MICROBIAL IMMUNITY AND VACCINES

crossm
Clearance of Staphylococcus aureus from In Vivo Models of
Chronic Infection by Immunization Requires Both Planktonic
and Bioﬁlm Antigens

a

Department of Microbial Pathogenesis, School of Dentistry, University of Maryland—Baltimore, Baltimore, Maryland, USA

b

Department of Biological Sciences, Northern Arizona University, Flagstaff, Arizona, USA

c

Department of Microbiology and Immunology, School of Medicine, University of Maryland—Baltimore, Baltimore, Maryland, USA

d

Department of Infectious Diseases and Hospital Epidemiology, University Hospital Zurich, University of Zurich, Zurich, Switzerland

e

Graduate Program in Life Sciences, Molecular Microbiology and Immunology Program, University of Maryland—Baltimore, Baltimore, Maryland, USA

Staphylococcus aureus is a causative agent of chronic bioﬁlm-associated
infections that are recalcitrant to resolution by the immune system or antibiotics. To
combat these infections, an antistaphylococcal, bioﬁlm-speciﬁc quadrivalent vaccine
against an osteomyelitis model in rabbits has previously been developed and shown
to be effective at eliminating bioﬁlm-embedded bacterial populations. However, the
addition of antibiotics was required to eradicate remaining planktonic populations.
In this study, a planktonic upregulated antigen was combined with the quadrivalent
vaccine to remove the need for antibiotic therapy. Immunization with this pentavalent vaccine followed by intraperitoneal challenge of BALB/c mice with S. aureus resulted in 16.7% and 91.7% mortality in pentavalent vaccine and control groups, respectively (P ⬍ 0.001). Complete bacterial elimination was found in 66.7% of the
pentavalent cohort, while only 8.3% of the control animals cleared the infection
(P ⬍ 0.05). Further protective efﬁcacy was observed in immunized rabbits following
intramedullary challenge with S. aureus, where 62.5% of the pentavalent cohort
completely cleared the infection, versus none of the control animals (P ⬍ 0.05). Passive immunization of BALB/c mice with serum IgG against the vaccine antigens prior
to intraperitoneal challenge with S. aureus prevented mortality in 100% of mice and
eliminated bacteria in 33.3% of the challenged mice. These results demonstrate that
targeting both the planktonic and bioﬁlm stages with the pentavalent vaccine or
the IgG elicited by immunization can effectively protect against S. aureus infection.
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S

taphylococcus aureus is associated with a wide range of acute and chronic diseases
such as bacteremia, sepsis, skin and soft tissue infections, pneumonia, endocarditis,
and osteomyelitis and has a high rate of mortality, estimated at 20 to 30% in bacteremia
patients (1, 2). The vast diversity in S. aureus-mediated disease is a consequence of the
differential expression of ⬎70 virulence factors that initiate colonization and growth,
mediate damage to the host, and promote immune avoidance in response to the host
environment (2). One effective virulence strategy associated with chronic infection is
the ability to grow in a bioﬁlm, in which sessile bacteria encapsulate their expanding
population in a protective, extracellular polymeric matrix (2, 3). This bioﬁlm phenotype
promotes persistence and complicates the resolution of chronic infections because
microbes in the bioﬁlm are tolerant to antimicrobial agents and the host immune
response due to reduced metabolic activity and limited penetration (4, 5). Treatment of
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infection is further complicated by the increased incidence of antibiotic-resistant strains
(6, 7). These S. aureus characteristics limit the therapeutic options available to eradicate
the infection; therefore, new therapies or vaccines to prevent acute and chronic
infections are needed.
Clinical trials have not identiﬁed an anti-S. aureus vaccine with the protective
efﬁcacy required to gain ﬁnal approval for human application (8–13). Vaccine studies
have primarily focused on preventing acute infections such as bacteremia, sepsis, or
pneumonia (8–11). Due to the complex life cycle of an S. aureus infection, many
attempts to develop a vaccine that prevents infection have failed (10, 11, 14, 15).
Mechanisms contributing to this complexity include the functional redundancy among
virulence factors, differential expression of virulence factors during different stages of
growth (exponential versus stationary phase) or infection phenotype (planktonic versus
bioﬁlm mediated), heterogeneity in protein expression throughout the bacterial bioﬁlm, and the lack of genetic conservation of some virulence factors among different
strains (14, 16). These features inhibit the mounting of an effective, protective humoral
response against S. aureus when only a single virulence factor is targeted. In addition,
S. aureus can evade killing by phagocytic cells to some extent by neutralizing the
antimicrobial components present in the phagosome (17). Previous antistaphylococcal
vaccine approaches using single antigens have had limited success, so vaccine efforts
have now shifted to multicomponent vaccines to target S. aureus (16, 18).
S. aureus bioﬁlms exhibit different protein expression proﬁles compared to their
planktonic counterparts (19–21). Although the bacterial bioﬁlm is recalcitrant to clearance by the host immune response, proteins restricted to the bioﬁlm growth phenotype are recognized by the immune system and elicit a humoral response (22). In an
effort to target and eradicate S. aureus throughout all stages of bioﬁlm maturation,
Brady et al. created a vaccine that boosts and directs the humoral response against
bioﬁlm-speciﬁc antigens that have sustained expression throughout infection. Unlike
other previous multivalent approaches that selected antigens based on putative surface exposure (16, 20), this vaccine included multiple immunogenic proteins that are
upregulated during in vitro and in vivo bioﬁlm growth. New Zealand White rabbits
immunized with a quadrivalent vaccine of bioﬁlm-speciﬁc antigens (listed in Table 1)
had reduced clinical and radiographic signs of osteomyelitis following S. aureus challenge, but a bacterial burden was still observed (23). Those authors hypothesized that
planktonic bacteria contributed to persistence since the vaccine speciﬁcally targeted
the bioﬁlm. In a subsequent study, 87.5% of the immunized rabbits that received
antibiotics cleared the infection, which supports the hypothesis that the antibioticsensitive planktonic population mediated persistence.
In this study, a planktonic S. aureus antigen was incorporated into the bioﬁlmspeciﬁc quadrivalent vaccine, eliminating the necessity for antibiotics to eradicate
planktonic bacteria. Lipoprotein SACOL0119, which was shown to be upregulated
across different phases of planktonic growth (early and late exponential and stationary
phases) as determined by the presence of active transcripts (20), was chosen. We
evaluated the protective efﬁcacy of our pentavalent vaccine (antigens detailed in Table
1) against S. aureus challenge in a murine peritoneal abscess model, which exhibits
both planktonic and bioﬁlm modes of growth, and the rabbit model of osteomyelitis
(24, 25).
RESULTS
Active immunization reduces mortality and promotes clearance in an S. aureus
intraperitoneal infection model. In an effort to target planktonic bacteria without
antibiotic therapy, we incorporated the lipoprotein SACOL0119 into our multivalent
vaccine. Control mice or BALB/c mice immunized with the pentavalent vaccine were
challenged with 3.5 ⫻ 108 (⫾0.5 ⫻ 108) CFU of S. aureus via intraperitoneal injection.
We observed a signiﬁcant reduction in the mortality of mice immunized with the
pentavalent vaccine versus control cohorts (16.7% versus 91.7%; P ⬍ 0.001) (Fig. 1A).
Bacterial clearance was a second parameter used to evaluate the protective efﬁcacy of
January 2020 Volume 88 Issue 1 e00586-19

