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Abstract

The objectives of this study were to investigate the immune response to intradermal immunization with wall teichoic acid
(WTA) and the effect of MBL deficiency in a murine model of infection with methicillin-resistant Staphylococcus aureus
(MRSA). WTA is a bacterial cell wall component that is implicated in invasive infection. We tested susceptibility to MRSA
infection in wild type (WT) and MBL deficient mice using two strains of MRSA: MW2, a community-associated MRSA (CA-
MRSA); and COL, a healthcare-associated MRSA (HA-MRSA). We also performed in vitro assays to investigate the effects of
anti-WTA IgG containing murine serum on complement activation and bacterial growth in whole blood. We found that MBL
knockout (KO) mice are relatively resistant to a specific MRSA strain, MW2 CA-MRSA, compared to WT mice, while both
strains of mice had similar susceptibility to a different strain, COL HA-MRSA. Intradermal immunization with WTA elicited
and augmented an anti-WTA IgG response in both WT and MBL KO mice. WTA immunization significantly reduced
susceptibility to both MW2 CA-MRSA and COL HA-MRSA, independent of the presence of MBL. The protective mechanisms
of anti-WTA IgG are mediated at least in part by complement activation and clearance of bacteria from blood. The
significance of these findings is that 1) Intradermal immunization with WTA induces production of anti-WTA IgG; and 2) This
anti-WTA IgG response protects from infection with both MW2 CA-MRSA and COL HA-MRSA even in the absence of MBL,
the deficiency of which is common in humans.
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Introduction

Staphylococcus aureus, a Gram-positive bacterium, is a common

commensal organism on skin and mucosa that can also cause

serious infections in the skin and other soft tissues, bones and blood

[1]. The morbidity and mortality of S. aureus infection have greatly

increased with the rapid emergence of a much more virulent and

antibiotic resistant strain that is identified by its resistance to the

antibiotic methicillin, and which is therefore known as methicillin-

resistant S. aureus (MRSA) [1,2,3]. All strains of S. aureus, including

MRSA, are covered by a thick cell wall containing peptidoglycan,

lipoteichoic acid (LTA) and wall teichoic acid (WTA) [4,5]. WTA

of S. aureus is a glycopolymer that covalently links to peptidoglycan.

It is composed of an N-acetylmannosamine (ManNAc)-(b-1,3)-N-

acetylglucosamine (GlcNAc) disaccharide with two glycerol

phosphates, followed by 10 to 40 ribitol phosphate repeating

units [4,6]. WTA has been identified as an adhesion molecule that

binds to host cells and promotes bacterial colonization and tissue

invasion [7,8,9,10].

The host defense system has two principal divisions, innate

immunity and adaptive immunity, which are tightly coordinated

in their functions. The innate immune system consists of innate

immune cells, such as epithelial cells and phagocytes, and soluble

factors such as complement proteins, coagulation factors and

pattern recognition molecules, including mannose-binding lectin

(MBL) [11]. Although genetic deficiency of MBL in mice increases

infection susceptibility to certain pathogens, including S. aureus, this

association is less apparent in humans, particularly in adults

[12,13,14,15].

Differences in antigen presentation, including the route of

exposure, the context of antigen preparation, and adjuvant factors,

are important determinants of host immune responses. It has been
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found in prior investigations that immunization of various vaccines

by an intradermal route can elicit an effective immune response

that protects from infection, whereas subcutaneous immunization

does not elicit a protective immune response [16,17,18,19].

Another relevant finding from our previous work is that

commercially available WTA can be contaminated with other

pathogen components, including LTA and peptidoglycan, which

are known to modulate other pathways [20,21].

We have recently discovered that healthy humans (that is, with

no known pathogenic infection) have WTA-specific IgG in their

blood, and that in purified form this anti-WTA IgG enhances the

opsonophagocytic killing of S. aureus [21,22]. Moreover, anti-WTA

IgG competes with MBL for S. aureus binding, and it activates the

classical complement pathway [21]. Anti-WTA IgG may also be

protective since WTA has been found to induce abscess formation

when it is subcutaneously injected with a foreign body [10,23].

Consequently, these findings support the hypothesis that stimu-

lating and enhancing an anti-WTA IgG response would help to

eliminate bacteria and to reduce abscess formation.

In this study, we investigated whether intradermal WTA

immunization would induce the anti-WTA IgG response, and

whether this response was protective from infection with two

strains of MRSA, COL HA-MRSA and MW2 CA-MRSA. In

addition, considering the interaction between WTA and MBL,

and given the high prevalence of MBL deficiency in humans, we

examined whether the presence of MBL altered the anti-WTA

IgG response and the efficacy of anti-WTA immunity in MRSA

infection, using both in vivo and in vitro systems.

Materials and Methods

Purification of S. aureus WTA
WTA was prepared using previously reported methods [21,22].

