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Abstract

The incidence of methicillin-resistant Staphylococcus aureus (MRSA) pneumonia in otherwise 

healthy individuals is increasing. To investigate the mechanism underlying the epidemiological 

success of predominant community-associated (CA)-MRSA strains, we examined their fitness 

traits during the initial interaction between bacteria and the host occurring in the lower airway. 

Using a mouse respiratory infection model, we show that clinical isolates often responsible for 

community-associated infections are highly resistant to clearance from healthy airways, while S. 
aureus strains not as prevalent or traditionally associated with hospital-associated infections are 

relatively susceptible. Mechanistically, the competitive fitness of S. aureus is a result of both agr-
dependent and -independent resistance to innate bacterial killing. Furthermore, we show that rather 

than evasion from neutrophil-dependent bactericidal process, the observed S. aureus fitness in the 

lower airways is due to its intrinsic resistance to resident alveolar macrophage-mediated 

intracellular killing. Importantly, we demonstrate that the virulence determinants responsible for 

bacterial persistence in immune-competent mice are dispensable in mice with predisposing 

conditions such as influenza infection. Together, these novel findings of the improved competence 

of predominant CA-MRSA strains to survive innate killing in healthy hosts, particularly at the 

very beginning stage of infection, provide a unique insight into their epidemiological success.

Introduction

Staphylococcus aureus primarily resides in the nasopharynx of healthy hosts, from where it 

can spread to the lower respiratory tract. Since the host innate immunity is generally 

competent in ensuring the sterility of lower airways, staphylococcal pneumonia is 

uncommon. Nonetheless, the incidence of staphylococcal pneumonia in otherwise healthy 

individuals is increasing, and is currently mediated primarily by community-associated 

methicillin-resistant S. aureus (CA-MRSA) strain USA300 (1, 2). These observations 

suggest that USA300, and potentially other S. aureus backgrounds or populations, are 

capable of evading host innate defenses and thus are more often associated with clinical 

infections.
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Studies in animal models of pneumonia have detected multiple CA-MRSA virulence factors, 

such as alpha-hemolysin and phenol-soluble modulin (PSM) peptides, associated with 

disease severity (3, 4). Conversely, virulence determinants that are essential for bacterial 

survival in healthy hosts, particularly at the earliest stage of infection, have received less 

attention. Even fewer studies have examined host immune factors responsible for 

maintaining the sterility of lower airways during subclinical S. aureus infections.

In the present study, we examined the fitness traits of numerous S. aureus strains during the 

initial interaction between bacteria and the host occurring in the lower airway, and 

investigated the hypothesis that prevalent CA-MRSA isolates, such as USA300 and 

USA400, have improved ability to survive host innate immune defenses at the very 

beginning stage of infection. Indeed, we found that clinical isolates often responsible for 

community-associated infections are highly resistant to initial bacterial killing mechanisms 

in the healthy airways, while S. aureus strains not as prevalent or traditionally associated 

with hospital-associated infections are relatively susceptible. Further, we show that rather 

than evasion from neutrophil-dependent bactericidal process, the enhanced fitness of S. 
aureus in the lower airways is a result of its intrinsic resistance to resident alveolar 

macrophage-mediated intracellular killing. Importantly, we demonstrate that these virulence 

determinants responsible for bacterial persistence in immune-competent mice are 

dispensable in hosts with predisposing conditions such as influenza infection.

Materials and Methods

Murine model of bacterial infection

Specific pathogen-free, 6-8 week old C57BL/6 mice were purchased from Charles River 

Laboratories (Wilmington, MA). Specific pathogen-free, C57BL/6 wild-type, p47phox−/−, 

Nox2−/− (female) and Nox2−/y (male) mice were initially purchased from the Jackson 

Laboratory and bred at University of Nebraska medical center following IACUC guidelines.

For bacterial challenge, 8-12 week old, sex and age-matched mice were anesthetized, 

infected intranasally (i.n.) with 50 μl of PBS containing a sublethal or lethal dose of S. 
aureus from overnight cultures. Bacterial burdens in the lungs and bronchoalveolar lavage 

fluids (BALFs) were measured by sacrificing infected mice at the indicated time points, and 

plating serial 10-fold dilutions of each sample onto blood agar plates. The plates were 

incubated at 37°C overnight, and CFUs were enumerated 24 h later. To induce post-

influenza S. aureus pneumonia, mice were challenged with 50 PFU/mouse A/PR/8 virus 

seven days prior to the bacterial infection (5). Viral titers were determined by plaque assays 

on MDCK cell monolayers.

