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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resistant bacterium

responsible for serious nosocomial and community-acquired infections worldwide. Since

few antibiotics are effective for treating MRSA infections, the development of new therapies

is of great importance. Previous studies demonstrated that PBP2a is a target that generates

protective antibodies against MRSA. A murine monoclonal antibody (MAb) that recognizes

PBP2a from MRSA strains was previously isolated and characterized. In this report, we

evaluated the biodistribution of this MAb in blood and tissues, as well as the extent of protec-

tion conferred using prophylactic and therapeutic assays compared to vancomycin treat-

ment. Biodistribution was evaluated 12–96 h after MAb administration. It predominantly

remained in the serum, but it was also detectable in the kidneys, lungs, and spleen at low

concentrations (about 4.5% in the kidneys, 1.9% in the lungs, and 0.7% the spleen) at all

observed timepoints. Prophylactic studies in a murine model demonstrated a significant

bacterial load reduction in the kidneys of the groups treated with either with IgG (greater

than 3 logs) or F(ab’)2 (98%) when compared to that of the control groups (untreated). Mice

were challenged with a lethal dose, and the survival rate was higher in the treated mice.

Treatment with the MAb resulted in a bacterial load reduction in the kidneys similar to that of

mice treated with vancomycin, and a MAb/vancomycin combination therapy was also effec-

tive. These results demonstrate that an anti-PBP2a MAb may be a promising therapeutic for

treating MRSA infections.

Introduction

The emergence of infections caused by multidrug-resistant (MDR) bacteria is increasing at an

alarming rate. A study conducted by O’Neill indicates that the number of deaths caused by

antimicrobial-resistant bacteria could reach 10 million in 2050 [1]. Methicillin-resistant Staph-
ylococcus aureus (MRSA) is an MDR bacterium responsible for serious infections in communi-

ties and hospitalized patients worldwide. This pathogen is resistant to all β-lactams and

various other classes of antibiotics. Ensuring adequate and effective treatment has become a
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complex problem. The resistance of MRSA strains to β-lactams is due to the presence of

PBP2a, a transpeptidase enzyme that exhibits low affinity to this class of antibiotics [2]. Glyco-

peptides are considered the last resource for treatment of MRSA infections; however, reports

of vancomycin-intermediate S. aureus (VISA) and vancomycin-resistant S. aureus suggest that

these bacteria could soon become resistant to all currently available antibiotics [3]. In the

absence of new antibiotics that effectively treat MRSA infections, new approaches are consid-

ered to be of high importance. Passive immunotherapy (serum therapy), which was used to

treat bacterial infections at the end of the 19th century, was replaced by antibiotics. However,

the discovery of monoclonal antibodies (MAbs) 70 years ago established new approaches for

the treatment of cancer, in addition to autoimmune and infectious diseases using immuno-

therapy [4]. Currently, MAbs are being investigated by various research groups for the treat-

ment of bacterial infections, including those caused by S. aureus, Pseudomonas aeruginosa,

Bacillus anthracis, Clostridium difficile, and Escherichia coli [5].

Numerous targets of S. aureus have been tested for use in immunotherapies, including lipo-

teichoic acid [6], alpha toxin [7], fibrinogen binding protein [8], and protein A [9]. However,

none of these targets have been approved for clinical use. PBP2a, a multi-modular class B peni-

cillin-binding protein (PBP), is located external to the membrane of all MRSA strains [10].

Therefore, PBP could be accessible to the host’s immune system. Two studies employing DNA

vaccination demonstrated that PBP2a generates an immune response and eliminates bacteria

after systemic infection in immunized mice [11–12]. We recently reported the generation and

characterization of murine MAbs that specifically bind PBP2a in vitro with high affinity [13].

In another study, we demonstrated that this anti-PBP2a antibody recognizes PBP2a protein on

the bacterial surface using an immunofluorescence assay [14]. Here, we demonstrate that this

MAb also confers protection in a murine model administered both prophylactic and therapeu-

tic treatments. The results suggest that MAbs directed against PBP2a are a promising approach

for treating infections caused by MRSA strains.