iai.asm.org 2

YP_185023.1

57652482

T

T
T and P

T

Identiﬁcation
source(s)b
T and P

Conserved hypothetical protein/unknown
ABC transporter binding protein/putative
iron-regulated ABC transporter
Cell wall anchor domain protein/unknown
(46)

Uncharacterized lipoprotein/unknown

Structure/function(s) (reference[s])
Glucosaminidase/hydrolysis of peptidoglycan,
cell attachment (45, 46)

Planktonic

Bioﬁlm
Bioﬁlm

Bioﬁlm

Upregulation
phenotype
Bioﬁlm

In vitro (20, 22, 47), rabbits (23), humoral
response in patients with bacteremia (27)
In vitro (20, 22), rabbits (23)
In vitro (20, 22), rabbits (23), humoral
response in patients with bacteremia (27)
In vitro (46)

Performed vaccine study(ies) (reference[s])
In vitro (20, 22), rabbits (23), humoral
response in patients with bacteremia (27)

bSee

identities are standardized to the S. aureus COL genome.
references 20 and 22. In the proteomic study (P), the immunoreactive proteins were identiﬁed by matrix-assisted laser desorption ionization–time of ﬂight (MALDI-TOF) analysis and the Profound search engine
(Genomic Solution’s Knexus software). The proteins identiﬁed in the transcriptomic study (T) were identiﬁed with microarray methods using the S. aureus COL.

aProtein

YP_184948.1
YP_185570.1

YP_185376.1

57651327

57652407
57651472

GenBank
accession no.
AAW36526.1

GI no.
57650246

Downloaded from http://iai.asm.org/ on November 28, 2020 by guest

January 2020 Volume 88 Issue 1 e00586-19

SACOL0037 (519)
SACOL0688 lipoprotein (ABC)
(860)
SACOL0119 (726)

Protein identitya (size [bp])
GLUCO (functional subunit of
autolysin) (SACOL1062)
(1,443)
SACOL0486 (683)

TABLE 1 Composition and characteristics of the pentavalent vaccine antigens used
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FIG 1 Survival rates over 21 days (A) and percent bacterial clearance (B) for mice immunized with the
pentavalent vaccine (n ⫽ 12) and nonimmunized mice (n ⫽ 12) after challenge by intraperitoneal injection with a 90% lethal dose (LD90) standard infectious dose (3 ⫻ 108 to 4 ⫻ 108 CFU) of S. aureus. Survival
rates are illustrated with a Kaplan-Meier curve, and statistical signiﬁcance is calculated by the log rank
test between mice immunized with the pentavalent vaccine and nonimmunized mice (survival of 83.3%
versus 8.3%; P ⬍ 0.001). Bacterial clearance is deﬁned by the absence of S. aureus in the kidneys and
peritoneal abscess(es). Animals are considered infected if death occurred prior to the experimental
endpoint (day 21). Increased clearance of S. aureus is observed in the pentavalent vaccine cohort (66.7%)
compared to the control group (8.3%) (P ⬍ 0.01), which is statistically signiﬁcant by a two-tailed Fisher
exact test. CFU in surviving mice could not be statistically compared between vaccinated and control
animals since only a single mouse survived in the control infected group.

