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Infection by Staphylococcus aureus strain USA300 causes tissue injury, multiorgan failure, and high mortality. However,
the mechanisms by which the bacteria adhere to, then stabilize on, mucosal surfaces before causing injury remain
unclear. We addressed these issues through the first real-time determinations of USA300-alveolar interactions in live
lungs. We found that within minutes, inhaled USA300 established stable, self-associated microaggregates in niches at
curved, but not at flat, regions of the alveolar wall. The microaggregates released α-hemolysin toxin, causing localized
alveolar injury, as indicated by epithelial dye loss, mitochondrial depolarization, and cytosolic Ca2+ increase. Spread of
cytosolic Ca2+ through intercellular gap junctions to adjoining, uninfected alveoli caused pulmonary edema. Systemic
pretreatment with vancomycin, a USA300-cidal antibiotic, failed to protect mice infected with inhaled WT USA300.
However, vancomycin pretreatment markedly abrogated mortality in mice infected with mutant USA300 that lacked the
aggregation-promoting factor PhnD. We interpret USA300-induced mortality as having resulted from rapid bacterial
aggregation in alveolar niches. These findings indicate, for the first time to our knowledge, that alveolar microanatomy is
critical in promoting the aggregation and, hence, in causing USA300-induced alveolar injury. We propose that in addition
to antibiotics, strategies for bacterial disaggregation may constitute novel therapy against USA300-induced lung injury.
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Introduction
When bacteria encounter host mucosal membranes, they must first 
adhere to the mucosal surface, stabilize by withstanding muco-
sal defense mechanisms, then induce pathogenic processes that 
lead to tissue injury. However, direct data in support of these host- 
bacterial interactions that critically underlie infective pathology 
remain unavailable. Thus, although alveolar injury due to lung infec-
tion is a major cause of mortality (1, 2), there is little understanding 
of how inhaled bacteria stabilize in alveoli to cause the injury. Here 
we consider this question in relation to the emergent, highly virulent 
Staphylococcus aureus strain USA300, which causes a form of rapidly 
occurring alveolar injury that associates with severe mortality (3–5).

It is understood from studies in cultured cells that alveolar 
stabilization of S. aureus might involve binding of bacterial sur-
face proteins to host molecules, including cytokine receptors (6) 
and adhesive matrix molecules that recognize microbial surface 
components (7). Studies in vitro indicate that the bacteria may 
stabilize through biofilm formation (8, 9), charge interactions 
(10), or PhnD, the substrate-binding protein of the bacterial 
ATP-binding cassette (ABC) transporter for phosphonates (11). 
Once stabilized on the alveolar epithelium, S. aureus may cause 
injury by metalloproteinase activation (12), cytokine receptors 
(6), necroptosis (13), and mitochondrial dysfunction (14). How-
ever, direct evidence is not available that these proposed mecha-
nisms apply to intact alveoli (15).

In this regard, it is important to consider the roles played 
by alveolar defense mechanisms that might diminish direct  
bacterial-epithelial contact and promote removal of inhaled parti-
cles. Thus, alveolar surfactant forms a protective liquid layer that 
inhibits bacterial contact with the epithelium (16). Phagocytosis 
by alveolar macrophages (17) and convective removal by the flow 
of alveolar wall liquid (AWL) (18) are likely to eliminate bacte-
ria from alveoli. The extent to which these defense mechanisms 
impact alveolar stabilization of inhaled USA300 requires, we 
believe, real-time evidence of alveolar bacterial-epithelial interac-
tions in alveoli.

We addressed these issues by means of optical imaging of live 
alveoli (19–21). Our goal was to determine bacterial and epithe-
lial responses that follow early interactions between the alveolar 
wall and USA300, with an eye to understanding the time course 
of bacterial stabilization and subsequent epithelial injury. We also 
addressed the puzzling feature of this pathology that although 
USA300 might be antibiotic sensitive in vitro (22, 23), antibiotics 
tend to be ineffective in containing lung injury (23–25), possibly 
because of host factors.

We considered that inhaled bacteria might spread diffusely 
across the alveolar surface, causing damage at all sites of epithelial 
contact, or they might cluster, causing spatially extensive alveolar 
injury by spread of α-hemolysin (Hla) from the clusters. However, 
our findings were opposite. Remarkably, USA300 rapidly formed 
impermeable microaggregates (MAs) in alveolar niches, account-
ing for antibiotic inefficacy. The MAs induced highly localized 
epithelial injury that spread through intercellular gap junctions 
(GJs), expanding lung injury, and causing high mortality. For the 
first time to our knowledge, these findings attest to the importance 
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ulum, MA size remained unchanged (Figure 1B), indicating that 
microanatomical features of alveoli determined MA size. MA size 
varied with numbers of bacteria contained in the MAs (Figure 1C). 
While all MAs made direct contact with the alveolar epithelium 
along the tissue-facing edge of the MAs, some MAs protruded into 
the alveolar lumen (Figure 1A). Together these findings indicate 
that the niches formed by the alveolar microanatomy determined 
bacterial clustering, thereby MA size.

To rule out the possibility that MA formation was restricted 
to subpleural alveoli, we fixed the lungs within 1 hour of intra-
nasal instillation of bacteria. Histological sections revealed that 
MAs were in contact with alveolar epithelium in niches of alveoli  
located in central and peripheral lung regions (Figure 1D). These 
data affirm the confocal imaging findings and indicate that MA 

of unique features of alveolar anatomy in bacterial pathobiology, 
in that alveolar niches provided sites of bacterial stabilization and 
alveolar GJs amplified the injury.