Plasmids expressing DsRed and GFP

The plasmids pCM29 (6) and pVT1 were transduced into BAA-1695 and LAC-JE2 using 

φ11 phage. For construction of plasmid pVT1, a 5.86kb vector backbone devoid of sGFP 

gene was initially PCR amplified from pCM29 using primers pCM29-F (5’-

GAATTCGTAATCATGTCATAGC-3’) and pCM29-R (5’-

AAATAATCATCCTCCTAAGGTAC-3’). Similarly, the optimized DsRed insert (677bp) 
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was PCR amplified from plasmid pDM4 (7) using primers DsREDopt-F (5’-

CTTAGGAGGATGATTATTTATGGATAATACAGAAGATGTTATTAAAG-3’) and 

DsREDopt-R (5’-TGACATGATTACGAATTCTTATAAAAACAAATGATGACGACC-3’). 

The two fragments were assembled using the NEBuilder high-fidelity DNA assembly 

cloning kit according to the manufacturer’s instructions and the resulting plasmid (pVT1) 

was electroporated into E. coli ElectroTen-Blue (Stratagene). Clones were verified by colony 

PCR and sequencing.

Bronchoalveolar lavage (BAL) cell analysis

BALFs were collected by making a longitudinal incision on the ventral side of the neck 

exposing the trachea and lavaging the lung twice with 0.8 ml PBS, pH 7.4. Total leukocyte 

counts were determined using a hemocytometer.

For flow cytometric analysis, BAL cells were incubated with 2.4G2 mAb against FcγRII/III, 

and stained with APC-conjugated anti-CD11c (Caltag Laboratories), BUV395-, PE-, or 

FITC-conjugated anti-CD11b (BD Biosciences), FITC-, PE- or PE-Cy7-conjugated anti-

Ly6G mAb (Clone 1A8, BD Biosciences), PerCP-Cy5.5-conjugated anti-Ly6C mAb 

(Biolegend), and BV421-conjugated anti-Siglec-F (BD Biosciences). The stained cells were 

analyzed on a BD LSRII-green using BD FACSDiva and FlowJo software analysis.

Determination of TNF-α production by ELISA

BALFs and lung homogenates were harvested and assayed for TNF-α by ELISA using 

commercially available kits from BD Biosciences.

Neutrophil depletion

Neutrophils are depleted using anti-Gr-1 mAb RB6-8C5 (BioXCell). Specifically, at 24 h 

before bacterial infection, naïve C57BL/6 mice were injected i.p. with 0.1 mg of anti-Gr-1 

mAb to deplete neutrophils or with rat IgG as a control. The efficiency of neutrophil 

depletion in bacterial-infected mice was confirmed by flow cytometry (5).

Alveolar macrophage depletion

Alveolar macrophages are depleted through liposome-clodronate (Encapsula NanoSciences) 

treatment (8). Specifically, at 48h before bacterial infection, mice were given i.n. with 50 μl 

liposome-clodronate or with liposome-PBS as a control. The efficiency of pulmonary 

macrophage depletion was confirmed by flow cytometry (Fig. 5A-B).

In vitro MH-S cell phagocytosis assay

The MH-S murine alveolar macrophage cell line was grown for 24 h until confluence. GFP-
expressing 1695 or LAC-JE2 from overnight cultures were harvested and resuspended in 

RPMI with 10% FBS. The cells were inoculated with S. aureus at multiplicity of infection 

(MOI) 10 and co-incubated for 60 min on ice, allowing bacteria binding onto the cells. 

Thereafter, the cells were washed twice with cold media to remove free bacteria and further 

incubated at 37°C. At various time points (0, 20, 40, and 60 min), extracellular bacteria were 

killed by adding 20 μg/ml of lysostaphin and incubating the cell cultures for 10 min at 37 °C. 

The cells were washed with cold media and detached with scrapers. The CFUs in cell 
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suspensions were determined as described above. The cells were harvested by 

centrifugation, and re-suspended with 2% BSA for flow cytometry analysis.

Statistical analyses

Results are graphed as means + s.d. Significant differences between experimental groups 

were determined using a Student’s t-test (to compare two samples), or an ANOVA analysis 

followed by Tukey's multiple comparisons test (to compare multiple samples) in GraphPad 

Prism 6 (La Jolla, CA). Survival analyses were performed using the Kaplan-Meier log rank 

test. For all analyses, a P value <0.05 was considered to be significant.