the vaccine. Peritoneal abscesses were recovered from 5 of the 10 surviving immunized
mice. We found that 60% of the abscesses were sterile based on the limit of detection
for serial plating (Fig. 1B). Overall, we observed complete protection in 66.7% of the
mice immunized with the pentavalent vaccine. This trial demonstrated a signiﬁcant
difference in bacterial clearance between mice immunized with the pentavalent vaccine and control cohorts (66.7% versus 8.3%; P ⬍ 0.01).
Protective efﬁcacy was also evaluated after challenge with a higher infectious
dose of 1.0 ⫻ 109 CFU in mice immunized with SACOL0119 alone, a quadrivalent
vaccine comprised of bioﬁlm-speciﬁc proteins, or a pentavalent vaccine comprised of
SACOL0119 and the four bioﬁlm-speciﬁc proteins (Fig. 2). Mice immunized with the
pentavalent vaccine had a signiﬁcant reduction in mortality compared to the other
immunized cohorts and control mice (37.5% versus 87.5%; P ⬍ 0.05). On day 21,
surviving animals in both cohorts did not display any signs of morbidity, e.g., rufﬂed fur
or abnormal appearance, and weights had rebounded to preinfection status or above.
The surviving animals of each cohort had no bacteria in their kidneys, but discrete
bacterium-laden peritoneal abscesses were found in all mice after extensive necropsy
and subsequent culture.
Bacterial persistence following active immunization in mice correlates with
reduced antibody titers against SACOL0119. We tested titers of IgG1, IgG2a, and
IgG2b antibodies generated against the ﬁve recombinant antigens in the vaccine.
Overall, the mean values for the anti-SACOL0688 IgG subtype titers were signiﬁcantly
January 2020 Volume 88 Issue 1 e00586-19
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FIG 2 Survival rates over 21 days for mice immunized with the pentavalent vaccine (n ⫽ 8), quadrivalent
vaccine (n ⫽ 8), or SACOL0119 (n ⫽ 8) versus nonimmunized mice (n ⫽ 8) after challenge by intraperitoneal
injection with a high infectious dose (1 ⫻ 109 CFU) of S. aureus. Survival rates are illustrated with a KaplanMeier curve, and statistical signiﬁcance is calculated by the log rank test between mice immunized with the
pentavalent vaccine and nonimmunized mice (survival of 62.5% versus 12.5%; P ⬍ 0.05).

higher than those for the anti-SACOL0037 and anti-SACOL0119 IgG subtype titers (see
Fig. S1 in the supplemental material). Despite having a small number of mice for
statistical evaluation, higher IgG titers against SACOL0119 were observed in the mice
that completely cleared the infection than in the two immunized mice that survived but
continued to have bacterial burdens (IgG1 with a 1:5,000 dilution; P ⫽ 0.003). Antibody
titers elicited against the other four antigens (SACOL0037, glucosaminidase, SACOL0486,
and SACOL0688) were not signiﬁcantly different between immunized mice with and those
without bacterial burdens (data not shown).
Active immunization promotes clearance in an S. aureus osteomyelitis model.
After establishing the protective efﬁcacy of the pentavalent vaccine in mice, we
evaluated efﬁcacy in the rabbit model of osteomyelitis. New Zealand White rabbits
immunized with the pentavalent vaccine and control rabbits were challenged with
1.3 ⫻ 106 CFU of S. aureus. Radiological changes in the infected tibia and bacterial
counts were evaluated at 24 days postinfection. We observed bacterial clearance in
62.5% of the immunized rabbits compared to 0% of the control animals (P ⬍ 0.05) (Fig.
3). Radiographic scores (ranging from 0 to 4) were assigned to the infected tibias based
upon lytic alterations at the injection site and overall disruption of the normal bone
architecture. The immunized group had a mean radiographic score of 1.4, versus a
score of 3.6 for the control cohort. The majority of immunized rabbits that cleared the
infection had lower radiographic scores (range of 0.3 to 1.8) than the three remaining
animals with bacterial burdens (range of 1.5 to 3.0) (Table 2).
Passive immunization reduces mortality and promotes clearance in an S.
aureus intraperitoneal infection model. To evaluate whether protective efﬁcacy was

FIG 3 Bacterial clearance of rabbits immunized with the pentavalent antigens (n ⫽ 8) versus the control
(n ⫽ 7) after challenge by intramedullary infection with 1.3 ⫻ 106 CFU of S. aureus. Bacterial clearance is
deﬁned by the absence of S. aureus in the total bone homogenate. Increased clearance of S. aureus
is observed in the pentavalent vaccine cohort (62.5%) compared to the control group (0%), which is
statistically signiﬁcant by a two-tailed Fisher exact test (P ⬍ 0.05).
January 2020 Volume 88 Issue 1 e00586-19
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TABLE 2 Radiological and clearance data for pentavalent vaccine
Treatment group and rabbit
Pentavalent
1
2
3
4
5
6
7
8