Briefly, WTA was purified from S. aureus strain T384, which is

deficient in both a peptidoglycan O-acetyltransferase (oatA) gene

and a lipoprotein diacylglycerol transferase (lgt) gene from S. aureus

strain RN4220 [24]. The lgt mutation results in the absence of

bacterial lipoproteins [20], and so WTA purified from the S. aureus

strain T384 is not contaminated with bacterial lipoproteins. The

oatA mutation makes S. aureus peptidoglycan sensitive to lysozyme.

WTA attached to insoluble peptidoglycan was cleaved by

treatments with lysostaphin and lysozyme. The solubilized WTA

linked to a monomeric unit of peptidoglycan was purified with

HiTrap-Q column chromatography. Complete digestion of

polymeric peptidoglycan was confirmed by loss of melanization

activity in insect hemolymph [25], demonstrating that the purified

WTA did not contain polymeric peptidoglycan. Purified WTA was

dissolved in PBS and aliquots were stored at 280u C.

WTA immunization
MBL KO mice were generated and backcrossed on to a C57B/

6J genetic background as described previously [12,26]. All mice

used in this study were 6–8 weeks old and were maintained in a

specific pathogen free (SPF) environment. All animal experiments

were performed under a protocol approved by the Subcommittee

on Research Animal Care at the Massachusetts General Hospital.

Immunization experiments were performed using previously

described methods with minor modifications [27]. Briefly, the

purified WTA (5 mg in 50 ml PBS) was injected intradermally into

the ventral skin using a 30 G needle (BD Biosciences) attached to a

1 ml syringe (BD Biosciences). The dose was calculated based on

results from our previous studies [27,28]. A control group was

injected with 50 ml PBS in a similar manner. WTA or PBS control

was injected on days 0, 20, 40, and 60. 10 days after each

immunization, serum was collected by making a shallow cut in the

tail vein and stored at 280u C. Day 0 serum collections were

performed on day -5. Anti-WTA IgG titers were determined using

a previously described ELISA method with minor modifications

[27]. Briefly, a 384 well plate was coated with 2 mg of purified

WTA and incubated with serially diluted mouse serum. Bound

mouse IgG was detected using alkaline phosphatase-conjugated

anti-mouse IgG (Promega) with p-nitrophenylphosphate substrate

(pNPP, Sigma-Aldrich). A standard curve was generated from

using murine IgG of known concentration. The chromogenic

reaction was assayed by measuring absorbance (OD) at 405 nm

(Molecular Devices).

Infection studies in vivo
We chose a murine model of abscess formation following

systemic bacterial infection because S. aureus is known to cause

abscesses in a process mediated at least in part by WTA [10,23]. In

the model, abscesses (Figure S1) developed following systemic

inoculation of sub-lethal inoculums of bacteria (bacteremia). Two

S. aureus strains, COL HA-MRSA and MW2 CA-MRSA, were

obtained from Dr. David C. Hopper of the Infection Control Unit

at Massachusetts General Hospital and prepared as previously

described [12]. Briefly, bacteria were grown in Columbia broth

supplemented with 2% NaCl and harvested in the mid log phase.

Washed bacteria were resuspended at 56106 colony forming units

(cfu)/ml in saline and 0.2 ml of the suspension was intravenously

injected. On day 10, mice were euthanized and the lung, liver,

spleen, heart, and kidneys were examined for abscess formation.

Optimal inoculation dosing and the time course for abscess

formation were determined in our preliminary studies. Two

kidneys from each mouse were combined and homogenized with

1 ml of PBS. Serially diluted homogenates were cultured in

duplicate on tryptic soy agar (TSA) plates and resulting S. aureus

colonies were counted.

Complement activation assays
Complement activation was assayed by C4c deposition activity

using previously described methods with minor modifications

[12,29]. C4c is cleaved from C4 upon activation of the classical

pathway. Briefly, a 384 well assay plate was coated with purified

WTA (1 mg/well) and blocked. Mouse serum diluted 1:100,000 in

tris buffered saline was added to each well and incubated in 20 ml

total volume. After washing, 20 ng human C4 was added to each

well and incubated at 37uC for 90 min. After washing, wells were

sequentially incubated with rabbit anti-human C4c antibody and

biotinylated anti-rabbit antibody followed by alkaline phosphatase

conjugated anti-rabbit antibody (ABP-AP, Vector laboratories).

Samples were developed using p-NPP substrate and absorbance

was measured at 405 nm. Assays were performed in triplicate

using 4 samples each from PBS control or WTA immunized MBL

KO mice. WT mice were not included as the purpose of these

experiments was to examine the complement activation activity of

anti-WTA IgG, which competes with MBL for binding and

complement activation [21].