Results
USA300 rapidly form stable MAs in alveolar niches. Within 1 hour of 
intranasal instillation, GFP-labeled USA300 (USA300WT) formed 
MAs on the alveolar epithelium at niches, curved regions of the 
alveolar wall at septal junctions (Figure 1A, arrows). MAs formed 
in more than 50% of alveoli viewed by confocal microscopy (Fig-
ure 1B). In infected alveoli, nearly half of the niches contained 
MAs (Figure 1B). Decreasing the bacterial number in the inhaled 
inoculum decreased the number of alveoli and niches containing 
MAs (Figure 1B). However, even with the lower bacterial inoc-

Figure 1. Inhaled S. aureus form MAs at alveolar niches. (A) Low-power (inset) and high-power confocal images of a live mouse alveolus (red) show 
different-sized MAs (arrows) of GFP-labeled S. aureus strain USA300 (green) at niches, curved alveolar regions where alveolar septa converge. Example 
niche-forming septa are indicated by i–iii. Dashed lines demarcate alveolar walls. AuF, autofluorescence; alv, alveolus. Scale bars: 50 (inset) and 8 μm. Rep-
licated in 4 lungs. (B) Effect of inoculum size on MA distribution and distance of contact between MAs and the epithelium. Bars: mean ± SEM; n = 3 lungs 
in which fluorescence was quantified in 30 (left bars) or 3 (middle and right bars) alveoli per lung; *P < 0.05 using 2-tailed t test. (C) Bacterial counts of MAs. 
Each point represents a single MA selected from 3 lungs. Line calculated by linear regression (P < 0.05). (D) H&E- and Gram-stained histological sections of 
lung tissue show low-power (inset) and high-power views of USA300 MAs (arrows) in niches of multiple alveoli. Scale bars: 100 (inset) and 10 μm. Replicated 
in 3 lungs. (E) Low-power (inset) and high-power confocal views of a calcein-loaded alveolus (red) in a human lung, 10 minutes after alveolar microinstilla-
tion of WT USA300 (green). Arrows indicate bacterial MAs in alveolar niches. CR, calcein red. Scale bars: 50 (inset) and 20 μm. Replicated in 3 alveoli.
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have formed before microinjection and 
therefore could not have been directly 
injected. Moreover, MAs did not form 
in vitro (Supplemental Figure 1, B and 
C); hence they could not have been 
inserted into the micropipette before 
microinjection. MAs also formed within  
10 minutes in human lungs (Figure 
1E), indicating that rapid MA forma-
tion in alveolar niches was not mouse 
specific. These findings indicate that 
irrespective of whether the bacteria 
were inhaled or directly microinstilled, 
MAs formed rapidly after USA300WT 
entered alveoli.

In contrast to alveolar niches, from 
which MAs were not spontaneously 
cleared (Figure 2, A–C, arrows), flat 
alveolar septa did not support MA for-
mation. At these locations USA300WT 
formed small clusters of 1–3 bacteria 
(Figure 2, A–C, arrowheads), which 
cleared spontaneously. However, alveo-
lar pretreatment with an inhibitor of the 
cystic fibrosis transmembrane conduc-
tance regulator (CFTR), CFTRinh-172, 
which inhibits AWL flow (18) but may 
have other nonspecific effects, blocked 
the spontaneous removal of small bac-
terial clusters (Figure 2, D and E), sug-
gesting that the AWL washed out bac-
teria that did not incorporate into MAs. 
Taking these findings together, we con-
clude that localization of the bacteria to 
niches in curved alveolar segments was 
critical to the formation of stable MAs.

To further evaluate the stability of 
the USA300WT MAs, we gave multiple, 
prolonged microinstillations of buf-
fer to MA-containing alveoli. Howev-
er, these procedures failed to dislodge 
the MAs (Figure 2F, first bar), further 
attesting to their stability. To determine  
whether other bacteria and particles also 
in duced stable MA formation, we gave 
alveolar microinstillations of fluores-
cent plastic beads (Supplemental Figure 

1D), Pseudomonas aeruginosa, Klebsiella pneumoniae, or Newman, a 
different S. aureus strain. Although each of these instillations also 
induced the formation of MAs in alveolar niches, these MAs could 
be readily washed out by alveolar buffer microinstillations (Figure 
2F, second bar, and Supplemental Figure 2A); hence they were not 
stable. These findings indicate that although nonspecific bacte-
ria as well as inert particles clustered at alveolar niches, the MAs 
formed by USA300WT alone were stable.

USA300 proteins determine stability of alveolar MAs. S. aureus 
aggregate in vitro through homophilic interactions between bac-

formation in niches was a generalized phenomenon that occurred 
in alveoli throughout the lung.