Results

Prevalent CA-MRSA strains are more resistant to initial clearance from the lower airways

To investigate the mechanism underlying the epidemiological success of predominant US 

CA-MRSA strains in otherwise healthy hosts, we evaluated the virulence potential of CA-

MRSA strains LAC-JE2 (a plasmid-cured derivative of USA300 LAC)(9) and MW2 

(USA400)(10), in a comparison with a low-frequency MRSA strain BAA-1695 (non 

USA100-1100) in a respiratory infection model (Supplemental Table. S1). Considering that 

the early events in the confrontation between the host and invading bacteria likely decide 

symptomatic or asymptomatic infection, we assessed host innate immune responses and 

bacterial survival at early time points after a sublethal dose of S. aureus infection. We found 

that S. aureus strains exhibited a significant variability in their competency to survive in 

healthy airways, indicating a variation in their relative resistance to innate bacterial killing 

(Fig. 1A-B). Significantly, compared with other S. aureus clinical isolates, the known 

prevalent CA-MRSA strains USA300 and USA400 exhibited improved survival in the lower 

respiratory tract (Fig. 1A-B). However, lung bacterial burdens and mortality rates were 

comparable in mice infected with high doses (> 2×108 CFU/mouse) of LAC-JE2 or 1695 

(Supplemental Fig. S1). Together, these findings raise the possibility that the resistance to 

innate bacterial killing contributes to the epidemiological success of prototypical CA-MRSA 

strains and is not directly associated with their growth or lethality in immune-competent 

mice.

Furthermore, consistent with their increased bacterial burdens compared with 1695-infected 

mice, both LAC-JE2 and MW2-infected animals exhibited significantly elevated airway 

TNF-α production at 5 h after infection (Fig. 1C). Conversely, the relative numbers of 

alveolar macrophages (CD11c+) were comparable in all MRSA-infected mice (Fig. 1D-E). 

In addition, there was no significant difference in the kinetics or extent of neutrophil 

(CD11c−Ly6G+) recruitment among the three MRSA-infected groups (Fig. 1D-E). Together, 

these results suggest that the defective bacterial killing associated with LAC-JE2 or MW2-

infection is not a result of insufficient immune activation.

Competitive fitness of prevalent CA-MRSA strains

To further investigate the relative competence of S. aureus strains to survive in healthy 

airways, we assessed lung bacterial burdens at 5 h after infection with MW2 and 1695 in a 

competition assay (Fig. 2A-B). Similar to monoinfection, the viability of MW2 was 
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significantly higher than 1695 at 5 h after coinfection. Likewise, LAC-JE2 exhibited 

significantly increased (>10-fold) survival compared with 1695 after various doses of 

coinfection (Fig. 2B-C). The enhanced competitive fitness of LAC-JE2 and MW2 in healthy 

airways indicates that rather than compromising host innate defense, the resistance trait of 

these S. aureus strains is intrinsic to the bacteria.

To determine whether this resistance trait is generally shared by prevalent S. aureus strains, 

we assessed the relative fitness of various clinical isolates during coinfection with either 

LAC-JE2 (Fig. 2D) or the susceptible strain, 1695 (Fig. 2E). A description of these 

representative clinical isolates can be found in Supplemental Table S1. Notably, the initial 

survival is comparable between LAC-JE2 and the parental strain LAC (Fig. 2D). As 

expected, S. aureus clinical isolates exhibited a significant variability in their competitive 

resistance to innate killing mechanisms in the lower airways. Specifically, compared with 

representative USA600 and USA700 strains, the parental strain LAC was more resistant to 

initial clearance from the lower airways (Fig. 2D). Conversely, no significant difference in 

initial survival was observed among MW2, representative USA800, USA1000 and 

USA1100 strains (Fig. 2E). Nonetheless, significantly reduced intrapulmonary killing of 

bacteria was detected in mice infected with LAC (Fig. 2D) or MW2 (Fig. 2E), compared 

with those infected with classical HA-MRSA strains (i.e., USA100 and USA200). Thus, the 

competitive fitness of these CA-MRSA strains in healthy airways is consistent with their 

reported prevalence in causing community-associated S. aureus infections.