Ex vivo whole blood assays
Whole blood assays were performed using previously described

methods with minor modifications [12]. Bacteria, MW2 CA-

MRSA and COL HA-MRSA strains, were cultured and used as

described above. Naı̈ve MBL KO and WT mice were euthanized

and blood was collected by cardiac puncture with hirudin (Sigma-

Aldrich) as an anticoagulant. 25 ml of whole blood was mixed with

20 ml of mouse serum obtained from MBL KO mice immunized

with WTA or PBS control. Four serum samples from each WTA

Wall Teichoic Acid Elicits Bactericidal Response
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or PBS control immunized mouse were used. These mixtures were

added to 5 ml of bacterial suspension containing 2500 cfu and

incubated for 2 hrs at 37u C. Samples were serially diluted in

EDTA-saline solution and then cultured on TSA plates for colony

counting as described above. Assays were performed in duplicate

and repeated twice.

Statistical analysis
All data were analyzed using JMP software (SAS Institute, Inc).

The methods of statistical analysis were indicated in each figure. p

values less than 0.05 were considered to be significant.

Results

MBL deficiency is relatively protective against MW2 CA-
MRSA infection although there is little effect on COL HA-
MRSA infection in mice

We have previously reported that MBL KO mice are

susceptible to infection with certain pathogens, including antibiotic

sensitive strains of S. aureus [12]. In order to determine the effect of

MBL on susceptibility to infection with MW2 CA-MRSA and

COL HA-MRSA, MBL KO and WT mice were evaluated using

the abscess formation model as described in the Materials and

Methods (Figure S1). Of the organs examined – kidney, liver, lung,

heart, and spleen – abscesses were predominantly observed in the

kidney with both MW2 CA-MRSA and COL HA-MRSA

infection. The incidence of kidney abscess was similar in both

MBL KO and WT mice in COL HA-MRSA infection (Table 1).

In contrast, following MW2 CA-MRSA infection, no abscess

formation was observed in MBL KO mice although 42% of WT

mice had kidney abscess (Table 1). These results demonstrate that

the kidney is susceptible to abscess formation, and that MBL has a

variable role depending on the S. aureus strain, in that MBL

deficiency has little effect on COL HA-MRSA infection whereas it

contributes to decreased MW2 CA-MRSA infection [10].

Intradermal immunization with WTA elicits and
augments anti-WTA IgG responses in both MBL sufficient
and MBL deficient mice

We have previously found that healthy people have detectable

titers of WTA specific IgG in serum [21]. Moreover, we have also

demonstrated that purified anti-WTA IgG competes with MBL for

recognition and phagocytosis of S. aureus [21]. It has been reported

that subcutaneous injection of a mixture of WTA and an irritant

induces abscess formation in murine skin, suggesting that WTA

plays a role in abscess formation [10]. Based on these observations,

we hypothesized that WTA immunization would induce an anti-

WTA IgG response, resulting in reduced susceptibility to MRSA

infection and abscess, regardless of MBL deficiency in mice.

Therefore, we next examined anti-WTA IgG response following

intradermal WTA immunization in both MBL KO and WT mice.

The intradermal injection route was chosen based on recent

reports of induction of protective immunity against several

pathogens using this route of immunization [16,17,18,19].

Prior to immunization (day 0), naı̈ve WT and MBL KO mice

had undetectable or very little anti-WTA IgG titers (Figures 1A

and 1B, respectively). In WT mice, anti-WTA IgG titers

significantly increased after the second WTA immunization and

continued to increase until after the fourth immunization

(Figure 1A). An anti-WTA IgG response was not observed

following injection of PBS control (Figure 1A). A similar increase

in anti-WTA IgG titer was observed in MBL KO mice after the

second immunization with WTA but not with PBS control

(Figure 1B). Anti-WTA IgG titers were incrementally increased in

both WT and MBL KO mice with serial immunizations.

(Figure 1A and 1B, respectively). No sign of rash or abscess

formation was observed at the injection sites throughout the study,

suggesting multiple WTA injections did not induce any local

adverse reaction. In addition, all mice gained weight by 3–8% and

appeared to be healthy and without signs of illness or unusual

behavior during and after the immunizations, suggesting that

WTA immunization did not have an adverse effect, physically or

mentally, in mice. These results demonstrate that naı̈ve mice,

raised in a pathogen free environment, do not have anti-WTA IgG

in serum and that intradermal WTA immunization both elicited

and augmented an anti-WTA IgG response, independent of the

presence of MBL.

Intradermal WTA immunization reduces susceptibility to
MRSA infection independent of MBL

We tested whether the enhanced anti-WTA IgG response from

intradermal WTA immunization confers protection from MRSA

infection. We used the abscess formation model following systemic

infection of sublethal inoculums of two MRSA strains, MW2 CA-

MRSA and COL HA-MRSA, as described above.

We first tested MW2 CA-MRSA infection. Abscess formation

was predominantly observed in the kidney of PBS control

immunized WT mice whereas no abscess formation was observed

in WTA-immunized WT mice (Figure 2A). In MBL KO mice,

intradermal WTA immunization had little effect in abscess

formation because no abscess formation was observed in both

PBS control immunized MBL KO mice (Figure 2A). Although

abscess formation was not observed in WTA-immunized WT and

MBL KO mice using MW2 CA-MRSA, culture of kidney

homogenates detected bacteria, suggesting that there was still

infection. Nevertheless, bacterial loads were significantly reduced

in WTA immunized WT mice while they were similar between

PBS control and WTA immunized MBL KO mice (Figure 2B).