To quantify the time course of MA formation, we micro-
instilled alveoli with USA300WT through glass micropipettes. 
Surprisingly, this procedure induced MA formation within 
minutes of microinstillation (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI95823DS1), attesting to the rapidity of the aggre-
gation process. Since MA diameters exceeded micropipette tip 
diameters (Supplemental Figure 1, B and C), the MAs could not 

Figure 2. USA300 MAs are stable and solute impermeable. (A–E) Images (A–D) were obtained at the indi-
cated times after bacterial instillation. A shows a vehicle-pretreated alveolus (alv), delineated by calcein 
red (CR) fluorescence in the epithelium (red), that contains an MA (arrow) of GFP-labeled WT USA300 
(green) in an alveolar niche. Small clusters of 1–3 bacteria (arrowheads) are shown on the flat alveolar 
surface. B and C show the dashed region at high magnification. D is a high-magnification view from a 
different alveolus that was pretreated with CFTR inhibitor. Epithelial fluorescence was digitally removed 
in B–D. Note, small clusters were removed in C but not D. Scale bars: 20 (A) and 5 (B–D) μm. Bars (E) show 
group data for bacterial removal 4 hours after bacterial microinstillation. SC, small clusters; Veh, vehicle; 
CFinh, CFTR inhibitor. Bars: mean ± SEM; n = 3 lungs (10 clusters quantified per lung); *P < 0.05 as indicated 
using 2-tailed t test. (F) Bars show fluorescence of the indicated microinstilled bacteria. Washout was 
given 30 minutes after each microinstillation. WT, WT USA300; phnD–, PhnD-deficient USA300. For fourth 
and fifth bars, WT was preincubated with the indicated antibodies. Bars: mean ± SEM; n = 3 lungs (5 MAs 
quantified per lung); *P < 0.05 vs. left bar using ANOVA with Bonferroni correction. (G) Confocal images 
show epithelium (red) of 2 alveolar niches containing MAs (arrows) of microinstilled USA300 (green). 
USA300 are GFP-labeled WT (top) and calcein green–loaded (CG-loaded) phnD– (bottom). One hour after 
USA300 instillation, Alexa Fluor (AF; blue) was microinstilled in alveoli. In the right images, MA fluores-
cence was digitally removed and replaced by outlines. Open arrow highlights Alexa Fluor penetrance of the 
MA formed by phnD–. Scale bars: 8 μm. Replicated in 3 lungs.
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resistant MAs (Figure 2F, fifth bar). These findings indicate that 
PhnD-mediated interbacterial adhesion in alveolar niches was crit-
ical for formation of stable MAs of USA300.

It is proposed that S. aureus bind epithelial surfaces by 
ligating epithelial proteins such as β1 integrins, or the cytokine 
receptor TNF receptor type 1 (TNFR1) (6, 30). To evaluate these 
possibilities, we microinstilled USA300WT in alveoli pretreated 
with microinstillations of polyclonal anti–β1 integrin antibody, 
or in alveoli of TNFR1-null mice. In each case, USA300WT 
formed stable MAs (data not shown). In addition, we elimi-
nated all proteins from the alveolar surface by giving alveolar 

terial surface proteins (8, 26). To evaluate bacterial proteins in MA 
formation, we considered the role of PhnD. Although PhnD is a 
component of the bacterial phosphonate ABC transporter (27, 28), 
reports indicate that it may have also an adhesive function in vitro 
(11). Alveolar microinstillation of PhnD-deficient mutant USA300 
(phnD–) (29), or USA300WT preincubated with a polyclonal antibody 
that inhibits PhnD binding (11), caused MA formation. However, in 
each case we could wash out the MAs with alveolar buffer microin-
stillation (Figure 2F, third and fourth bars from left), indicating that 
the clusters were not stable. Microinstillation of USA300WT preincu-
bated with an isotype-matched control antibody formed washout- 

Figure 3. USA300 MAs cause localized epithelial injury. All microinstillations were in alveoli. (A) Confocal images show epithelial calcein red (CR) fluorescence 
(red), before (left) and 1 hour after (right) MA (green) formation by WT USA300 (GFP) in alveoli (alv). Example niches (arrowheads) and niche-forming septa 
(i–iii) are indicated. Scale bar: 20 μm. (B) Alveolar fluorescence at WT) MA-associated (+) and MA-free (–) sites. Alveoli were pretreated with vehicle (Veh) or 
GAP26/27 (GAP). Bars: n = 3 lungs (4 sites quantified per lung). (C–E) Confocal images show alveoli (red) in which we induced WT MA (green) formation, then 
instilled Alexa Fluor (AF) dye (blue). MA fluorescence was digitally removed in high-magnification views of septa 1 (D) and 2 (E). Pink pseudocolor (arrows) 
signifies red-blue merge only for MA-associated epithelium (D). Scale bars: 15 (C) and 5 (D and E) μm. Replicated in 3 lungs. (F) Fluorescence loss after the indi-
cated microinstillations. Points: n = 3 lungs (30 alveoli quantified per lung). Arrows: time points of instillation and epithelial calcein reloading. (G) Fluorescence 
after the indicated microinstillations. hla– and phnD–, Hla- and PhnD-deficient USA300. Fifth and sixth bars: WT was preincubated with the indicated antibod-
ies. Bars: n = 3 lungs (30 alveoli quantified per lung). (H) Effect of WT cluster size on fluorescence at cluster-associated sites. SC, small clusters of 1–3 bacteria. 
Bars: n = 3 lungs (3 sites quantified per lung). (I) Concentration dependence of Hla-induced calcein loss. Line calculated by polynomial regression (P < 0.05). 
Dashed arrow: Hla concentration corresponding to fluorescence loss induced by USA300 MAs. HlaH35L, mutant Hla. Points: n = 3 lungs (30 alveoli quantified per 
lung). All points and bars: mean ± SEM; *P < 0.05 as indicated (B, G, and H) or vs. baseline (F) or leftmost point (I) using ANOVA with Bonferroni correction.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/3


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 0 7 8 jci.org   Volume 128   Number 3   March 2018

penetrance to the MA interior, whereas unstable MAs were freely 
permeable. Thus, stable USA300 MAs might hinder penetrance, 
hence efficacy of antibiotics.