Scorea

CFU/g bone

0.3
0.3
0.8
1.3
1.5
1.8
2.5
3.0

0
0
0
0
1.1 ⫻ 105
0
1.1 ⫻ 105
2.5 ⫻ 105

Mock
1
2
3
4
5
6
7

3.1
3.4
3.5
3.6
3.9
4.0
4.0

1.4
2.0
2.5
5.8
1.1
2.0
1.1

104
104
104
105
105
105
106

Downloaded from http://iai.asm.org/ on November 28, 2020 by guest

⫻
⫻
⫻
⫻
⫻
⫻
⫻

aRadiological

scores (needle site and bone architecture) are as follows: 0 for no lytic changes at the site and
normal architecture, 1⫹ for lytic disruption at the site and ⬍5% architectural disruption, 2⫹ for 5 to 15%
architectural disruption, 3⫹ for 15 to 40% architectural disruption, and 4⫹ for ⬎40% architectural
disruption. The mean score for the pentavalent group was 1.4, and bacterial clearance was achieved in 5/8
mice. The mean score for the mock group was 3.6, and bacterial clearance was achieved in 0/7 mice.

mediated by the antibody response elicited against the ﬁve antigens and serum IgG
would promote bacterial clearance in the absence of T-cell effector activity, we performed a passive immunization study in the murine model of intraperitoneal challenge.
BALB/c mice were passively immunized with IgG for SACOL0119, the quadrivalent
antigens, or the pentavalent antigens. After 24 h for IgG dispersal, the immunized and
control mice were challenged with 5 ⫻ 108 to 8 ⫻ 108 CFU of S. aureus by intraperitoneal injection, and survival was monitored for 21 days (Fig. 4A). Passive immunization
with pooled IgGs targeting the pentavalent antigens signiﬁcantly reduced mouse
mortality compared to the control cohort or mice immunized with IgGs targeting the
bioﬁlm antigens alone (0% versus 63.6% or 66.7%, respectively; both P ⫽ 0.001). The
mortality rate in the mice that received IgG to SACOL0119 alone was 45.5%. Bacterial
persistence at day 21 postchallenge was observed in abscesses from 4 control mice
(100% of surviving mice), 5 mice immunized with SACOL0119 IgG (83.3% of surviving
mice), 2 mice immunized with bioﬁlm-speciﬁc IgGs (100% of surviving mice), and 8
mice immunized with both SACOL0119 and bioﬁlm-speciﬁc IgGs (66.7% of surviving
mice) (Fig. 4B). Bacteria were absent in the kidneys of all surviving immunized animals,
while 50% of the surviving control mice had bacteria in the kidneys (data not shown).
Overall, we observed complete protection in 33.3% of the mice immunized with IgGs
against the pentavalent vaccine antigens.
Passive immunization promotes clearance in an S. aureus implant infection
model. We subsequently tested the protective efﬁcacy of serum IgG in a murine model
of implant infection when mice were challenged with 1,000 CFU of S. aureus to increase
relevance to clinical human infection. Bacterial persistence was observed at day 21
postchallenge in bone homogenates from 100% of control mice and 80% of mice
immunized with sera elicited against the quadrivalent bioﬁlm vaccine. In contrast,
bacteria were found in only 40% of mice that received sera elicited against the
pentavalent vaccine (Fig. 5). Overall, we observed that serum IgG elicited against the
pentavalent vaccine antigen can eradicate bacteria from implants in 60% of immunized
animals in the absence of activated T cells.
DISCUSSION
S. aureus is a primary etiological agent of nosocomial infections (2), with high rates
of associated morbidity and mortality (1). Due to the increased incidence of antibioticresistant strains and the limited therapeutics for treating bioﬁlm-associated infections,
January 2020 Volume 88 Issue 1 e00586-19
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FIG 4 Survival rates over 21 days (A) and percent bacterial clearance (B) for mice passively immunized
with IgG against the pentavalent antigens (n ⫽ 12), quadrivalent antigens (n ⫽ 6), or SACOL0119 (n ⫽ 11)
versus control mice (n ⫽ 11) after challenge by intraperitoneal injection with 5 ⫻ 108 to 8 ⫻ 108 CFU of
S. aureus. Survival rates are illustrated with a Kaplan-Meier curve, and statistical signiﬁcance is calculated
by the log rank test between mice immunized with IgG against the pentavalent vaccine and control mice
(survival of 100% versus 36.4%; P ⫽ 0.001). Bacterial clearance is deﬁned by the absence of S. aureus in
the kidneys and peritoneal abscess(es). Animals are considered infected if death occurred prior to the
experimental endpoint (day 21). Increased clearance of S. aureus is observed in the pentavalent vaccine
cohort (33.3%) compared to the control group (0%), which is statistically signiﬁcant by a one-tailed Fisher
exact test (P ⬍ 0.05).