Materials and methods

Monoclonal antibody production and purification

MAbs were obtained as previously described [9]. Briefly, hybridoma cells were grown in Dul-

becco’s modified eagle medium (DMEM, Life Technologies, Carlsbad, CA) with 10% of Ultra

Low IgG Fetal Bovine Serum (Life Technologies, Carlsbad, CA) in 100-mL bottles at 37˚C

under 5% CO2. Supernatants were harvested by centrifugation and passed through a 0.2-mm

filter before liquid chromatography purification with MAbselect SuRe™ protein A resin (GE

Healthcare). Purified antibodies were dialyzed against phosphate-buffered solution (PBS) (10

mM sodium phosphate, 0.15 M sodium chloride, pH 7.4), concentrated with Amicon ultrafil-

tration units, quantified at 280 nm using a Nanodrop spectrophotometer (Thermo Scientific),

and stored at 4˚C or in 40% glycerol at –20˚C. A SDS-PAGE showing the purified MAb anti-

PBP2a is represented in Supporting Information (S1 Fig).

Bacterial strains

Iberian Clone MRSA was obtained from the Unité des Agents Antibactériens—Institut Pas-

teur, and the BEC/BMB9393 (Brazilian Epidemic Clone) MRSA strain was obtained from the

Instituto de Microbiologia Paulo de Goés—Universidade Federal do Rio de Janeiro. Both were

epidemic MRSA strains of different genetic backgrounds and they were characterized by

pulsed-field gel electrophoresis (PFGE) and multi-locus sequencing type (MLST) typing (BEC

ST239, Iberian MRSA ST247) [15, 16].

MAbs (monoclonal antibodies) against PBP2a from MRSA confers protection in mice
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In vivo assays

All animal procedures were approved by the Ethics Committee on Animal Research (CEUA),

FIOCRUZ (License number LW-30/12). Animals were provided by ICTB/Fiocruz and main-

tained in closed cages (dimensions: 37 cm in length, 24.2 cm in width, 24 cm in height) in a

ventilated Microisolator Rack’s system (ALESCO1) with autoclaved pine flakes as a substrate.

Cage changes were performed weekly. The mice were allocated in groups of four animals per

cage and maintained under a 12 h/12 h (day/night) light cycle with unrestricted access to food

and filtered water. Inoculations were performed simultaneously in all groups. Inoculation with

the antibodies was performed during the first hours of the day cycle, and infection of the ani-

mals was performed during the last hours of the day cycle according to established protocols.

For the therapeutic assays, infections were performed before the administration of antibodies

or vancomycin, as described in the protocol. Using a clinical evaluation based on the ARRIVE

guidelines, animals with severe clinical symptoms characterized by suffering or inability to

access water or feed (humane endpoint) were euthanized with anesthesia at doses of 200 mg/

kg ketamine hydrochloride and 20 mg/kg xilazine hydrochloride administered intramuscu-

larly. After a few minutes of anesthetic administration, and in the absence of reflexes, sodium

thiopental was administered intraperitoneally at a dose of 150 mg/kg.

Animal baseline data. Mice of varying weights were assigned to each cage so that the

sample was heterogeneous within each group. Animal health was assessed by a veterinarian.

Sanitary monitoring of the colony was performed quarterly based on a list of pathogens as rec-

ommended by the Federation for Laboratory Animal Science Associations (FELASA).

Determination of lethal and sublethal doses (LD50) for MRSA strains

The lethal dose and LD50 were determined according to the Reed-Muench method with modi-

fications for the MRSA strains employed in this study [17]. Four groups of 8-week-old female

BALB/c mice (n = 4 per group, total of 16 animals) were inoculated intraperitoneally (IP) with

bacteria (1x108, 5x108, 1x109, and 5x109 CFU [colony forming unit]) and observed over 7

days. Afterwards, all surviving animals were euthanized according to the approved CEUA

protocol.

Systemic infection and bacterial renal quantification assays (prophylactic

assays)

MRSA strains were grown until they reached exponential phase (OD600 0.6). They were then

washed and resuspended in sterile PBS at OD600 0.5, which corresponded to approximately

2×108 CFU (a sublethal dose). This concentration was calculated by a 10-fold serial dilution,

and bacteria were cultured on Brain Heart Infusion (BHI) agar plates containing 10 μg/mL of

oxacillin for 18 h at 37˚C.