USA300 causes rapid epithelial injury localized to MA sites. 
Findings in cultured cells indicate that staphylococci cause cell 
injury by Hla-induced membrane damage (31, 32). However, there 
is no understanding as to the rapidity of the membrane damage, 
or the role of staphylococcal aggregates in the process. Further, 
no direct data are available attesting to Hla-induced membrane 
damage in the intact alveolar epithelium, where membrane 
damage might be repaired spontaneously (19, 33). To test this 
hypothesis, we evaluated epithelial membrane damage at the 
MA-alveolar interface in terms of epithelial calcein fluorescence, 
which decreases following membrane damage (34). After alveo-
lar instillation of USA300WT, calcein fluorescence decreased in 
MA-associated epithelium (Figure 3, A and B, first bar from left), 
signifying epithelial membrane damage. Interestingly, calcein loss 
also occurred in MA-free epithelia (Figure 3, A and B, second bar 
from left). Hence, we considered that the MA-free response could 
be secondary to gap junctional effects. Accordingly, we treated 

microinstillations of trypsin. We confirmed that these micro-
instillations removed surface proteins as detected by biotin 
staining (Supplemental Figure 2, B–D). Microinstillation of 
USA300WT in the protein-depleted alveoli also resulted in for-
mation of washout-resistant MAs (Supplemental Figure 2, A, 
rightmost bar, and D). Together, these findings suggest that MA 
formation and stabilization were not determined by alveolar 
epithelial surface proteins.

MAs inhibit penetration by an antibiotic-sized solute. Because of 
the above evidence indicating interbacterial adhesion in MAs, we 
considered that MAs may have diminished permeability to small 
solutes, an issue that might relate to antibiotic penetrance of these 
structures. Accordingly, in MA-containing alveoli we microin-
stilled fluorescent Alexa Fluor, a water-soluble solute of molecular 
weight (1 kDa) similar to that of the antistaphylococcal antibiotic 
vancomycin. Alexa Fluor penetrance in USA300WT MAs was negli-
gible (Figure 2G, top row). By contrast, phnD– MAs were markedly 
penetrable by Alexa Fluor (Figure 2G, bottom row). We interpret 
that PhnD-mediated linkages on the bacterial wall of stabilized, 
microaggregated USA300WT formed a barrier that blocked solute 

Figure 4. MA-induced cytCa2+ increase spreads from infected to uninfected alveoli. Images and quantifications are of alveolar fluorescence after epithelial 
transfection with the Ca2+-sensing YC2.3 FRET probe. CytCa2+ was measured in terms of the FRET-induced YFP/CFP fluorescence ratio. (A–D) Confocal images 
in A show epithelial (yellow) FRET-induced YFP (FRET) fluorescence of 2 representative alveoli (alv) containing MAs (red) of WT or Hla-deficient (hla–) USA300 
as indicated. Bacteria are MitoTracker (MT) dye loaded. High-magnification images in B and C show MA-associated epithelial sites (1 and 3 in A), before (B) 
and 1 hour after (C) bacterial microinstillation. Images in D show high-magnification views of MA-free sites (2 and 4 in A). Note, fluorescence increased at sites 
1 and 2, but not 3 and 4. Bacterial fluorescence was digitally removed in C. Scale bars: 20 (A) and 5 (B and D) μm. (E) Time course of FRET ratio increase at 2 
representative MA-associated alveolar sites, after microinstillation of the indicated bacteria. Arrow indicates the time point of instillation. (F) Group data 1 
hour after the indicated microinstillations. Right bar shows alveoli that were pretreated with BAPTA before WT instillation. Bars: mean ± SEM; n = 4 lungs (4 
sites quantified per lung); *P < 0.05 using ANOVA with Bonferroni correction. (G) Time-dependent effects of the indicated microinstillations. Arrow indicates 
the time point of instillation. HCl, hydrochloric acid (pH 1.0–1.2). Points: mean ± SEM; n = 3 lungs (3 sites quantified per lung); *P < 0.05 vs. HCl using 2-tailed 
t test. (H) Group data 1 hour after alveolar WT microinstillation. Instilled alveoli were pretreated with vehicle (Veh) or BAPTA before instillation. Quantified 
alveoli did not contain bacteria. Bars: mean ± SEM; n = 4 lungs (4 sites quantified per lung); *P < 0.05 using 2-tailed t test.
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alveoli with GAP26/27, an inhibitor of connexin 43–containing 
(Cx43-containing) GJs (21, 35). GAP26/27 pretreatment inhibited 
calcein loss at MA-free sites (Figure 3B, fourth bar from left), but 
not at MA-associated sites (Figure 3B, third bar from left), affirm-
ing a role for GJs in the effect and ruling out the possibility that 
membrane damage occurred at MA-free sites.

To further evaluate the localization of membrane damage at 
MA sites, we microinstilled alveoli with the dye Alexa Fluor, which 
is water soluble and membrane impermeable. Therefore, extracel-
lular Alexa Fluor is not taken up in cells with intact membranes. 
Hence, we reasoned that appearance of Alexa Fluor fluorescence 
in the epithelial cytosol would indicate membrane damage in 
the fluorescent cell. Our findings indicate that following alveolar 
microinstillation, Alexa Fluor appeared in the epithelial cytosol, 

as evident by merged pseudocolor at MA-associated (Figure 3, C 
and D) but not at MA-free sites (Figure 3E). These findings affirm 
that membrane damage occurred only in MA-associated epithelia.