Contribution of agr to the competitive fitness of S. aureus

We next investigated the genetic basis that determines the competitive fitness of S. aureus in 

the lower airways during acute infection. Although this issue has been addressed in other 

models, including pneumonia, no previous studies have examined host-pathogen interactions 

at such an acute phase (i.e. 5 h), a critical period that our experiments show dictates the 

course of infection (Fig. 1). Based on their reported roles during S. aureus pathogenesis (11), 

we selected 18 well-recognized virulence factors and assessed their respective contribution 

to S. aureus survival (Supplemental Table. S2). Although S. aureus golden pigment has 

been shown to be important for resistance to oxidative killing by neutrophils (12, 13), we 

found that mutations in the staphyloxanthin synthesis pathway, i.e., mutants crtQ and crtM 
(9), had no effect on the competitive fitness of LAC-JE2 at the very initial stage of infection 

(Fig. 3A-B). Given that pigment mutants can be easily distinguished from WT and other 

isogenic mutants based on their colony color and the fact that disruption of crtQ had no 

fitness defect in our model, crtQ mutant was used as an inoculation control for assessing the 

competitive survival of other LAC-JE2 mutants from the Nebraska Transposon Mutant 

Library (9). Interestingly, most mutants did not exhibit impaired fitness compared to crtQ 
mutant during coinfection (Fig. 3C) or the corresponding isogenic parental strains (Fig. 4). 

Particularly, no requirement was observed for major cytolytic toxins, i.e., α-hemolysin (Hla), 

PVL and α-helical phenol-soluble modulin (PSMα) (Figs. 3B-C&Fig. 4A), or surface 

protein A (Spa) (Fig. 4B), despite their known contributions to the severity of S. aureus 
pneumonia (14-16). Virulence factors such as catalase (KatA), superoxide dismutase (SOD), 

and adenosine synthase (AdsA), are known to be important for resistance to oxidative stress 

Yajjala et al. Page 5

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(17, 18). However, only katA mutant exhibited significantly reduced survival in the lower 

airways, suggesting its increased susceptibility to oxidative killing (Fig. 3C).

The most dramatic effect on fitness was elicited by a mutation in the agrA virulence 

regulator gene (Fig. 3C). AgrA is a response regulator encoded by the agr operon that plays 

a critical role in the coordinated expression of many staphylococcal virulence factors (19). 

Considering that individual S. aureus strains may use different virulence strategies during 

this process, we assessed the requirement for agrA in a methicillin-susceptible S. aureus 
(MSSA) strain 502A (20-22). Indeed, disruption of agrA significantly compromised the 

competitive fitness of 502A in the lower airways (Fig. 4C). In sharp contrast, an agrA 
mutant did not further reduce 1695 survival (Fig. 4D). Together, these results indicate that 

virulence proteins whose expression is under the control of AgrA promote the competitive 

fitness of S. aureus strains in the lower airways.

Alveolar macrophages are essential and sufficient for initial killing of susceptible strains

We next sought to identify host factors responsible for effective killing of susceptible S. 
aureus isolates. We have previously shown that both alveolar macrophages and neutrophils 

are required for efficient S. aureus control in vivo (5). In the current study, we investigated 

the extent to which alveolar macrophages versus neutrophils contribute to early (5 h) 

bacterial killing in the lower airways. Alveolar macrophages (CD11c+Siglec-F+) were 

depleted though i.n. liposome-clodronate treatment (Fig. 5A-B). Interestingly, we found that 

temporary macrophage-depletion completely abolished early clearance of both the 

susceptible strain 1695 and LAC-JE2 agrA mutant (Fig. 5C), highlighting an essential role 

of alveolar macrophages in this process, and in addition, supporting a role for agrA in 

resistance to killing by macrophages. In contrast, neutrophil depletion did not appear to have 

a significant effect on the competitive fitness of LAC-JE2 compared with 1695 and LAC-

JE2 agrA mutant during coinfection (Fig. 5D-E). Together, these results indicate that the 

competitive fitness of LAC-JE2 in the lower airways is a result of its resistance to alveolar 

macrophage-dependent bactericidal activity.