Next, we tested COL HA-MRSA infection. Intradermal WTA

immunization reduced abscess formation in both MBL KO and

WT mice although statistical significance was obtained only for the

MBL KO mice group (Figure 3A). The bacterial loads of COL

HA-MRSA were significantly reduced in both MBL sufficient and

MBL deficient mice that were immunized with WTA (Figure 3B).

These results demonstrate that intradermal WTA immunization is

effective in reducing infection, as assessed by measurement of

abscess formation and bacterial loads, with both MW2 CA-MRSA

and COL HA-MRSA, independent of the presence of MBL.

Anti-WTA IgG containing serum activates complement
and inhibits MRSA growth in ex vivo whole blood assays

The complement activation activity of anti-WTA IgG in serum

was assayed by measuring C4c deposition, as described above.

Since C4C deposition is mediated by both the classical and the

Table 1. Abscess formation in systemic MRSA infection.

Bacterial strains COL HA-MRSA MW2 CA-MRSA

Mouse strains WT MBL WT MBL

Kidneys/Total (%) 8/18 (44) 10/18 (56) 10/24 (42) 0/24 (0)*

Mice/Total (%) 5/9 (55) 7/9 (78) 8/12 (66) 0/12 (0)*

*indicates p,0.0001 (Likelihood ratio) compared to WT in MW2 CA-MRSA
infection.
doi:10.1371/journal.pone.0069739.t001

Wall Teichoic Acid Elicits Bactericidal Response
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lectin pathways, the lectin pathway was minimized by using anti-

WTA IgG containing serum from MBL KO mice, in which the

lectin pathway activity is sharply curtailed due to the absence of

MBL. C4c deposition activity (mean OD reading 6 SD) was 0.

49960.056 and 0.38860.037 (p,0.002 by Student’s t test) for

WTA and PBS control immunized serum samples, respectively.

These results demonstrate that anti-WTA IgG containing serum is

able to initiate the classical complement pathway on the presence

of WTA.

Whole blood contains all of the soluble factors and a range of

effector cells for complement activation. Complement activation

and consequent inhibition of bacterial growth is a meaningful

assay of complement activity, including bactericidal activity, as we

have previously reported [12,21]. Therefore, we tested the ability

of anti-WTA serum to limit MRSA growth in ex vivo whole blood

assays. To analyze the effects of MBL in this setting, we examined

bacterial growth in a mixture of anti-WTA IgG containing serum

obtained from WTA-immunized MBL KO mice and whole blood

of naı̈ve WT and MBL KO mice.

Compared with PBS control immunized serum, anti-WTA IgG

containing serum significantly reduced bacterial growth of COL

HA-MRSA in whole blood of both WT and MBL KO mice

(Figure 4A and 4B, respectively). Similar bacterial growth

inhibition was obtained using MW2 CA-MRSA, with statistical

significance for MBL KO whole blood (Figure 4C and 4D).

Comparison of PBS control immunized serum from WT and

MBL KO mice showed significant reduction in COL HA-MRSA

growth by MBL KO serum while no significant difference was

observed for MW2 CA-MRSA (Figure 4). These results show that

anti-WTA IgG containing serum is able to inhibit MRSA growth

and reduce the numbers of MRSA in whole blood independent of

the presence of MBL.

Discussion

Our recent finding that healthy people have circulating anti-

WTA IgG led us to hypothesize that WTA immunization would

result in an anti-WTA response. We now report that this

hypothesis is correct, with the results provided here demonstrating

that intradermal WTA immunization elicits and augments anti-

WTA IgG production in mice, without use of an adjuvant. These

results provide in vivo evidence that WTA itself is immunogenic.

The incremental increase in IgG titer with serial WTA immuni-

zation suggests that WTA mediates a T cell-dependent antibody

response, which requires B cell germinal center formation [30].

Our unpublished observations show that intradermal WTA

immunization results in germinal centers (B220 and PNA double

positive splenocytes) adjacent to T cell zones in spleen. Taken

together, these observations suggest that WTA is a T cell-

dependent antigen, even though polysaccharide antigens have

previously been regarded as T cell-independent [31].