an effective vaccine against S. aureus will have a large impact on the global human
health burden of this pathogen. This study proposes that a multicomponent vaccine
developed for acute and chronic bioﬁlm-associated infections will be effective if it takes
into account the planktonic and bioﬁlm phenotypes, sustained in vivo expression, and
genomic conservation. We incorporated a lipoprotein, SACOL0119, that is upregulated
during planktonic growth into a previously formulated and tested quadrivalent antib-

FIG 5 Bacterial clearance of mice passively immunized with IgG against the pentavalent antigens (n ⫽ 5)
or quadrivalent antigens (n ⫽ 5) versus control mice (n ⫽ 5) after challenge by implant infection with
1,000 CFU of S. aureus. Bacterial clearance is deﬁned by the absence of S. aureus in the total bone
homogenate. Increased clearance of S. aureus is observed in the pentavalent vaccine cohort (60%)
compared to the control group (0%), which is not statistically signiﬁcant by the Fisher exact test.
January 2020 Volume 88 Issue 1 e00586-19
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ioﬁlm vaccine (20, 23). We found that the new pentavalent vaccine reduces mortality in
mice and prevents chronic osteomyelitis in rabbits. The multicomponent vaccine
eliminated S. aureus in 66.7% of mice after intraperitoneal challenge and in 62.5% of
rabbits after intramedullary challenge. Furthermore, we observed that vaccine-elicited
IgGs reduce mortality and promote bacterial clearance in abscesses. Antigen-directed
IgG also eliminated S. aureus from 60% of tibial implants in mice. Overall, the humoral
response elicited by this immunization strategy targets and eradicates S. aureus before
a chronic bioﬁlm that is recalcitrant to immune effectors is established.
We found that the highest murine IgG1, IgG2a, and IgG2b titers, in response to the
pentavalent vaccine, were elicited against the ABC transporter SACOL0688. Elevated
humoral responses to this antigen have been observed in clinical infections. Dryla et al.
observed high levels of anti-SACOL0688 IgG in infected patients (wound infections,
bacteremia and sepsis, pneumonia, arthritis, urinary tract infections, catheter-related bloodstream infections, and peritonitis) compared to healthy controls (26). Likewise, den Reijer
et al. evaluated the humoral responses against 56 staphylococcal proteins in bacteremia patients and found that SACOL0688 elicited the highest IgG titer (27). Despite the
highly immunogenic nature of SACOL0688, we observed modest reductions in S. aureus
burdens in rabbits and mice immunized with the quadrivalent antibioﬁlm vaccine. The
disparity between the elevated IgG levels and the limited clearance potential of the
anti-SACOL0688 antibodies may be the direct consequence of heterogeneity within
the bioﬁlm. Indeed, confocal microscopy of in vitro S. aureus bioﬁlms using antiSACOL0688 antibodies found that SACOL0688 expression was restricted to distinct
pockets of microcolonies within the bioﬁlm (22). These data support the importance of
the multivalent vaccine approach to enhance coverage of the bioﬁlm.
In contrast to the elevated anti-SACOL0688 IgG titers, we observed low antiSACOL0119 IgG titers in mice immunized with the pentavalent vaccine. We propose
that SACOL0119 elicits a necessary immune response required for the bacterial clearance observed in 66.7% of mice immunized with the pentavalent vaccine. Despite low
titers elicited in response to SACOL0119, the afﬁnity of these antibodies may compensate for reduced titers and sufﬁciently target the bacteria for destruction by the
immune system. Rapid uptake and lagging antibody production may also contribute to
the low levels of anti-SACOL0119 IgG observed in the mice since SACOL0119 was the
primary target within the planktonic-phase S. aureus inoculum, and the bioﬁlm-speciﬁc
antigens would be present at low levels. The necessity of targeting the planktonic
phenotype was best demonstrated by an immunization study in the rabbit model of
osteomyelitis. The humoral response to SACOL0119 targeted planktonic antibioticsusceptible S. aureus, negating the need for vancomycin therapy (23), and produced
sterilizing immunity in a subset of rabbits immunized with the pentavalent vaccine.
Despite the recovery of S. aureus from 37.5% of the rabbits immunized with the
pentavalent vaccine, we noted reduced radiological signs of disease in these animals.
The radiological scores for these rabbits were similar to those for animals that had
eliminated the infection. This observation suggests that the vaccine elicits an immune
response that inhibits bioﬁlm formation and reduces the severity of osteomyelitis.
While the addition of another antigen may be required to enhance coverage and
generate complete sterilizing immunity, it is possible that the humoral response elicited
by the vaccine was merely overwhelmed by the high bacterial inoculum.
The importance of individual antigens and the protective role of the adaptive
immune response following immunization must be analyzed by further immunological
studies. Previous research indicates that cell-mediated immunity (Th17 cells) has a more
crucial role than previously assumed for protection against S. aureus infections (10, 11,