Three groups of 8-week-old female BALB/c mice (n = 7 per group, total of 21 animals)

received an IP dose of either (a) 500 μg (25mg/kg) of purified anti-PBP2a MAb or (b) mock

MAb (4G2 –a murine monoclonal antibody against Yellow fever) on the first day. To demon-

strate in vivo antibody-neutralizing activity, another group (c) was treated with 350 μg (17.5

mg/kg) of anti-PBP2a F(ab’)2. These fragments were obtained as previously described in Ara-

ujo et al. [14].

On the second day, mice were infected with a sublethal dose and observed until the fifth

day. On the sixth day, animals were euthanized, and the kidneys were aseptically removed.

These organs were then homogenized in 1 mL of sterile Luria Broth (LB), diluted by a 10-fold

serial dilution, and plated as previously described. The resulting colonies were counted in

MAbs (monoclonal antibodies) against PBP2a from MRSA confers protection in mice
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order to calculate the concentration of bacteria in the kidneys. During the experiment, mice

were monitored daily for clinical symptoms, such as apathy, rough hair coat, or fever.

Anorexia and loss of mobility were considered humane endpoints.

Survival assay

MRSA strains were grown under the same conditions previously described, but an inoculum

adjustment was performed for the previously established LD50. Eight-week-old female BALB/c

mice (n = 10 per group, total of 40 animals) received one IP dose of 500 μg (25 mg/kg) purified

MAb on the first day. On the following day, these animals and a control group were inoculated

IP with one dose of 3.3x108 CFU (BEC—Brazilian Epidemic Clone MRSA strain), 4.2x108

CFU (Iberian MRSA strain), or PBS (control group). The animals were observed for 10 days,

and the survivors were subsequently euthanized.

Therapeutic assay with vancomycin

Four groups of 8-week-old female BALB/c mice (n = 5 per group, total of 20 animals) received

an infective dose (5–7.0×106 CFU [BEC MRSA]). The animals received doses of purified MAb,

vancomycin, MAb + vancomycin, or PBS (negative control) as described in the Table 1:

The first dose of MAb and vancomycin was administered 6 h after the administration of the

infective dose. Animals were subjected to euthanasia on the fourth day. The animals’ kidneys

were aseptically removed and subjected to bacterial quantification according to previously

described methods.

Biodistribution assay. In order to evaluate the presence of the MAb in serum and differ-

ent tissues, 9-week-old female BALB/c mice were used in this assay. Mice (n = 18) received IP

inoculations of 500 μg (25 mg/kg) of either purified MAb or PBS (negative control). Samples

of serum, lungs, spleen, and kidneys were collected at different time points after inoculation

(MAb: 12, 24, 48, 72, and 96 h; PBS: 96 h; three mice per time point). Tissues were homoge-

nized as previously described. An enzyme-linked immunosorbent assay (ELISA) was per-

formed as previously described [9] with some adaptations for MAb quantitation. Briefly, plates

were coated with 1.0 mg/mL recombinant PBP2a, diluted in 0.1M carbonate/bicarbonate coat-

ing buffer (pH 9.6), and incubated overnight at 4˚C. The plates were washed four times (PBP

0.05% Tween-20, Sigma-Aldrich) and blocked (PBS containing 5% non-fat milk, for 2 h at

37˚C. After, the plates were incubated for a further 2 h at 37˚C with serum or homogenized tis-

sues. Subsequently, the plates were washed and incubated at 37˚C for 90 minutes with the sec-

ondary antibody (anti-mouse polyvalent peroxidase-conjugated; Sigma-Aldrich) diluted

1:30.000. To develop the reaction, plates were washed and incubated 10 min at room tempera-

ture with chromogenic substrate solution (TMB peroxidase, Bio-Rad, Hercules, CA). To stop

the reaction, 50 mL/well 2M H2SO4 was added and the optical density (OD) was read on a

microplate reader Benchmark (Bio-Rad) ar 450 nm. For each assay, a standard curve was cre-

ated using a previously quantified MAb [9] to ensure that neither endogenous antibodies nor

other components of the samples would interfere with the analysis. A negative control mouse

Table 1. Description of groups (treated and control) used in the therapeutic assay.