Figure 1. WTA immunization elicits and augments WTA-
specific IgG in WT (1A) and MBL KO mice (1B). PBS control or
5 mg of WTA was intradermally injected on days indicated by black
arrows. No adjuvant was used throughout the study. Four WT mice per
group and 5 MBL KO mice per group were used. Anti-WTA IgG serum
titers are plotted as mean ± SD. *, ** and *** indicates p,0.01, 0.001
and 0.0005 (Welch’s test).
doi:10.1371/journal.pone.0069739.g001

Figure 2. WTA immunization reduces MW2 CA-MRSA infection
in WT mice while no difference is seen in the absence of MBL.
(2A) Abscess formation. Mice immunized with PBS control or WTA were
infected 20 days after the last immunization. Abscess formation was
examined on day 10 following systemic infection with MW2 CA-MRSA
as detailed in the Materials and Methods. Abscess formation is
expressed as numbers of mice with abscess and total mice in each
group. * indicates p,0.0001 against all other groups (Likelihood Ratio).
(2B) Bacterial load in the kidney. Bacterial titers were measured in
homogenates of two combined kidneys and are expressed as cfu/g of
kidneys in a box plot. Numbers of mice used are as in figure 2A. * and
** indicates p,0.05 and p,0.001, respectively compared to WT
immunized with PBS control (Nonparametric comparisons for each pair
by Wilcoxon methods).
doi:10.1371/journal.pone.0069739.g002
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PLOS ONE | www.plosone.org 4 August 2013 | Volume 8 | Issue 8 | e69739



We note that we used highly purified WTA that does not

contain lipoproteins or LTA. The former was not present due to

an lgt gene mutation and the latter was efficiently removed during

our purification process [21,22]. Although we do not know

whether these molecules modulate anti-WTA antibody responses,

they do induce inflammation, whereas WTA does not [10,32,33].

Further investigation of the inflammatory response to WTA may

help to better understand the mechanisms of anti-WTA IgG

induction.

It has been reported that an abscess develops at the site of

subcutaneous injection when WTA and dextran are administered

together [10]. In contrast, we used an intradermal injection

without any adjuvant or other foreign material and did not

observe abscess formation even after multiple WTA injections. It is

well established that different host responses can be elicited from

the same antigen by manipulation of multiple factors, including

adjuvant or irritants such as dextran, and different routes of

injection, such as intradermal or subcutaneous [16,17,18,19].

Recent studies have demonstrated that intradermal administration

can produce a more effective immune response compared to other

routes of administration [34,35,36]. For example, intradermal

immunization resulted in protective immunity with tuberculosis

and hepatitis C virus vaccines, while subcutaneous injection failed

to elicit a response or was less effective [17].

In the results presented here we find that the anti-WTA IgG

response is not affected by the absence of MBL, the deficiency of

which is a common primary immunodeficiency in humans. In

contrast, in our prior study, MBL deficiency enhanced IgG

responses to certain antigens [27]. Of major significance for

purposes of clinical translation, the enhanced anti-WTA IgG

response confers protection from infection with both COL HA-

and MW2 CA-MRSA, regardless of MBL status. As both of these

strains were isolated from humans, we hypothesize that anti-WTA

IgG may contribute to protection from S. aureus infection in

humans. The results presented here demonstrate that intradermal

immunization with highly purified WTA effectively induces

adaptive immunity in mice, and we hypothesize that this will be

obtain in humans also.

An unexpected new finding in the current study is that MBL

deficiency relatively protects mice from infection with MW2 CA-

MRSA, as shown by decreased kidney abscess formation, while it

seems to have little effect on susceptibility to COL HA-MRSA

infection. MW2 is widely used as a strain of CA-MRSA (also

known as USA400), although S. aureus USA300 is now the most

commonly isolated CA-MRSA strain in the US. It is not known

whether MBL deficiency is protective from other strains of MRSA

bacteria. Nevertheless, these findings raise the possibility that some

strains of MRSA could utilize MBL, an opsonin, to evade the host

defense system. This possibility has been proposed as a mechanism

for some intracellular pathogens, such as tuberculosis and

leishmaniasis, although the precise molecular mechanisms are

not fully understood and further investigations are required

[37,38,39]. These findings may explain why MBL deficiency has

not been strongly associated with S. aureus infection in humans,

particularly in adults, and the exact role of MBL in relation to

MRSA associated virulence factors requires further investigation

[12,13,14].

We have chosen a model of abscess formation following

systemic inoculation to assess infection because abscess formation

requires bacterial tissue adhesion and invasion, which WTA has

been shown to promote [7,9,40,41]. Also, increased expression of

WTA and resultant thickening of the cell wall may contribute to

antibiotic resistance, in addition to an array of other virulence

factors, such as penicillin binding proteins and efflux pumps

[42,43,44,45,46]. In any case, the results from our investigations

suggest that targeting WTA is a promising approach to controlling

S. aureus infection.

The results presented here also suggest a mechanism of the

microbicidal action of anti-WTA IgG that limits bacterial growth

in whole blood. WTA has been implicated in facilitating bacterial

attachment to host cells and tissues. Data presented here, from

whole blood assays, suggest that anti-WTA IgG eliminates bacteria

in blood prior to the bacteria attaching to cells and invading

tissues. Our previous studies have also shown that human anti-

WTA IgG increases opsonophagocytosis, which is correlated with

increased bacterial killing [21,22]. These studies also have shown

that anti-WTA IgG, upon binding to S. aureus, activates the

classical complement pathway, and so anti-WTA IgG contributes

directly to bacterial killing by initiating membrane attack complex

formation. This current study also provides evidence that anti-

WTA IgG containing serum is able to activate the classical

pathway. Consequently, our data along with previously reported

results, suggest that anti-WTA IgG is involved with direct

bactericidal action and opsonophagocytic killing.