28–30). Some studies showed that Th17 cells promote protection against infection and
mortality, while others found that Th1 cells and Th17 cells mediate inﬂammatory
responses that damage host tissue and create an environment promoting chronic
bioﬁlm-associated infections, whereas a Th2-biased humoral response mediates clearance (31–33). The role of Th17 cells and interleukin-17 (IL-17) in infection outcomes may
depend on the environment and be infection site speciﬁc. The exact role of Th17 cells
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and IL-17 in the response against S. aureus in mice immunized with the pentavalent
vaccine needs to be evaluated.
Our data demonstrate that the consideration of both the bioﬁlm and planktonic
phenotypes during antigen selection is an important criterion for vaccine design. While
we have demonstrated complete clearance in 66.7% of vaccinated mice and 62.5% of
immunized rabbits in this study, we recognize that this interpretation is based on trials
in only two animal models. Further studies should evaluate our multicomponent
vaccine in other animal models of infection to conﬁrm the efﬁcacy of the ﬁve antigens
and/or the multicomponent vaccine approach. In other models of disease, alternate
antigens may be necessary to elicit protection in different disease states or virulence
factors.
An effective passive immunization strategy against S. aureus infection has enormous
therapeutic utility in patients undergoing surgery, especially orthopedic and cardiovascular procedures with an implant, and/or after traumatic injury. Surgical site infections (SSIs) represent 20% of hospital-acquired infections, and S. aureus is the major
etiological agent (34, 35). In this study, we observed complete protection against
mortality due to S. aureus sepsis in mice immunized with IgGs against all ﬁve antigens,
whereas mice immunized with IgGs against either the four bioﬁlm antigens or
SACOL0119 exhibited mortality after intraperitoneal challenge. Death of immunized
mice was not observed after day 5 postchallenge. This observation suggests that the
immune system elicits an adequate response after day 5 to prevent lethal sepsis, which
includes bacterial sequestration in peritoneal abscesses. We found that this passive
strategy not only protects mice against lethal sepsis but also eradicates S. aureus in
33.3% of immunized animals in the absence of a memory response. Furthermore, we
observed that serum IgG against the ﬁve antigens promoted bacterial clearance in 60%
of the immunized animals following implant infection. This work strongly suggests that
antibody-based therapies are a viable option for the treatment of S. aureus infections,
although the incomplete sterilizing immunity suggests that additional or alternate IgGs
against S. aureus proteins may be necessary and/or that the concentration of IgGs
should be increased.
MATERIALS AND METHODS
Animals. CD1/ICR mice (6 to 8 weeks old) were purchased from Harlan Laboratories (Indianapolis, IN).
BALB/c and C57BL/6J mice (6 to 8 weeks old) were purchased from Jackson Laboratories (Bar Harbor, ME).
New Zealand White rabbits (2 to 2.5 kg) were purchased from Charles River Laboratories (Wilmington,
MA). Mice and rabbits were housed within the animal biosafety level 2 (ABSL2) facility at the University
of Maryland—Baltimore. In conducting animal research, the investigators adhered to the laws of the
United States and regulations of the Department of Agriculture. Experimental animal studies were
performed as approved by the Institutional Animal Care and Use Committee and under the supervision
of the Veterinarians and Veterinary Resource Staff at the University of Maryland—Baltimore.
Bacterial strain and growth. Studies were performed with methicillin-resistant S. aureus (MRSA)
clinical isolate, MRSA-M2, that was obtained from the University of Texas Medical Branch (Galveston, TX).
The MRSA-M2 isolate has been used for immunoproteomic and transcriptomic analyses (20, 22, 23, 25,
31, 32, 36–43), and the draft genome was deposited in GenBank under accession number AMTC00000000
(36). The strain was maintained on Trypticase soy agar (TSA) with 5% blood (Becton, Dickinson and
Company, Franklin Lakes, NJ) and 0.03 mg/ml oxacillin and grown in tryptic soy broth (TSB) (SigmaAldrich, St. Louis, MO) to generate the bacterial inocula.
Puriﬁcation of recombinant proteins. Vaccine antigens except SACOL0119 were expressed and
puriﬁed as described previously by Brady et al. (23). To generate a SACOL0119 expression vector, the
MRSA-M2 gene sequence homologous to SACOL0119 was ampliﬁed using speciﬁc primers, forward
primer 5=-CATGCCATGGACACGACTTCAATGAATG-3= and reverse primer 5=-AGCTTTGTTTAAACTCAATGA
TGATGATGATGATGAACTTTTTTGTTACTTTGGTTC-3=, and cloned into pBAD-Thio/TOPO. SACOL0119 was
expressed from the pBAD-Thio/TOPO vector (Invitrogen Life Technologies, Grand Island, NY) and puriﬁed
using HisPur Ni-nitrilotriacetic acid (NTA) resin (Thermo Scientiﬁc, Waltham, MA). Recombinant
SACOL0119 was puriﬁed under native conditions using the batch method as instructed by the manufacturer.
Concentration and quantiﬁcation of recombinant proteins. Recombinant SACOL0486, glucosaminidase, and SACOL0688 were concentrated and buffer exchanged into phosphate-buffered saline