Resistance to intracellular killing by alveolar macrophages

It is known that phagocytes are capable of intracellular bacterial killing through oxidative 

burst (5, 23). NADPH oxidase is responsible for production of reactive oxygen species in 

this process, and both Nox2 (i.e. gp91phox) and p47phox are critical subunits for its enzyme 

activity. In agreement with our previous findings (5), early clearance of 1695 was 

significantly reduced in mice defective in oxidative burst (Fig. 6A). However, compared 

with strain 1695, the fitness advantage of LAC-JE2 was still evident in Nox2−/− females 

(Fig. 6A). These results suggest that the susceptible strain 1695 is vulnerable to both Nox2-

dependent and -independent killing by alveolar macrophages. In contrast, compared to the 

LAC-JE2 agrA mutant, the LAC-JE2 wild-type strain failed to display a fitness advantage in 

Nox2−/− or p47phox−/− mice (Fig. 6B-C), indicating that agrA expression is essential for 

LAC-JE2 resistance to oxidative killing. As a result, strain 1695 exhibited decreased fitness 

in both WT and oxidative burst-deficient mice even compared with the LAC-JE2 agrA 
mutant (Fig. 6B-C). Taken together, these findings indicate that alveolar macrophages are 

Yajjala et al. Page 6

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capable of both oxidative burst-dependent and -independent killing of the 1695 susceptible 

strain.

To further explore the mechanism for this resident macrophage-mediated, initial control of 

S. aureus, we utilized GFP or DsRed-expressing 1695 and LAC-JE2 to quantitate bacterial 

internalization and intracellular killing by phagocytes (Fig. 7A). In vitro lysostaphin 

protection assays established that alveolar macrophages exhibited fluorescence signals only 

after bacterial internalization (Supplemental Fig. S2). If the improved survival of LAC-JE2 

was due to its evasion from recognition and/or internalization by alveolar macrophages, we 

would expect reduced uptake of DsRed-LAC-JE2. On the contrary, the percentages of 

DsRed+ alveolar macrophages (CD11c+) were significantly higher than those of GFP-1695+ 

macrophages in both WT and Nox2-deficient (Nox2−/y) males (Fig. 7B). Furthermore, 

consistent with LAC-JE2 resistance to oxidative killing, the relative numbers of DsRed+ 

alveolar macrophages in Nox2−/y males were similar to those in WT controls (Fig. 7B). 

Conversely, due to defective oxidative killing, Nox2−/y mice exhibited significant increases 

in the relative numbers of GFP-1695+ alveolar macrophages compared with WT animals 

(Fig. 7B). The defective killing of GFP-1695 in Nox2−/y mice led to an increase in the 

proportion of DsRed+GFP+ and therefore a corresponding decrease in DsRed+GFP− alveolar 

macrophages (Fig. 7B). In contrast, the percentages of both DsRed+ and GFP+ neutrophils 

were comparable in WT and Nox2−/y airways (Fig. 7B). Taken together, these data establish 

that rather than evading phagocytic uptake, the competitive fitness of strain LAC-JE2 is a 

result of its ability to survive within alveolar macrophages.

Influenza infection suppresses bacterial killing by alveolar macrophages

We show above that prevalent CA-MRSA strains are more resistant to early macrophage-

mediated clearance from healthy airways. However, given that S. aureus is the most common 

cause of nosocomial infections (24), we hypothesized that strains predominating in patients, 

often with predisposing conditions, may be subject to different selective pressures that could 

account for their decreased ability to resist innate immune clearance in our animal model. 

For example, secondary S. aureus infection is a major complication during influenza 

pneumonia (25), due to the suppressive effect of viral infection on antibacterial immune 

responses (5, 26-28). We thus investigated whether influenza infection undermines the 

requirement for S. aureus competitive fitness in the healthy airways, which, in turn, 

increases host susceptibility to secondary bacterial infection, particularly by S. aureus strains 

that can be readily cleared by alveolar macrophages in healthy hosts.

We have previously demonstrated that influenza infection inhibits oxidative bacterial killing 

during subsequent S. aureus infection (5). Indeed, innate clearance of 1695 was significantly 

inhibited in influenza-infected mice (Fig. 8). In agreement, even though the percentage of 

DsRed-1695+ alveolar macrophages at 5 h was not considerably affected by preceding 

influenza infection, their mean fluorescence intensity (MFI) was significantly increased in 

influenza-infected mice, indicating a defect in intracellular killing by alveolar macrophages 

(Fig. 8B). The numbers of bacteria recovered from lungs after MRSA infection alone or 

post-influenza MRSA infection further confirmed that the survival of 1695 and LAC-JE2 

agrA mutant was reduced only in healthy but not influenza-infected mice (Fig. 9A). As a 
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result, compared with nonvirally infected controls, influenza-infected mice exhibited 

increased susceptibility to secondary infection with either MRSA LAC-JE2 or 1695 (Fig. 
9B). Together, these data establish that influenza infection alleviates requirements for the 

fitness trait of S. aureus in healthy airways, including agr-dependent resistance to oxidative 

killing by alveolar macrophages. Consequently, in contrast to the differences observed 

during primary bacterial infection, dysregulation of macrophage function following 

influenza infection results in comparable host susceptibility to secondary infection with 

MRSA LAC-JE2 and 1695.

