus, a vac-
cine containing capsular polysaccharide antigens would require
testing into whether the targeted S. aureus strains elaborated a
capsule and whether the vaccine prevented an infection caused
by this strain.

Materials and methods
Mouse models of skin infection and bacteremia

Strains Reynolds (CP5) and Newman are prototype CP5+
strains, and Reynolds (CP8) and ST80 are prototype CP8+
strains, as described previously.>*”** ST80-16 is a serotype 8
community acquired methicillin-resistant S. aureus strain that
is prevalent in Europe.*">* The USA300 clinical isolate 923 was
included since this genetic background is the most common
cause of SSTT in the United States." The virulence of S. aureus
USA300 clinical isolate 923 has been described.***'

For the bacteremia experiments, the bacteria were cultivated
for 24 h on Columbia agar plates supplemented with 2% NaCl
to enhance CP production.'®** For the lethal sepsis and dermo-
necrotic lesion models, the bacterial isolates were grown over-
night in tryptic soy broth (TSB) with 5% NaCl in a 37°C
shaking incubator set to 250 rpm. The overnight culture was
diluted 1:100 in fresh TSB with 5% NaCl and grown to expo-
nential phase (ODggo: 1.8), a growth phase in which little CP is
produced.'® The bacteria were then centrifuged and washed in
sterile phosphate-buffered saline (PBS) before suspension in
PBS to a concentration of 3 x 10° CFU/mL. The inocula were
confirmed by plating serial dilutions on tryptic soy agar.

Female BALB/c mice, 6-7 weeks old, were purchased from
Taconic Biosciences Inc., Hudson NY, and allowed to acclimate

for 1 week before vaccination, with unlimited access to food
and water. All procedures involving mice were approved by the
Institutional Biosafety Committee (IBC) and Institutional Ani-
mal Care and Use Committee (IACUC) at the University of
Chicago, the University of Southern California, or Harvard
Medical School.

CP5-CRM and CP8-CRM

CP5 and CP8 were purified as described.*” The CPs were conju-
gated to cross-reacting mutant (CRM) ;97 (Reagent Proteins), a
nontoxic recombinant mutant of diphtheria toxin, in a conju-
gation process using 1,1-carboyldiimidazole/1,1-carboyl-di-
1,2,4-triazole (described in US patent US 8568735 B2). A single
CP5-CRM vaccine was used for all the mouse experiments; two
different CP8-CRM conjugates were used. The conjugate vac-
cines were analyzed for protein content with the Pierce BCA
protein assay kit (ThermoFisher Scientific), and the CP content
was determined by ELISA inhibition assays that included a
purified CP standard curve, as described.*’ The CP5-CRM vac-
cine had a CP:protein ratio of 1:1.78, whereas the CP8-CRM
vaccines had CP:protein ratios of 1:1.12 and 1:0.93. Effective
conjugation was evaluated by subjecting the vaccines to SDS-
PAGE and staining with Coomassie blue. After transfer to
nitrocellulose, the samples were detected by their reactivity
with rabbit antibodies to CRM (Abcam). A capture ELISA was
performed by coating 96-well plates with anti-CRM antibodies.
After blocking and washing the plate, serial dilutions of CRM
alone, CP alone, or conjugate vaccine were added. Following
incubation and washes, the samples were incubated with a
mouse anti-CP5 or anti-CP8 antibody. Following washes, the
conjugate vaccine (but not free CP or CRM) was detected by a
goat anti-mouse IgG Fc alkaline phosphatase conjugate and
appropriate substrate (p-nitrophenyl phosphate).

Animal experiments

To determine the optimal dose of the conjugate vaccines, we
immunized mice with polysaccharide doses of 0.4, 2, or 10 ug
per mouse. The animals were immunized subcutaneously on
days 0, 14, and 28 with CP5-CRM or CP8-CRM and 100-ug
aluminum phosphate adjuvant (Adju-Phos, Accurate Chemical
& Scientific Corp.) in sterile 0.15 M saline (Teknova). Mice
immunized with CRM and aluminum phosphate adjuvant
served as controls. The mice were bled before each immuniza-
tion for antibody determination. A pre-challenge bleed was
performed on day 41, followed by infection 1-2 days later.

For the bacteremia model, the mice were challenged intra-
peritoneally with a 0.5 ml inoculum containing 10” CFU .
aureus. After two hours the mice were bled by tail vein nicking,
and the heparinized blood was diluted and plated quantitatively
on blood agar plates. The lower limit of sensitivity (~10 CFU/
mL) was determined by plating ~50 ul aliquots of undiluted
blood in duplicate for each sample.

For the skin infection model,*’ the mice were sedated, and
their flanks were shaved and disinfected. Mice were injected
subcutaneously with 50 ul of the S. aureus suspension at a con-
centration of 1.5 x 10’ CFU/50 ul. Skin lesions were photo-
graphed each day for 15 days using a 100-mm” square as a



standard. The size of the lesion was measured using Adobe
Photoshop software. To determine the bacterial burden, skin
lesions were excised on day 7 post-infection. Serial dilutions of
the tissue homogenates were plated on mannitol salt agar to
quantify the bacterial load. For the lethal sepsis model, mice
were challenged by tail vein injection of a 250-ul suspension of
S. aureus of 2.5 x 10° CFU/mL and monitored for survival up
to 28 days. At 24 hours post-infection, blood collected from tail
vein is diluted and plated on mannitol salt agar to quantify bac-
terial burden.

Antibody quantification by ELISA

Blood was collected from mice prior to infection and prepared
using serum separator tubes (BD Biosciences). The serum was
diluted 1:100 and tested by ELISA on microtiter plates coated

with 4 ug/mL of purified CP5 or CP8 coupled to poly-L-lysine,
as described.">**

Statistical analyses

Quantitative blood culture data were analyzed by the Mann-
Whitney U test. Lesion sizes in the skin infection model and
ELISA data were compared between groups using the unpaired
two-tailed Student’s t test. Survival in the bacteremia model
was compared by the non-parametric Log Rank test. Analyses
were considered significant when p < 0.05. All statistical analy-
ses were performed with GraphPad Prism or KyPlot software.
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