(PBS) using Amicon Ultra 10,000-molecular-weight-cutoff (MWCO) centrifugal units (EMD Millipore,
Billerica, MA) as instructed by the manufacturer. Recombinant SACOL0119 and SACOL0037 were concentrated using trichloroacetic acid precipitation and reconstituted in PBS. Protein quantiﬁcation was
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performed using the Advanced protein assay reagent (Cytoskeleton, Inc., Denver, CO) as instructed by
the manufacturer. SDS-PAGE was used to verify the purity and concentration of each protein preparation.
Murine active immunization. BALB/c (intraperitoneal model) and C57BL/6J (transtibial implant
infection model) mice were immunized with recombinant antigens. Antigens were combined using
12.5 g of glucosaminidase, SACOL0486, SACOL0688, and SACOL00037 with or without 25 g of
SACOL0119 per mouse. The mixture was emulsiﬁed at a 1:1 ratio with Imject alum (Pierce Biotechnology,
Rockford, IL) for 30 min at room temperature (RT). On day 0, mice were immunized with the pentavalent
vaccine or adjuvant alone by intraperitoneal injection. On day 14, mice received the vaccine or PBS
without adjuvant. On day 35, BALB/c mice were challenged or C57BL/6J mice were euthanized, and
serum was isolated for a study in the implant model.
CD1/ICR mice were also immunized to generate donor serum for passive immunization. Monovalent
vaccines of 25 g SACOL0486, glucosaminidase, SACOL0688, or SACOL0037 were emulsiﬁed in Imject
alum as described above. Unlike the bioﬁlm monovalent vaccines, the 25 g SACOL0119 vaccine was
emulsiﬁed at a 1:1 ratio with TiterMax gold adjuvant (TiterMax USA, Norcross, GA) by brief sonication
bursts. On day 0, mice were immunized with the monovalent vaccine or adjuvant alone by intraperitoneal injection. On day 14, mice received the vaccines or PBS without adjuvant. On day 35, mice were
euthanized by exsanguination, and serum was isolated.
Rabbit active immunization. Recombinant proteins were combined at 75 g of SACOL0688,
SACOL0486, glucosaminidase, and SACOL0119 per rabbit. Conforming to previous work, SACOL0037 was
resolved by SDS-PAGE, and gel fragments with 75 g protein were homogenized and then combined
with the other proteins. Mixtures were emulsiﬁed at a 1:1 ratio with TiterMax gold via sonication. Rabbits
were immunized with the pentavalent vaccine or adjuvant alone on day 0 and day 10 via intramuscular
injection.
Puriﬁcation of serum antibodies. Equivalent volumes of antigen-speciﬁc donor sera were combined, and serum IgG was puriﬁed using Melon IgG puriﬁcation resin (Thermo Scientiﬁc, Rockford, IL) as
instructed by the manufacturer. IgG antibodies were concentrated and buffer exchanged into PBS using
Amicon Ultra 10,000-MWCO units. The puriﬁed IgG samples represent a 1/4 volume of the initial sample.
Enzyme-linked immunosorbent assay. Enzyme-linked immunosorbent assays (ELISAs) were performed to quantify the titers of IgG subclasses elicited against the vaccine components. ELISA plates
(MaxiSorp; Thermo Fisher) were coated with 0.5 g antigen/well and incubated overnight at 4°C. Wells
were washed with PBS containing 0.05% Tween 20 (PBST) and then blocked with 1% bovine serum
albumin (BSA) for 1 h at 37°C. Blocked plates were washed with PBST, and immune or control serum was
added, serially diluted, and incubated for 1 h at 37°C. Plates were washed with PBST and incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse IgG1 (Invitrogen), IgG2a (Santa Cruz Technology,
Dallas, TX), or IgG2b (Invitrogen) diluted 1:1,000 in 1% BSA for 1 h at 37°C. After PBST washes, HRP activity
was analyzed by the addition of BD OptEIA TMB substrate (KPL, Inc., Gaithersburg, MD) and incubation
for 10 min at RT. The colorimetric reaction was halted with 3,3=,5,5=-tetramethylbenzidine (TMB) stop
solution (KPL), and the optical density at 450 nm (OD450) was read on a VersaMax microplate reader
(Molecular Devices, Sunnyvale, CA). Data were plotted as the OD (y axis) versus the logarithm of the
reciprocal serum dilution (x axis).
ELISAs were also performed as described above to quantify the titers of IgG subclasses within
puriﬁed, concentrated IgG samples (prepared for passive immunization). In the primary binding step, the
IgG samples were serially diluted 10-fold from an initial 1:500 dilution. In the secondary step, 0.5 g/ml
of goat HRP-conjugated anti-mouse IgG1, IgG2a, or IgG2b was used to extrapolate the isotype titers.
Titers were approximated based on identifying the dilution value that is ⬎2 standard deviations of the
mean value for the control naive serum readings.
Passive immunization for the intraperitoneal abscess model. This study evaluated the protective
efﬁcacy of three experimental immunizations: (i) a pentavalent vaccine composed of anti-SACOL0486,
anti-SACOL0688, anti-glucosaminidase, anti-SACOL0037, and anti-SACOL0019 puriﬁed IgG samples at a
1:1:2:2:2 ratio; (ii) a quadrivalent vaccine composed of anti-SACOL0486, anti-SACOL0688, antiglucosaminidase, and anti-SACOL0037 puriﬁed IgG samples at a 1:1:2:2 ratio; and (iii) a planktonic immunization composed of anti-SACOL0119 puriﬁed IgG in a volume equivalent to those of other immunizations. Ratio values were based upon titer values obtained from the ELISAs. Immunizations were prepared