Although epithelial calcein fluorescence was stable after PBS 
microinstillation, the USA300WT-induced calcein loss initiated in 
minutes and continued for hours (Figure 3F). After the fluores-
cence decreased by more than 50%, we reloaded calcein in the 
epithelium. This procedure returned cytosolic fluorescence to 
baseline (Figure 3F). Since the activity of cytosolic esterases deter-
mines calcein fluorescence (36), our ability to successfully reload 
calcein indicated that the epithelium was viable.

An Hla-deficient mutant of USA300 (hla–) that does not secrete 
Hla toxin (37) formed MAs (Supplemental Figure 2E) but failed to 
induce calcein loss (Figure 3G), affirming that Hla was critical for 

Figure 5. USA300 MAs rapidly induce Hla- and Ca2+-dependent loss of alveolar function. Confocal images and quantifications show fluorescence in live 
alveoli. All bars: mean ± SEM; *P < 0.05 as indicated using ANOVA with Bonferroni correction. (A–G) A shows an alveolus (alv) with epithelial tetramethyl-
rhodamine, ethyl ester (TMRE), fluorescence. B and C show the marked region (dashed rectangle) at high magnification, before (B) and 1 hour after (C) micro-
instillation of WT USA300 (WT). D and E are high-magnification regions of other alveoli that received Hla-deficient USA300 (hla–) or BAPTA pretreatment, 
respectively. Bacterial fluorescence was digitally removed in C–E. Dashed regions indicate MA locations. Scale bars: 30 (A) and 5 (B–E) μm. Plots (F) and bars 
(G) show effects of the indicated treatments on fluorescence at MA-associated epithelial sites. Plots are representative for individual sites. Bars show group 
data 1 hour after the indicated microinstillations; n = 3 lungs (3 sites quantified per lung). (H–M) H shows fluorescence of alveolar type 2 (AT2) cell lamellar 
bodies (LBs) loaded with LysoTracker Red (LTR). We microinstilled alveoli as indicated, transiently hyperinflated the lung, then obtained images I–K. LB 
fluorescence loss indicates hyperinflation-induced surfactant secretion. Bacterial fluorescence was digitally removed in J and K. Dashed regions indicate MA 
locations. Scale bars: 5 μm. Plots (L) are representative for individual cells. Bars (M) show group data 1 hour after the indicated microinstillations; n = 3 lungs 
(5 cells quantified per lung). (N–Q) Alveoli were pretreated with vehicle (N and O) or BAPTA (P), then microinstilled as indicated. After 6 hours, we gave intra-
vascular 20-kDa dextran (green), then obtained the images. MAs are indicated in red. Arrows indicate dextran-filled airspaces. FD20, FITC-labeled dextran. 
Scale bars: 50 μm. Bars (Q): n = 3 lungs (10 alveoli quantified per lung).
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the membrane damage. The extent of calcein loss related directly to 
the extent of MA-epithelial contact (Figure 3H), affirming that bac-
teria at the MA-epithelial interface determined the injury. Unstable 
bacterial clusters that were formed in alveolar niches by phnD–, or by 
USA300WT that were preincubated with PhnD-inhibiting antibody, 
but not with noninhibiting antibody, failed to induce calcein loss (Fig-
ure 3G), indicating that MA stability was critical. Together, our find-
ings underline a novel feature of USA300-induced epithelial injury, 
namely that in alveoli, the injury is attributable to Hla-induced mem-
brane damage that occurs locally only at sites of stable MAs.

These findings suggested that Hla secreted by MAs was 
restricted to the epithelial membrane directly associated with the 
MAs, and that there was no diffusion of Hla to MA-free alveolar 
regions. We suggest that at MA-associated sites, calcein escaped 
across the injured epithelial membrane, causing localized fluores-
cence loss (Supplemental Figure 3). Subsequently, intracellular 
calcein diffusion through GJs from noninjured epithelium to the 
adjacent injured epithelium resulted in fluorescence loss even 
at the noninjured, MA-free epithelium. Together, these findings 
indicated that Hla-induced membrane damage was localized to 
MA-associated epithelium, but that the injury initiated intercellu-
lar communication of cytosolic constituents.

We considered that Hla might achieve high concentrations in 
clefts (Supplemental Figure 1A, arrows) at the MA-epithelial inter-
face. To determine membrane-damaging concentrations, we gave 
alveolar microinstillations of purified Hla. Our findings indicate 
that Hla, but not a mutant Hla that cannot damage membranes 
(12, 38), induced rapid, concentration-dependent calcein loss in 

alveolar epithelium (Figure 3I). We interpret from the response 
curve that an Hla concentration of more than 100 μg/ml (Figure 
3I, dashed line) accounted for the calcein loss induced at MA sites 
(Figure 3B, first bar from left). Hence, we suggest that the Hla con-
centration at the MA-epithelial interface exceeded concentrations 
previously applied to induce membrane damage in cultured cells 
(12, 31, 32, 38), attesting to unique features of alveolar anatomy 
that may have augmented Hla toxicity.