Group Description

1 MAb, 500 μg (25 mg/kg), administered IP on the first day

2 Vancomycin, 150 μg (7.5 mg/kg), administered by an intramuscular route, 12/12 hours, 3 days (5 doses)

3 Association (MAb + vancomycin) as previously described to groups 1 and 2

4 PBS (negative control), administered IP on the first day

https://doi.org/10.1371/journal.pone.0225752.t001
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sample was added to the standard curve with the same volume and dilutions as the analyzed

samples. The amount of MAb present in each sample was then calculated by plotting the

results on the standard curves.

Statistical analysis. All statistics were performed using GraphPad Prism (version 5). For

the comparison of bacterial burden, a Mann-Whitney U test was used. Survival was plotted as

Kaplan-Meier curves and analyzed using log-rank (Mental-Cox) tests. Differences were con-

sidered significant when the p-value was <0.05, and these p-values are indicated in the figures

by an asterisk (�).

Results

In order to illustrate the chronological sequence of animal assays, a timeline comprising all

assays is presented in Supporting Information (S2 Fig).

Determination of lethal and sublethal doses for MRSA strains

Lethal and sublethal dose determinations were required for the in vivo protection assays, and

these were evaluated using two models: 1.) bacterial load in the kidneys after challenge with a

sublethal dose and 2.) a survival test after systemic infection with a higher bacterial inoculation

that caused death in more than 50% of the animals. The IP route was chosen because of the

easier method of administration and because it avoided bacterial loss. The COL MRSA strain

was also tested; however, it proved to be less virulent, requiring a higher infective dose in rela-

tion to the epidemic BEC and Iberian MRSA strains (BEC ST239, Iberian ST247) evaluated.

Therefore, it was not used in protection assays. For both MRSA clones, doses of 5.0×108 CFU

killed more than 50% of infected mice (n = 2/4), and doses of 1.0×108 CFU generated a bacte-

rial load in the kidneys without mortality.

Bacterial load in the kidneys after systemic infection

Using a renal quantification model after infection, these assays demonstrated that a prophylac-

tic treatment with anti-PBP2a MAbs reduced the number of bacteria in vital organs (kidneys)

after a systemic infection. A reduction of more than 3 logs (1,000 times) was observed in inde-

pendent assays using two epidemic MRSA strains (Fig 1), which showed similar levels of bacte-

rial reduction (p<0.05 for assays with Iberian and BEC MRSA strains). No deaths, clinical

signs, or morphological alterations in the kidneys were observed in the treated animals.

In order to demonstrate that in vivo protection is due to the antibody binding its target

(PBP2a) and eliciting an antibody-neutralizing effect, an anti-PBP2a fragment F(ab’)2 was

tested. Since these MAb fragments lack the Fc region, they are unable to elicit an immune

response to eliminate the pathogen. We used 350 μg of F(ab’)2 instead of 500 μg for IgG MAb

in order to maintain an equivalent molar concentration between both treated groups (F[ab’]2

or IgG) since the molecular mass of IgGs (150 kDa) is greater than F(ab’)2 (100 kDa).

There was a significant reduction in bacterial burden for the anti-PBP2a-fragment F(ab’)2-

treated group when compared to that of both control groups (p<0.05); however, a major

response was noted in the group treated with IgG MAb (Fig 2).

Survival after challenge with a lethal dose of MRSA

To study the protection conferred by a previous treatment with anti-PBP2a MAb, the survival

rate was determined after challenge with a bacterial load sufficient to kill more than 50% (5/

10) of the animals. As shown in the Fig 3, for mice challenged with the BEC MRSA strain, 70%

(7/10) of the animals survived the infection compared to only 10% (1/10) of the animals in the

MAbs (monoclonal antibodies) against PBP2a from MRSA confers protection in mice
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control group. Similarly, for mice challenged with the Iberian MRSA strain, 60% (6/10) of the

treated animals survived, and 100% (10/10) died in the control group. Clinical symptoms were

observed in treated and untreated animals. In addition, previous treatment with anti-PBP2a

MAb prolonged survival. Differences observed in this assay could be due to a different bacteria

inoculum and different levels of virulence among the MRSA strains used in this study. A sec-

ond assay employing the Iberian MRSA strain was done and could be seen in Supporting

information (S3 Fig).