Discussion

We show in this report that low-frequency, hospital- and community-associated S. aureus 
strains differ in their intrinsic resistance to macrophage-mediated clearance from healthy 

airways at the earliest stage of infection. Importantly, this resistance trait is in concordance 

with the prevalence of US MRSA isolates in community-associated infections. 

Mechanistically, the competitive fitness of S. aureus is a result of both agr-dependent and 

independent resistance to intracellular killing by alveolar macrophages. These novel findings 

of the improved competency of predominant CA-MRSA strains to survive innate killing, 

particularly at the very beginning stage of infection, provide a unique insight into their 

epidemiological success.

The objective of our present study was to gain new insights into why certain MRSA strains 

predominate in community settings. To this end, we revealed that the prevalence of MRSA 

isolates in community-associated infections was strongly correlated with their capacity to 

resist innate immune killing. However, we found that the resistance potential of USA500 

strain NRS686 (HA-MRSA), but not HFH-30522 (CA-MRSA) or NRS385 (HA-MRSA), 

was not significantly different from that of MW2. Although considered to be the progenitor 

of the predominant CA-MRSA clone USA300, USA500 only causes sporadic diseases in 

both community and hospital settings. In addition, USA500 strains are known to vary in 

their virulence properties due to insertion of IS256 into the rot promoter and subsequent 

alternation of cytotoxin expression (29). Nonetheless, the prototypical US CA-MRSA 

strains, i.e., USA300 and USA400, are significantly more resistant to innate killing 

mechanisms than traditional HA-MRSA isolates such as USA100 and USA200.

From a bacterial perspective, the function of S. aureus virulence factors during pathogenic 

progress has been extensively studied in various infection models (Supplemental Table. 
S2). The agr quorum-sensing system is known to be essential for regulating virulence factor 

expression and therefore, pathogenesis (30). Several S. aureus toxins, including α-

hemolysin, PSM peptides, and PVL, which have been shown to impact on experimental 

pneumonia caused by CA-MRSA, are controlled by the Agr regulatory system (31). 

Moreover, CA-MRSA strains commonly have higher Agr activity than HA-MRSA strains 

(32). In agreement, our findings suggest that AgrA-regulated virulence genes contribute to 

the competitive fitness of S. aureus in the lower airways during acute infection; however, we 

found that at the very initial stage of lung infection, no single toxin, including α-hemolysin, 

PSMα peptide, or PVL, accounts for the fitness trait of S. aureus. Furthermore, we show that 

the fitness trait is not only determined by agrA-dependent resistance to oxidative killing but 
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also influenced by other agrA-independent mechanisms and therefore, it is likely a result of 

the combined contribution of many virulence genes. Nonetheless, even though additional 

virulence genes have yet to be definitively demonstrated, our findings indicate that these 

bacterial factors are capable of intracellularly inhibiting macrophage-mediated killing.

We show in this study that compared with the predominant CA-MRSA strains such as LAC-

JE2 and MW2, MRSA strain 1695 is more readily cleared from the lower airways, and 

presumably less effective at initiating symptomatic infection in healthy hosts. Of note, S. 
aureus virulence is not merely determined by resistance to initial killing by hosts. As shown 

in this report, 1695-infected mice did not show a mortality benefit after high doses of 

infection. Therefore, virulence determinants that are responsible for S. aureus infectivity are 

likely different from those that dictate disease severity. Indeed, epidemiological studies 

indicate that there is no difference in the capacity of CA-MRSA or HA-MRSA strains to 

cause severe diseases (24).