Epithelial injury at MAs induces GJ communication of cytosolic 
constituents with noninjured epithelium. Understanding of S. aureus–
induced effects on cytosolic Ca2+ (cytCa2+), a major determinant of 
alveolar injury (19), has been hampered by the tendency of soluble 
Ca2+-sensing dyes to leak across Hla-damaged cell membranes 
(32). Hence, to assess cytCa2+ responses, we transfected alveoli 
with the Ca2+-sensing FRET probe YC2.3 (39, 40). The probe was 
well expressed in alveolar epithelium (Supplemental Figure 4A). 
Excitation of cyan fluorescent protein (CFP) resulted in FRET- 
induced yellow fluorescent protein (YFP) fluorescence (Supple-
mental Figure 4, A and B), which was inhibited after we selectively 
photobleached CFP (Supplemental Figure 4B). We assessed the 
validity of the FRET-induced YFP/CFP fluorescence ratio as a 
cytCa2+ reporter through alveolar microinstillation of acid, which 
induces localized epithelial pore formation and cytCa2+ entry (19). 
Acid instillation increased the FRET ratio in epithelium (Supple-
mental Figure 4C). Moreover, alveolar pretreatment with the Ca2+ 
chelator BAPTA-AM abrogated the acid-induced FRET response 
(Supplemental Figure 4C). These findings affirmed that increases 
of the FRET ratio reflected increases in cytCa2+.

Figure 6. Inhibition of bacterial aggregation and 
GJ function protects against USA300-induced lung 
injury. (A) Bars show blood-free extravascular lung 
water (EVLW) content in untreated mice, or 3 hours 
after intranasal instillation of WT USA300 (WT). 
For the third and fourth bars from left, mice were 
pretreated, 48 hours before WT instillation, with 
intranasal administration of liposome-complexed 
plasmid DNA encoding mutant connexin 43 protein 
(Cx43MU) or empty vector (Vector). For the fifth 
and sixth bars from left, WT were preincubated 
in PhnD-blocking antibody or nonblocking IgG as 
indicated, then instilled. Bars: mean ± SEM; n as 
indicated; *P < 0.05 vs. left bar using ANOVA with 
Bonferroni correction. (B and C) Group data 4 hours 
after the indicated intranasal (i.n.) instillations. 
BAL, bronchoalveolar lavage; phnD–, PhnD-deficient 
USA300. Bars: mean ± SEM; n = 4 mice per group; 
*P < 0.05 as indicated using ANOVA with Bonfer-
roni correction. (D) Plots show mouse survival after 
intranasal instillation of WT or phnD– USA300 as 
indicated. Mice were pretreated with subcutaneous 
injection of vehicle (Veh) or vancomycin (Vanc) as 
indicated, 1 hour before bacterial instillation. There 
was no mortality in untreated control mice (not 
shown). n = 10 mice per group; *P < 0.05 vs. black 
line at 10 hours after instillation using log-rank 
test. (E) Whole-lung bacterial count 4 hours after 
the indicated instillations. Each point represents a 
single mouse. Lines indicate means. Statistical  
significance (P < 0.05) was determined using 
2-tailed t test.
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preincubated with PhnD-blocking antibody. These findings indi-
cate that PhnD interactions in conjunction with GJ mechanisms 
accounted for USA300WT-induced pulmonary edema.

We considered survival responses in mice infected with 
USA300 given by intranasal instillation. Within 4 hours, 
USA300WT infection increased the bronchoalveolar lavage (BAL) 
contents of leukocytes and total protein (Figure 6, B and C), result-
ing in 80% mortality (Figure 6D, blue line). However, despite 
the fact that lung bacterial counts were not different between 
USA300WT- and phnD–-infected mice (Figure 6E), at 4 hours mice 
given phnD– bacteria had attenuated levels of BAL leukocytes and 
total protein (Figure 6, B and C) as well a mortality rate of about 
40%, which was markedly less than that of USA300WT (Figure 6D, 
green line). Notably, the phnD–-infected mice continued to dete-
riorate and eventually had a mortality rate at 10 hours that was 
similar to that of USA300WT (Figure 6D). Thus, although phnD– 
blocked stable MA formation, the bacteria may not have been 
eliminated, and could therefore have induced delayed mortality 
by undefined mechanisms.

To evaluate the effect of MA stability on antibiotic therapy, we 
treated mice with vancomycin, then instilled USA300. Vancomycin 
treatment failed to decrease USA300WT-induced mortality (Fig-
ure 6D, red line). However, mortality in phnD–-infected mice was 
almost completely abrogated (Figure 6D, black line). In vitro stud-
ies indicated that there were no differences between USA300WT 
and phnD– colonies in regard to Hla secretion (Supplemental Figure 
7, A and B), or vancomycin-induced inhibition of bacterial growth 
(Supplemental Figure 7C), ruling out toxin production and bacterial  
viability as factors in the survival response. Together, these find-
ings indicate that although antibiotic pretreatment failed to protect 
against mortality due to USA300WT infection, the pretreatment 
was highly effective against infection by mutant bacteria that failed 
to establish stable alveolar MAs (Figure 7).

Discussion
Our findings indicate that inhaled USA300 rapidly formed stable 
MAs in anatomical niches of alveolar walls. Bacteria that failed 
to locate at these niches failed to form MAs and were probably 
removed from alveoli by flow of the AWL. MA formation was crit-
ical to subsequent calcein loss from the epithelial cytosol, signi-

Microinstillation of USA300WT, but not of hla–, increased 
epithelial cytCa2+ at MA sites (Figure 4, A–F). In contrast to the 
response to alveolar acid exposure that causes a transient cytCa2+ 
increase (19), the USA300WT-induced cytCa2+ increase did not 
return to baseline (Figure 4G). Hence, in contrast to acid-induced 
membrane damage in which the membrane repairs spontaneously 
(19), there was no self-repair of the injured epithelial membrane 
at MA sites. Additionally, cytCa2+ increases occurred not only in 
alveoli containing MAs, but also in alveoli free of bacteria (Figure 
4H, left bar). Pretreatment of the infected alveoli with the intra-
cellular Ca2+ chelator BAPTA-AM inhibited cytCa2+ increases at 
all locations (Figure 4, F and H, right bar in each). Hence, cytCa2+ 
diffused from injured, MA-associated epithelium to epithelium of 
MA-free alveoli.