In summary, we present in vivo evidence that highly purified

WTA (with undetectable lipoproteins and peptidoglycans) is

immunogenic in a T cell-dependent manner, resulting in an

anti-WTA IgG response that is effective against MRSA infection.

The efficacy of anti-WTA immunity is not affected by MBL

sufficiency, although the role of MBL in MRSA infection is

variable, in that MBL deficiency is protective against MW2 CA-

MRSA infection while MBL inhibits COL HA-MRSA in whole

blood. These observations lead to the hypotheses that naturally

occurring anti-WTA adaptive immunity reduces susceptibility to

Figure 3. WTA immunization reduces COL HA-MRSA infection
in both MBL sufficient and MBL deficient mice. (3A) Abscess
formation. Mice immunized with PBS control or WTA were infected at
20 days after the last immunization. Abscess formation was examined
on day 10 following systemic infection with COL HA-MRSA as detailed
in the materials and methods. Abscess formation is expressed as
numbers of mice with abscess and total mice in each group. * indicates
p,0.001 against WTA immunized groups (Likelihood ratio test). (3B)
Bacterial load in the kidneys. Bacterial titers were measured in
homogenates of two combined kidneys and are expressed as cfu/g of
kidneys in a box plot. Numbers of mice used are as in figure 3A.
* indicates p,0.01 compared to WT immunized with PBS control
(Nonparametric comparisons for each pairs by Wilcoxon methods).
doi:10.1371/journal.pone.0069739.g003
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infection to S. aureus, particularly in the adult population, and that

high serum levels of MBL in humans may be a risk factor for

infection with some strains of S. aureus. However, as S. aureus

exposure in humans is multifactorial, involving skin and mucosa,

further investigation is warranted to understand the precise

mechanisms by which anti-WTA immunity is naturally mounted.

It is also possible that sub-components of WTA may modulate its

immunogenicity, and so studies of WTA variants may reveal more

precisely the mechanisms of anti-WTA immunity.

Lastly, it is also possible that a similar immunization protocol,

using purified WTA with an appropriate (or possibly no) adjuvant,

may maximize anti-WTA IgG response and provide protection

from S. aureus infection in humans. It may also be possible that

anti-WTA IgG could serve as a passive immunization therapy to

treat patients with established and difficult to treat S. aureus

infections.

Supporting Information

Figure S1 Supplemental figure 1. Kidneys with or without

abscess are shown.

(PPT)

Author Contributions

Conceived and designed the experiments: KT BL. Performed the

experiments: PM DJ JA KK LC. Analyzed the data: KT EP BL.

Contributed reagents/materials/analysis tools: KT EP BL. Wrote the

paper: KT BL.

References

1. Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339: 520–532.

2. Cosgrove SE, Qi Y, Kaye KS, Harbarth S, Karchmer AW, et al. (2005) The

impact of methicillin resistance in Staphylococcus aureus bacteremia on patient

outcomes: mortality, length of stay, and hospital charges. [see comment].

Infection Control & Hospital Epidemiology 26: 166–174.

3. Creech CB 2nd, Kernodle DS, Alsentzer A, Wilson C, Edwards KM (2005)

Increasing rates of nasal carriage of methicillin-resistant Staphylococcus aureus

in healthy children. Pediatric Infectious Disease Journal 24: 617–621.

4. Weidenmaier C, Peschel A (2008) Teichoic acids and related cell-wall

glycopolymers in Gram-positive physiology and host interactions. Nat Rev

Microbiol 6: 276–287.

5. Navarre WW, Schneewind O (1999) Surface proteins of gram-positive bacteria

and mechanisms of their targeting to the cell wall envelope. Microbiol Mol Biol

Rev 63: 174–229.

6. Swoboda JG, Campbell J, Meredith TC, Walker S (2010) Wall teichoic acid

function, biosynthesis, and inhibition. Chembiochem 11: 35–45.

7. Weidenmaier C, Peschel A, Xiong YQ, Kristian SA, Dietz K, et al. (2005) Lack

of wall teichoic acids in Staphylococcus aureus leads to reduced interactions with

endothelial cells and to attenuated virulence in a rabbit model of endocarditis.

J Infect Dis 191: 1771–1777.

8. Kohler T, Weidenmaier C, Peschel A (2009) Wall teichoic acid protects

Staphylococcus aureus against antimicrobial fatty acids from human skin.

J Bacteriol 191: 4482–4484.