using either 40 l or 80 l of each puriﬁed, concentrated IgG sample. BALB/c mice were anesthetized by
inhalation of 3 to 4% isoﬂurane. Passive immunization was performed by retro-orbital injection.
Passive immunization for the murine transtibial implant model. This study evaluated the
protective efﬁcacy of total serum from donor C57BL/6J mice immunized with either the pentavalent
vaccine or the quadrivalent antibioﬁlm vaccine. C57BL/6J mice were anesthetized by inhalation of 3 to
4% isoﬂurane. Passive immunization was performed by intravenous tail vein injection with 150 l of
donor serum.
Intraperitoneal challenge for the murine abscess model. For the active immunization studies,
BALB/c mice were challenged via intraperitoneal injection with 3.5 ⫻ 108 (⫾0.5 ⫻ 108) CFU (low infectious dose) or 1 ⫻ 109 CFU (high infectious dose) of MRSA-M2 3 weeks after the booster. In contrast, mice
were challenged via intraperitoneal injection with 5 ⫻ 108 to 8 ⫻ 108 CFU of MRSA-M2 24 h after passive
immunization. The S. aureus inoculum was prepared 3.25 ⫾ 0.25 h after inoculating TSB from a culture
grown overnight. The subculture concentration was predicted by an optical density measurement
(OD600) that correlated with a known concentration from preliminary growth studies. Concentrations
were conﬁrmed by enumeration following serial dilution agar plating. After challenge, mice were
monitored for signs of morbidity for 21 days. Mice with a weight loss of ⬎15% of their prechallenge body
weight were considered in advanced stages of morbidity and humanely euthanized, as death was an
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unequivocal outcome. At 3 weeks postchallenge, surviving animals were euthanized by exsanguination
to collect blood. Kidneys and spleen were harvested, and abscesses in the peritoneal cavity were
removed. The kidneys, spleens, and abscesses were homogenized, and serial dilution agar plating was
performed on TSA and an S. aureus-selective medium, CHROMagar (CHROMagar, Paris, France). Bacterial
counts were enumerated from the CHROMagar plates and are reported as CFU per organ or abscess, with
a limit of detection of 100 CFU. CFU enumerated from TSA were compared to the CFU on CHROMagar
and used to identify secondary infections in the mice.
Rabbit osteomyelitis infection model. Rabbits were challenged on day 30 (20 days after the
booster) by intratibial injection of 1.3 ⫻ 106 CFU of MRSA-M2 as detailed previously by Mader and Shirtliff
(25). At 24 days postinfection, rabbits were anesthetized, and radiographs of the infected and uninfected
tibias were obtained. The severity of osteomyelitis was based upon lytic changes at the injection site and
the extent of bone architecture disruption. Radiographs were scored as follows: 0 indicated no lytic
changes at the injection site and normal architecture, 1⫹ was reported for lytic changes around the
injection site and a ⬍5% disruption of normal bone architecture, 2⫹ was reported for a 5 to 15%
disruption of normal bone architecture, 3⫹ was reported for a 15 to 40% disruption of normal bone
architecture, and 4⫹ was reported for a ⬎40% disruption of normal bone architecture. Scoring was
independently performed by four individuals, who were blind to infection status, and reported as a mean
value. An individual could assign values between the “scores.” After imaging, animals were euthanized,
and infected tibias were removed and processed as described previously (23). Tenfold serial dilutions of
tibial samples were prepared and plated on CHROMagar with a limit of detection of 100 CFU. Tibial
samples of 100-l aliquots were also plated on CHROMagar and TSA, with a limit of detection of 10 CFU.
Bacterial counts were calculated and are reported as CFU per gram of bone.
Murine transtibial implant infection model. Twenty-four hours after passive immunization,
C57BL/6J mice were challenged with 1 ⫻ 103 CFU of MRSA-M2 deposited onto an implanted pin.
Preparation and conﬁrmation of the S. aureus inoculum were performed in a manner to that for the
peritoneal challenge. C57BL/6J mice received general anesthesia, and a sterile stainless steel insect pin
(Fine Science Tools, Foster City, CA) was surgically implanted through the tibia as detailed previously by
Prabhakara et al. and Li et al. (32, 44). In this study, 1 l of the inoculum was pipetted onto the exposed
ends of the pin. Mice were monitored for signs of morbidity for 21 days after implant infection. At 3
weeks postchallenge, the mice were euthanized by exsanguination to collect blood, and the tibiae were
harvested. The tibiae were homogenized, and serial dilution agar plating was performed as described
above for the murine abscess model.
Statistical analysis. Statistical analyses were performed using GraphPad Prism version 6 (GraphPad
Software, San Diego, CA). Categorical data were tested for differences using Fisher’s exact test or the
chi-square test, as appropriate, whereas continuous variables were tested using Wilcoxon rank sum tests.
Two-tailed P values of ⬍0.05 were considered statistically signiﬁcant.
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