We considered that this spread of cytCa2+ could have injurious 
cellular effects as reflected by mitochondrial function (41), surfac-
tant secretion (42), and alveolar barrier integrity (43). Within 15 
minutes of MA formation, there was widespread loss of epithelial 
mitochondrial potential (Figure 5, A–G) and inhibition of alveolar 
surfactant secretion (Figure 5, H–M), which we quantified in terms 
of lamellar body exocytosis (44). After 6 hours, alveolar permeability 
to intravenously infused high–molecular weight dextran increased 
markedly (Figure 5, N–Q, Supplemental Figures 5 and 6, and 
Supplemental Video 1). These responses occurred in USA300WT- 
infected and uninfected alveoli, but were absent in alveoli contain-
ing hla– MAs (Figure 5, D, F, G, and K–M), as well as in USA300WT- 
containing alveoli that were pretreated with BAPTA-AM (Figure 5, 
E–G, P, and Q), or intranasally instilled with inoculums containing 
low bacterial counts (Supplemental Figure 5). We conclude that the 
increase of cytCa2+ in the MA-injured epithelium and its subsequent 
spread caused widespread alveolar dysfunction.

Bacterial disaggregation enhances antibiotic efficacy in USA300 
lung infection. To determine whether the above cellular responses 
to USA300WT induced global lung responses, we quantified pul-
monary edema formation in terms of lung extravascular water 
content (Figure 6A). Intranasal USA300WT instillation increased 
extravascular lung water, indicating formation of pulmonary  
edema. This response was inhibited by alveolar expression of 
mutant Cx43 that blocks Cx43-containing GJs (20, 45). In addi-
tion, edema formation was blocked by instillation of USA300WT 

Figure 7. Mechanism of USA300-induced lung injury. Sche-
matics show USA300 MA formation in an alveolar niche. 
Rapid interactions between USA300 and the alveolar epi-
thelium initiate lung injury as follows: (1) Within minutes, 
inhaled USA300 stabilize in alveolar niches by forming 
solute-impermeable MAs through bacterial-bacterial, 
PhnD-mediated interactions. (2) Microaggregated bacteria 
rapidly release Hla toxin, leading to membrane damage in 
the localized MA-associated alveolar epithelial membrane. 
(3) Cytosolic Ca2+ increases in the MA-associated epithelium 
and (4) spreads to uninfected alveoli through connexin 43–
containing GJs, widely amplifying the spatial extent of the 
alveolar damage. (5) Subsequently, there is mitochondrial 
depolarization, surfactant secretion inhibition, and alveolar 
edema. Alv, alveolus.
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creating alveolar concavities that accumulate localized pools of 
alveolar liquid (49–51). With regard to clinical relevance, our data 
indicate that MA formation occurs in human lungs, suggesting that 
the bacteria may indeed localize at alveolar curvatures as infection 
initiates. However, subsequent events are difficult to interpret in 
the human context, since the available evidence comes largely 
from postmortem studies in which secondary responses are likely 
to mask niche localization. Further studies are required to clarify 
whether niche localization also occurs in lungs that might undergo  
loss of alveolar curvatures, as perhaps in emphysema. Notably, 
although USA300 delivered by nasal instillation or alveolar micro-
instillation reached all alveolar regions, we found no evidence of 
bacterial stabilization on flat septa. In fact, USA300 were appar-
ently spontaneously removed from flat septa by the flow of AWL, 
consistent with the known ability of the AWL to wash out alveo-
lar particles (18). Since trypsin elimination of alveolar surface 
protein ectodomains failed to inhibit MA formation, we interpret 
that alveolar surface proteins did not determine bacterial stabili-
zation. Rather, irrespective of the numbers of bacteria instilled, 
the unique anatomy of alveolar curvatures rapidly localized the 
bacteria, setting the stage for interbacterial protein interactions, 
microaggregation, and alveolar damage.

A critical question relates to the mechanism of MA formation. 
Although our findings indicate that the niches are foci of particle 
accumulation, the micromechanics of particle flows that deter-
mine site-specific accumulation at alveolar curvatures have not 
been addressed. Since MA size determined the stability of the 
accumulated bacteria, we suggest that alveolar stabilization of 
USA300 resulted from a combination of alveolar microanatomy 
and MA size. Mechanical forces acting on bacteria in the niches 
may promote the formation of covalent bonds between adhesive 
proteins (52), stabilizing USA300 at these locations.

Although multiple bacterial proteins might be involved in 
the microaggregation, we identified a novel mechanistic role for 
PhnD. Whereas MAs formed by WT USA300 resisted washout 
despite our best efforts to dislodge them, genetic and immune 
inhibition of PhnD made them highly susceptible to washout, and 
we easily removed them from alveoli. We interpret that the MAs 
formed by PhnD-null USA300 were poorly organized and there-
fore unstable. Substrate-binding proteins of ABC transporters, 
such as PhnD (27, 28), are known to play a role in bacterial adher-
ence in vitro (11, 53, 54). However, underlying adherence-inducing 
mechanisms remain unclear. The staphylococcal surface location 
of PhnD (11) may render PhnD accessible to interactions with sur-
face proteins of juxtaposed bacteria. Since purified PhnD forms 
dimers in solution (27), we suggest that homophilic interactions 
between PhnD proteins rapidly induced interbacterial adhesion, 
leading to formation and stabilization of USA300 MAs.