Figure 4. Serum from WTA-immunized mice inhibits bacterial growth in whole blood assays ex vivo. Two MRSA strains, COL HA-MRSA
(4A and 4B) and MW2 CA-MRSA, (4C and 4D) were used. Bacteria were incubated with whole blood from MBL KO (4A and 4C) or WT mice (4B and 4D)
with serum from MBL KO mice immunized with either PBS control or WTA, as described in the Materials and Methods. Bacterial titers are expressed as
mean ± SD in each group of four samples. Each sample was measured in duplicate and the average measurement was used for statistical analysis.
Representative results from two repeated experiments are shown. *, **, and *** indicate p,0.05, 0.001, and 0.0001 (Student’s t-test), respectively.
doi:10.1371/journal.pone.0069739.g004

Wall Teichoic Acid Elicits Bactericidal Response

PLOS ONE | www.plosone.org 6 August 2013 | Volume 8 | Issue 8 | e69739



9. Weidenmaier C, Kokai-Kun JF, Kristian SA, Chanturiya T, Kalbacher H, et al.

(2004) Role of teichoic acids in Staphylococcus aureus nasal colonization, a
major risk factor in nosocomial infections. [see comment]. Nature Medicine 10:

243–245.

10. Weidenmaier C, McLoughlin RM, Lee JC (2010) The zwitterionic cell wall
teichoic acid of Staphylococcus aureus provokes skin abscesses in mice by a novel

CD4+ T-cell-dependent mechanism. PLoS One 5: e13227.
11. Takahashi K, Ip WE, Michelow IC, Ezekowitz RA (2006) The mannose-binding

lectin: a prototypic pattern recognition molecule. Curr Opin Immunol 18: 16–

23.
12. Shi L, Takahashi K, Dundee J, Shahroor-Karni S, Thiel S, et al. (2004)

Mannose-binding lectin-deficient mice are susceptible to infection with
Staphylococcus aureus. J Exp Med 199: 1379–1390.

13. Eisen DP, Dean MM, Boermeester MA, Fidler KJ, Gordon AC, et al. (2008)
Low serum mannose-binding lectin level increases the risk of death due to

pneumococcal infection. Clin Infect Dis 47: 510–516.

14. Smithson A, Perello R, Horcajada JP, Nicolas JM, Lozano F (2008) Is mannose-
binding lectin deficiency associated with infection due to Gram-positive

bacteria? Clin Infect Dis 47: 1492–1493; author reply 1493.
15. Takahashi K, Ezekowitz RA (2005) The role of the mannose-binding lectin in

innate immunity. Clin Infect Dis 41 Suppl 7: S440–444.

16. Baldwin SL, Bertholet S, Kahn M, Zharkikh I, Ireton GC, et al. (2009)
Intradermal immunization improves protective efficacy of a novel TB vaccine

candidate. Vaccine 27: 3063–3071.
17. Firbas C, Boehm T, Buerger V, Schuller E, Sabarth N, et al. (2010)

Immunogenicity and safety of different injection routes and schedules of IC41,
a Hepatitis C virus (HCV) peptide vaccine. Vaccine 28: 2397–2407.

18. Mohanan D, Slutter B, Henriksen-Lacey M, Jiskoot W, Bouwstra JA, et al.

(2010) Administration routes affect the quality of immune responses: A cross-
sectional evaluation of particulate antigen-delivery systems. J Control Release

147: 342–349.
19. Romani N, Thurnher M, Idoyaga J, Steinman RM, Flacher V (2010) Targeting

of antigens to skin dendritic cells: possibilities to enhance vaccine efficacy.

Immunol Cell Biol 88: 424–430.
20. Kurokawa K, Lee H, Roh KB, Asanuma M, Kim YS, et al. (2009) The

Triacylated ATP Binding Cluster Transporter Substrate-binding Lipoprotein of
Staphylococcus aureus Functions as a Native Ligand for Toll-like Receptor 2.

J Biol Chem 284: 8406–8411.
21. Park KH, Kurokawa K, Zheng L, Jung DJ, Tateishi K, et al. (2010) Human

serum mannose-binding lectin senses wall teichoic acid Glycopolymer of

Staphylococcus aureus, which is restricted in infancy. J Biol Chem 285:
27167–27175.

22. Jung DJ, An JH, Kurokawa K, Jung YC, Kim MJ, et al. (2012) Specific Serum
Ig Recognizing Staphylococcal Wall Teichoic Acid Induces Complement-

Mediated Opsonophagocytosis against Staphylococcus aureus. J Immunol.

23. Gaikwad S, Deodhar LP (1984) Experimental foreign body infection in mice by
Staphylococcus epidermidis. J Postgrad Med 30: 229–231.

24. Bubeck Wardenburg J, Williams WA, Missiakas D (2006) Host defenses against
Staphylococcus aureus infection require recognition of bacterial lipoproteins.

Proc Natl Acad Sci U S A 103: 13831–13836.
25. Park JW, Kim CH, Kim JH, Je BR, Roh KB, et al. (2007) Clustering of

peptidoglycan recognition protein-SA is required for sensing lysine-type

peptidoglycan in insects. Proc Natl Acad Sci U S A 104: 6602–6607.
26. Moller-Kristensen M, Hamblin MR, Thiel S, Jensenius JC, Takahashi K (2007)

Burn injury reveals altered phenotype in mannan-binding lectin-deficient mice.
J Invest Dermatol 127: 1524–1531.