Fig 1. Bacterial load in kidneys after systemic infection with different MRSA strains. Groups (four mice per group)

of treated (MAb) and untreated (control) mice were infected via IP injection with 2.4x108 CFU of Iberian (black) or

1.6x108 BEC (white) MRSA clones, and bacterial quantitation was performed after 5 days. A. Bacterial load in

individual mice: Iberian Control (2.1x105, 4.4x104, 3.1x105, and 2.9x104 CFU); Iberian MAb-treated (8.0x101, 2.0x102,

1.0x101, and 6.0x101 CFU); BEC control (2.0x103, 2.9x104, 2.2x105, and 5.2x104 CFU); BEC MAb-treated (2.0x101,

1.0x101, 1.0x101, and 3.0x101 CFU) (�p<0.05 for Iberian and BEC assays). B. Comparative mean for both groups

challenged with Iberian and BEC MRSA, respectively (Iberian control: 2.11x105 CFU; Iberian MAb treated: 8.75x101

CFU; BEC control: 7.57x104 CFU; BEC MAb treated: 1.75x101 CFU).

https://doi.org/10.1371/journal.pone.0225752.g001

Fig 2. Bacterial load in kidneys of mice treated with MAb (IgG) and F(ab’)2 fragment. Mice (n = 7 mice/group)

treated with MAb or F(ab’)2 anti-PBP2a fragment and controls (mAb 4G2 and not treated) were infected via IP

administration of 2x108 CFU of the BEC MRSA clone. Bacterial quantitation was performed 5 days later. Significant

difference between treated and control groups was seen (�p<0.05). There was no significant difference between the

control groups (untreated and mAb 4G2-treated).

https://doi.org/10.1371/journal.pone.0225752.g002
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Fig 3. Effect of prophylactic treatment with anti-PBP2a MAb in a challenge with a lethal dose of BEC and Iberian

MRSA clones. Previous treatment increased survival rates in the treated groups. Mice were challenged by IP

inoculation with 4.2x108 or 3.3x108 CFU of the Iberian and BEC MRSA clones, respectively (�p<0.05).

https://doi.org/10.1371/journal.pone.0225752.g003
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Therapeutic assay comparing vancomycin versus MAb treatment

Since vancomycin is considered the first antimicrobial choice for the treatment of severe

MRSA infections, a study was conducted using a therapeutic assay in which mice were infected

and treated 6 h after infection. The vancomycin dose was adjusted and administered in a simi-

lar manner to that of the human treatment (500 mg every 12 h). These results showed that the

treatment with MAb conferred a similar level of protection to that for the group treated with

vancomycin (96.2% versus 93.4% bacterial load reduction, respectively). Furthermore, a

slightly greater level of protection was observed for the group treated with both the antibiotic

and antibody (98.9% bacterial load reduction) (Fig 4). A second assay yielded similar results

(S4 Fig). Thus, the protection conferred by an antibody dose corresponded to five vancomycin

doses, and the simultaneous administration of MAbs and vancomycin was also efficient for

reducing bacterial load in the kidneys of infected animals.

MAb biodistribution in tissues

Since staphylococcal infections can affect different tissues in the body, it is important to inves-

tigate whether a therapeutic molecule can penetrate different organs. ELISA was used to esti-

mate the MAb concentration in tissues at different times. The results demonstrated that the

MAb reached different tissues (Fig 5). Twelve hours after MAb administration, MAb concen-

trations in the serum, kidneys, lungs, and spleen were 66.2, 3.20, 1.12, and 0.47 μg/mL,

Fig 4. Effect of anti-PBP2a MAb and vancomycin monotherapy and MAb + vancomycin combination therapy.