From a host perspective, it is known that S. aureus outgrowth in vivo is mainly prevented 

through phagocyte-dependent bactericidal processes. Moreover, intracellular killing has been 

proposed to be the limiting step of S. aureus control in vivo (33). However, due to relatively 

low numbers of resident macrophages and the fact that their killing capacity is often 

overwhelmed after exposure to high bacterial inoculums, the role of macrophages in immune 

defense against S. aureus infection is often overlooked (22, 34). Furthermore, here we show 

that alveolar macrophages are ineffective as the first line of defense against S. aureus strains 

such as LAC-JE2. In line with this observation, investigations of the virulence mechanisms 

of predominant CA-MRSA strains often focus on neutrophils as the most important 

phagocyte type responsible for bacterial killing (16, 33, 35). Of note, although it has been 

shown that lung macrophages from female mice are better in killing of ingested 

pneumococci (36), we did not observe any significant differences between male and female 

mice in our model.

We show in this study that the competitive fitness of LAC-JE2 is due to extended survival 

inside alveolar macrophages in the lower airways. Presumably, this fitness trait permits 

adaptation of surviving bacteria to in vivo environment, and thereby aids in the initiation of 

infection in immune-competent hosts (37). Interestingly, in contrast to this strain-dependent 

differences detected in healthy lungs, biofilm formation by 1695, LAC-JE2 and MW2 was 

identical in an orthopedic implant biofilm infection model (data not shown) (38-40). 

Furthermore, we show that influenza infection negates the requirement for bacterial 

virulence factors conferring this immune evasion property, as revealed by comparable host 

susceptibility to secondary infection with either MRSA LAC-JE2 or 1695. Together, these 

findings provide new insights into the distinct epidemiological prevalence of MRSA strains 

in community settings versus in hosts with predisposing risk factors.

In summary, we show that LAC-JE2, a representative strain of CA-MRSA USA300, persists 

within alveolar macrophages whereas hospital-acquired (e.g., USA100 and USA200) and 

low frequency (non USA100-1100) MRSA strains are relatively susceptible to the innate 

killing mechanism in the lower airways of healthy hosts. Collectively, this discovery reveals 
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a previously uncharacterized virulence trait of S. aureus that may account for the differential 

infectivity of MRSA strains in otherwise healthy individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prevalent CA-MRSA strains are more resistant to innate clearance from the lower 
airways
(A) Lung bacterial burdens at 5 and 24 h after infection of C57BL/6 mice (n=5) with 107 

CFU of MRSA LAC-JE2 (LAC), MW2 or BAA-1695. (B) Relative numbers of bacteria 

remaining in the lungs (n=4) 5 h after S. aureus infection. The CFU mean±s.d. are 

represented as percentages of the bacterial titer in the inoculum. (C) TNF-α levels, (D) 

representative flow cytometry plots and (E) frequencies (mean±s.d.) of alveolar 

macrophages (CD11c+) and neutrophils (CD11c−Ly6G+) in the airways (n=5) at 5 and 24 h 

after infection of C57BL/6 mice with 107 CFU of MRSA LAC-JE2, MW2 or BAA-1695. 

*P< 0.05, ***P< 0.001, Tukey's multiple comparisons test. Data shown are representative of 

two independent experiments.

Yajjala et al. Page 14

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. S. aureus clinical isolates diversify in their competency to survive in the lower airways
(A) Lung bacterial burdens at 0 and 5 h after infection of C57BL/6 mice with MW2 and 

1695 individually (monoinfection), or a 1:1 mixture (coinfection). Data shown are 

representative of two independent experiments. (B-C) Lung bacterial burdens at 5 h after 

infection of C57BL/6 mice with 105 (B) or 107 CFU (C) of 1695, MW2 or LAC-JE2 (LAC) 

in a 1:1 mixture. (D-E) Competitive survival of various S. aureus clinical isolates in the 

lungs at 5 h after infection of C57BL/6 mice with LAC-JE2 (D) or 1695 (E) in a 1:1 

mixture. Each symbol represents the fold change of CFU, i.e., the output CFU ratio divided 

by the input CFU ratio of co-inoculated strains, in a single mouse. ***P< 0.001, Tukey's 

multiple comparisons test. Data shown in (B-E) were combined from at least two 

independent experiments.
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Figure 3. Contribution of individual virulence factors to LAC-JE2 survival in the lower airways
(A-B) Lung bacterial burdens at 5 h after infection of C57BL/6 mice with 107 CFU of LAC-

JE2 WT in a 1:1 mixture with mutant agrA, crtQ (A), crtM (B) or hla (B). (C) Competitive 

survival of various LAC-JE2 mutants in the lungs 5 h after infection of C57BL/6 mice in a 

1:1 mixture with crtQ mutant. Each symbol represents the fold change of CFU. **P< 0.01, 