27. Guttormsen HK, Stuart LM, Shi L, Carroll MC, Chen J, et al. (2009) Deficiency

of mannose-binding lectin greatly increases antibody response in a mouse model
of vaccination. Clin Immunol 130: 264–271.

28. Ruseva M, Kolev M, Dagnaes-Hansen F, Hansen SB, Takahashi K, et al. (2009)

Mannan-binding lectin deficiency modulates the humoral immune response

dependent on the genetic environment. Immunology 127: 279–288.

29. Chang WC, Hartshorn KL, White MR, Moyo P, Michelow IC, et al. (2011)

Recombinant chimeric lectins consisting of mannose-binding lectin and L-ficolin

are potent inhibitors of influenza A virus compared with mannose-binding lectin.

Biochem Pharmacol 81: 388–395.

30. Berek C, Berger A, Apel M (1991) Maturation of the immune response in

germinal centers. Cell 67: 1121–1129.

31. Stein KE (1992) Thymus-independent and thymus-dependent responses to

polysaccharide antigens. J Infect Dis 165 Suppl 1: S49–52.

32. Schmaler M, Jann NJ, Ferracin F, Landolt LZ, Biswas L, et al. (2009)

Lipoproteins in Staphylococcus aureus mediate inflammation by TLR2 and

iron-dependent growth in vivo. J Immunol 182: 7110–7118.

33. Ip WK, Takahashi K, Moore KJ, Stuart LM, Ezekowitz RA (2008) Mannose-

binding lectin enhances Toll-like receptors 2 and 6 signaling from the

phagosome. J Exp Med 205: 169–181.

34. Romani N, Flacher V, Tripp CH, Sparber F, Ebner S, et al. (2012) Targeting

skin dendritic cells to improve intradermal vaccination. Curr Top Microbiol

Immunol 351: 113–138.

35. Teunissen MB, Haniffa M, Collin MP (2012) Insight into the immunobiology of

human skin and functional specialization of skin dendritic cell subsets to innovate

intradermal vaccination design. Curr Top Microbiol Immunol 351: 25–76.

36. Combadiere B, Liard C (2011) Transcutaneous and intradermal vaccination.

Hum Vaccin 7: 811–827.

37. Hoal-Van Helden EG, Epstein J, Victor TC, Hon D, Lewis LA, et al. (1999)

Mannose-binding protein B allele confers protection against tuberculous

meningitis. Pediatr Res 45: 459–464.

38. Santos IK, Costa CH, Krieger H, Feitosa MF, Zurakowski D, et al. (2001)

Mannan-binding lectin enhances susceptibility to visceral leishmaniasis. Infect

Immun 69: 5212–5215.

39. Turner MW (2003) The role of mannose-binding lectin in health and disease.

Mol Immunol 40: 423–429.

40. Edwards AM, Potts JR, Josefsson E, Massey RC (2010) Staphylococcus aureus

host cell invasion and virulence in sepsis is facilitated by the multiple repeats

within FnBPA. PLoS Pathog 6: e1000964.

41. Edwards AM, Massey RC (2011) How does Staphylococcus aureus escape the

bloodstream? Trends Microbiol 19: 184–190.

42. Howden BP, Davies JK, Johnson PD, Stinear TP, Grayson ML (2010) Reduced

vancomycin susceptibility in Staphylococcus aureus, including vancomycin-

intermediate and heterogeneous vancomycin-intermediate strains: resistance

mechanisms, laboratory detection, and clinical implications. Clin Microbiol Rev

23: 99–139.

43. Ding Y, Onodera Y, Lee JC, Hooper DC (2008) NorB, an efflux pump in

Staphylococcus aureus strain MW2, contributes to bacterial fitness in abscesses.

J Bacteriol 190: 7123–7129.

44. Ehlert K (1999) Methicillin-resistance in Staphylococcus aureus - molecular

basis, novel targets and antibiotic therapy. Curr Pharm Des 5: 45–55.

45. Trotonda MP, Xiong YQ, Memmi G, Bayer AS, Cheung AL (2009) Role of

mgrA and sarA in methicillin-resistant Staphylococcus aureus autolysis and

resistance to cell wall-active antibiotics. J Infect Dis 199: 209–218.

46. Gill SR, Fouts DE, Archer GL, Mongodin EF, Deboy RT, et al. (2005) Insights

on evolution of virulence and resistance from the complete genome analysis of

an early methicillin-resistant Staphylococcus aureus strain and a biofilm-

producing methicillin-resistant Staphylococcus epidermidis strain. J Bacteriol

187: 2426–2438.

Wall Teichoic Acid Elicits Bactericidal Response

PLOS ONE | www.plosone.org 7 August 2013 | Volume 8 | Issue 8 | e69739