The bacterial load in kidneys are represented by group (five mice/group). Mice were infected with an IP inoculum of

7.0x106 CFU of the BEC MRSA clone and then euthanized after 3 days. (�p<0.05 between the control group versus the

other groups). The mean of recovered CFU by groups: Control group: 5020 CFU; Vancomycin-treated group: 336

CFU; MAb-treated group: 186 CFU; group treated with the MAb + vancomycin combination therapy: 52 CFU. The

number of CFU/mice are represented in Supporting Information (S1 Table).

https://doi.org/10.1371/journal.pone.0225752.g004

MAbs (monoclonal antibodies) against PBP2a from MRSA confers protection in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0225752 November 27, 2019 8 / 13

https://doi.org/10.1371/journal.pone.0225752.g004
https://doi.org/10.1371/journal.pone.0225752


respectively, and at 96 hours, they were 42.36, 1.80, 0.86, and 0.28 μg/mL, respectively. MAb

concentrations in tissues were lower than that present in the serum (about 4.5% in the kidneys,

1.9% in the lungs, and 0.7% in the spleen). No clinical symptoms were observed in the animals

used in these assays.

Discussion

The emergence of infections caused by MDR bacteria is increasing at an alarming rate. This

situation, in combination with a lack of options for treatment, makes this a worrying scenario.

Of the common MDR bacteria, MRSA has few treatment options and it causes infections char-

acterized by high morbidity. In this context, passive immunotherapy is a promising alternative,

and it causes less toxicity, has an increased half-life (as an IgG), and, especially in our case, dis-

plays selective toxicity. These features could be considered distinct from conventional antibiot-

ics. In order to prevent selective pressure, narrow-spectrum antimicrobial treatments are

needed.

Previous studies of antibodies against PBP2a demonstrated no effects against methicillin-

sensitive S. aureus [11], confirming the specificity of anti-PBP2a antibodies against MRSA.

The MAb presented here was derived from this work, and it was obtained and characterized in

previous studies [11,13,14]. We previously demonstrated that this MAb binds strongly to

recombinant PBP2a and recognizes native PBP2a protein on the bacteria. As shown in the

Fig 5. Biodistribution of the MAb in vivo. Serum, lungs, spleen, and kidneys of 9-week-old female BALB/c mice were obtained at different time points

(12, 24, 48, 72, and 96 h) after IP injection of purified murine MAb (500 μg). Serum and tissues were processed and submitted for an ELISA to estimate

the MAb concentration (μg/mL of serum or homogenated tissue) as described in the Material and methods. Control animal concentrations were

estimated to be 0 (absorbance values were very close to those found at 0 μg of each respective standard curve, ranging from– 0.0044 to 0.0055). Results

are shown as the mean ± S.E.M. of two measurements of three different animals for each timepoint.

https://doi.org/10.1371/journal.pone.0225752.g005
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S5 Fig, a region of 88 amino acids comprising the active center (serine protease motif—STQK)

was used in the immunization of mice to generate this monoclonal antibody. This region is

surface-exposed, and we hypothesize that the MAb mechanism of action involves interference

with the enzymatic activity of PBP2a. In the present work, we evaluated the protection con-

ferred by this MAb in an animal model, which included the use of assays to show bacterial

load reduction in the kidneys, survival after challenge with a lethal dose, and a comparison

with vancomycin treatment in a therapeutic assay.

The epidemiology of MRSA infections has revealed the presence of the predominant clonal

types responsible for outbreaks and epidemics in hospitals worldwide. These clones have a

higher colonization and virulence capacity when compared to that of non-epidemic MRSA

strains [18]. We chose to work with these strains because Brazilian epidemics and Iberian

MRSA clones are the predominant strains isolated from patients infected with MRSA in South

America and Europe. We expect that this antibody confers protection against other MRSA

strains for the following reasons: (i) the protection generated by administration of the anti-

PBP2a MAb for both epidemic clones and (ii) the high degree of conservation in the PBP2a

amino acid sequences of different MRSA strains.

We evaluated the extent of protection conferred by MAb treatment using a prophylactic

assay in a murine model. Previous treatment with anti-PBP2a MAb resulted in significant bac-

terial load reduction in the kidneys of mice, in addition to reduced mortality and prolonged

survival after bacterial challenge. These results are in accordance with previous studies of DNA

vaccination using the mecA gene [11] and a recent report using a passive immunization

approach [19], demonstrating that antibodies directed against PBP2a can confer protection

against MRSA infections in animal models. The protection observed in animals treated with

the antibody devoid of the Fc region (F[ab’]2 fragment) means that the antibody can act inde-

pendently of the effector functions of the host immune system. Since several MRSA-infected

patients can be immunosuppressed, neutralizing activity would be considered an important

feature of a successful treatment for these infections.