***P< 0.001, Tukey's multiple comparisons test. Data shown are combined from at least two 

independent experiments.
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Figure 4. AgrA is required for the competitive survival of S. aureus in the lower airways
Competitive survival of (A) LACΔpsmα, (B) LACΔspa, (C) 502AΔagrA and (D) 

1695ΔagrA in the lungs at 5 h after infection of C57BL/6 mice in a 1:1 mixture with the 

corresponding parent strains (A-C), 1695 or LAC-JE2 (D). Each symbol represents the fold 

change of CFU. **P< 0.01, ***P< 0.001, t test. Data shown were combined from two 

independent experiments.
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Figure 5. Alveolar macrophages are responsible for initial bacterial killing in the lower airways
(A) Inflammatory cell profiles, (B) numbers of alveolar macrophages (AM) and neutrophils 

(PMN) in the airways (4~5 mice/group), and (C) numbers of bacteria in the lungs 5 h after 

infection of naïve, liposome-control or liposome-clodronate treated C57BL/6 mice with 107 

CFU of LAC-JE2 WT, agrA mutant, and 1695 in a 1:1:1 mixture. Numbers (mean of 4~5 

mice/group) shown in (A) represent percent of indicated populations in the respective gates. 

Data shown are representative of two independent experiments. (D) Airway inflammatory 

cell profiles and (E) numbers of bacteria in the lungs 5 h after infection of α-PMN antibody-

treated mice with 107 CFU of LAC-JE2 WT, agrA mutant and 1695 in a 1:1:1 mixture. 

Control mice were treated with Rat IgG. Data shown were combined from two independent 

experiments. *P< 0.05, **P< 0.01 and ***P< 0.001, Tukey's multiple comparisons test.
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Figure 6. Oxidative burst-dependent bacterial killing in the lower airways
(A) Numbers of bacteria in the lungs 5 h after infection of C57BL/6 WT and Nox2−/− 

females with 107 CFU of LAC-JE2 and 1695 in a 1:1 mixture. Data shown are representative 

of two independent experiments. (B-C) Competitive survival of bacteria in the lungs 5 h 

after infection of C57BL/6 WT, p47phox−/− and Nox2−/− mice (6~9 mice/group) with 107 

CFU of LAC-JE2 WT, agrA mutant and/or 1695 in a 1:1 (B) or 1:1:1 mixture (C). Data 

shown were combined from two independent experiments. *P< 0.05, ***P< 0.001, Tukey's 

multiple comparisons test.
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Figure 7. LAC-JE2 persists within alveolar macrophages after internalization
(A) Lung bacterial burdens, and (B) flow cytometry analysis and quantification of S. aureus 
phagocytosis (mean±s.d.) by alveolar macrophages (gated on CD11c+) and neutrophils 

(gated on CD11c−CD11b+) at 5 h after infection of C57BL/6 WT and Nox2−/y males (4~5 

mice/group) with 107 CFU of DsRed-LAC-JE2 (DsRed-LAC) and GFP-1695 in a 1:1 

mixture. **P< 0.01, ***P< 0.001, Tukey's multiple comparisons test. Data shown are 

representative of two independent experiments.
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Figure 8. Influenza infection inhibits intracellular bacterial killing by alveolar macrophages
(A) Numbers of bacteria in the lungs, (B) flow cytometry analysis of S. aureus phagocytosis 

(mean±s.d.) by alveolar macrophages at 5 h, (C) inflammatory cell profiles at 24 h, and (D) 

representative histograms and quantification of S. aureus phagocytosis by alveolar 

macrophages and neutrophils at 5 and 24 h after infection of C57BL/6 mice (n=5) with 107 

CFU of DsRed-1695 alone (1695) or on day 7 after PR8 infection (PR8 + 1695). *P< 0.05, 

***P< 0.001, t test. Data shown are representative of two independent experiments.
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Figure 9. Influenza infection induces susceptibility to secondary S. aureus infection
(A) Numbers of bacteria in the lungs 5 h after infection of naïve (-Flu) or day 7 

postinfluenza infected (+Flu) C57BL/6 mice with 107 CFU of LAC-JE2 WT, agrA mutant 

and 1695 in a 1:1:1 mixture. ***P< 0.001, t test. Data shown are combined from two 

independent experiments. (B) Survival of C57BL/6 mice after infection with 2×108 CFU of 

1695 or LAC-JE2 (LAC) alone or on day 7 after PR8 infection. Data shown are 

representative of two independent experiments.
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