MAbs and antibiotics display different structures, sizes, mechanisms of action, and pharma-

cokinetics. The MAb biodistribution results have shown that most of the antibody remains in

the serum, and only a small proportion reaches the tissues. These results are in accordance

with other studies [20]. These characteristics could be useful for treating patients at the onset

of a MRSA infection. Since MRSA infections cause high morbidity, treatment must start

quickly, and combining multiple drugs may be more efficient than monotherapies. Due to

their small molecular weights, antibiotics reach tissues more easily than IgG MAbs.

Peptidoglycan biosynthesis is an essential prerequisite for bacterial viability. Since this mac-

romolecule is found exclusively in bacteria, it is considered an excellent target. Vancomycin

act by binding the D-Ala-D-Ala terminus of nascent peptidoglycan pentapeptides, and this

antibody binds the transpeptidase region, which likely impairs the enzymatic activity of

PBP2a. The association between an antibiotic and a specific antibody acting in the same envi-

ronment resulted in an efficient reduction in the bacterial load in therapeutic assay. A few days

after treatment, the number of bacteria in the kidneys was drastically reduced. Although com-

bined treatments were not shown to be statistically better than single treatments in our study,

a small difference in bacterial clearance could provide better therapeutic outcomes.

Since IgG MAbs usually have an extended half-life [20], we can expect that this MAb could

be used to treat systemic infections caused by MRSA. It could also be used in pre-operative

cases that have a high risk for MRSA infections. In the future, we intend to evaluate this MAb

in combination with other anti-staphylococcal antibiotics, such as linezolid, daptomycin, and

tigecyclin.
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Conclusion

In summary, we have demonstrated that an anti-PBP2a MAb confers protection against

MRSA infections in a murine model. Furthermore, the combination of this MAb with vanco-

mycin yields greater protection than a MAb or vancomycin monotherapy alone.
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S1 Table. Number of CFUs recovered from mice used in the therapeutic assay (Fig 4).
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S1 Fig. A gel resulting from non-reducing and reducing SDS-PAGE showing the purified

MAb anti-PBP2a. Lanes 1 and 14 MW molecular weight marker. Lane 2 to 6: non-reducing

samples, showing a protein with approximately 150 kDa. Lane 7 to 12: reducing samples,

showing two proteins with 50 and 25 kDa, corresponding to the heavy and light chain, respec-

tively.

(TIF)

S2 Fig. Schematic representation of the timeline for all experiments performed in this

study. The timeline is represented in days (A to D) and in hours (E). A. Lethal and sublethal

dose determination; B. Systemic infection and bacterial renal quantification assays; C. Survival

assay; D. Therapeutic assay with vancomycin; E. Biodistibution assay. VMC: Vancomycin.

(TIF)

S3 Fig. Effect of prophylactic treatment with anti-PBP2a MAb in a challenge with a lethal

dose of Iberian MRSA clone. Previous treatment increased survival rates in the treated group.

Mice were challenged by IP inoculation with 6.5x108 CFU of the Iberian MRSA clone

(�p<0.05).

(TIF)

S4 Fig. Effect of treatment with anti-PBP2a MAb, vancomycin, and the combination ther-

apy (MAb + vancomycin) in a therapeutic assay (II). The bacterial load in the kidneys is rep-

resented by groups (n = 5 mice/group). Mice were infected with an IP inoculum of 6.0x107

CFU of the BEC MRSA clone and euthanized 3 days later (�p<0.05 for comparison between

the control group versus the vancomycin- and MAb-treated groups). The mean for the recov-

ered CFU by groups: Control group: 270,300 CFU; Vancomycin treated group: 12,020 CFU;

MAB treated group: 12,344 CFU; MAB + Vancomycin-treated group: 4,490 CFU.

(TIFF)

S5 Fig. Representation of the PBP2a molecule. The structure was obtained from Protein

Data Bank (PDB; ID 1MWT). A surface representation of the whole molecule is shown in

blue. The 88-amino acid region used to generate the anti-PBP2a MAb is marked in red (sur-

face/ribbon). In yellow, amino acids comprising the active center are shown (serine protease

motif—STQK).

(TIF)
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