Of therapeutic relevance, our findings indicate that antibiotic 
exclusion from bacterial clusters may contribute to failure of anti-
biotic therapy (55, 56). WT USA300 MAs excluded the Alexa Fluor 
dye, an antibiotic-sized solute, but PhnD-null MAs did not, sug-
gesting that stabilized MAs of WT USA300 may diminish efficacy 
of antibiotics such as vancomycin that are USA300-cidal in vitro. 
To test this possibility, we determined survival in USA300-infected 
mice. Infection with WT USA300 caused rapid, severe mortality, 
suggesting that severe pulmonary edema induced hypoxia and, pos-

fying damage to the epithelial membrane (34). Clustered bacte-
ria that failed to form bacterial adhesive interactions, namely the 
PhnD-deficient mutant, did not induce epithelial injury. In confir-
mation of findings in cultured cells (31, 32), the membrane dam-
age was Hla induced, since bacteria lacking Hla failed to cause  
calcein loss. However, the new understanding was that MA forma-
tion was critical to Hla-induced injury.

We expected the Hla secreted from MA sites to diffuse across 
the entire alveolar surface, causing widespread epithelial injury. 
However, 2 sets of findings failed to support this expectation. First, 
sites of membrane damage, which we detected in terms of epithelial 
internalization of the membrane-impermeable extracellular fluoro-
phore Alexa Fluor, were localized to MA-apposed epithelia alone. 
Second, GJ inhibition blocked calcein loss in MA-free epithelia, 
indicating that with blockade of intercellular calcein diffusion there 
was no calcein loss, hence no membrane damage at epithelial sites 
free of MAs. These findings affirmed that injury was confined to the 
MA-epithelial interface and that Hla did not leave MAs in sufficient 
quantities to cause direct alveolar injury elsewhere. It is possible that 
a high concentration of accumulated Hla in cleft-like spaces at the 
MA-epithelial interface caused localized injury. To our knowledge, 
these findings are the first evidence that USA300 rapidly cause 
direct alveolar injury through MA formation in alveolar niches.

The present epithelial calcein loss is consistent with the notion 
that Hla causes epithelial injury through membrane damage (31, 
32, 46). The calcein loss initiated in minutes and was sustained 
for hours, indicating that the membrane damage did not undergo 
spontaneous repair (47). However, the fact that we could reload 
calcein in epithelia 4 hours after MA formation indicated that the 
membrane damage did not cause cell death in the alveolar epithe-
lium. Nevertheless, Ca2+ entry occurred at sites of Hla-induced 
membrane damage, establishing sustained cytCa2+ increase. Since 
the alveolar epithelium communicates Ca2+ signals through GJs 
(21, 48), the cytCa2+ increases occurred not only in directly injured 
epithelia at MA sites, but also in MA-free epithelia of both infected  
and uninfected alveoli. Major consequences of the cytCa2+ 
increases were rapid induction of mitochondrial depolarization in 
the epithelium and loss of alveolar barrier properties. The intra-
cellular Ca2+ chelator BAPTA-AM blocked both effects, pointing to 
the role of the epithelial cytCa2+ increase as the critical mechanism 
underlying USA300-induced alveolar injury.

Mitochondria are responsible for alveolar ATP produc-
tion. MA formation rapidly blocked surfactant secretion, an 
ATP-dependent homeostatic function, presumably as a result 
of decreased ATP availability from depolarized mitochondria. 
Knockdown of alveolar Cx43, the major component of epithelial 
GJs, blocked pulmonary edema resulting from the loss of alveo-
lar barrier properties. We conclude that the localized formation 
of nonrepairing membrane damage by Hla release at MA sites 
sustained epithelial Ca2+ influx for prolonged periods, leading to 
abrogation of essential aspects of alveolar function. The injury  
signals were rapidly communicated to uninfected alveolar re-
gions through GJs, accounting for widespread lung injury.

Major new understanding regarding USA300 pathophysi-
ology is that stabilization of inhaled bacteria was localized to spe-
cific anatomic regions of alveoli we termed niches. These niches 
occur in human and rodent lungs where alveolar septa converge, 
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included affinity purification with a PhnD column, dialysis into PBS,  
and concentration. Antibody-containing solutions were 4 μg/ml 
(TNFR1), 100 μg/ml (HMβ1-1), and 8 μg/ml (PhnD, IgG1) in Ca2+- 
containing PBS (bacterial studies) or buffer (all others).

Bacterial strains. S. aureus strains included Newman, WT USA300 
LAC (USA300WT), hla-deficient mutant USA300 LAC (hla–) (gift of 
Juliane Bubeck-Wardenburg’s laboratory, University of Chicago), and 
mutant USA300 LAC containing a transposon interrupting phnD, 
the gene for the phosphonate ABC transporter phosphonate-binding 
protein (strain NE1646, accession no. SAUSA300_0145; phnD–). The 
transposon-containing mutant was provided by the Network on Anti-
microbial Resistance in Staphylococcus aureus (NARSA) and distributed 
by BEI Resources (29). Other bacteria included the P. aeruginosa (PA) 
strain PAK, the K. pneumoniae (KP) strain KP35, and, for hemolysis 
assessment, the S. aureus strain RN4220.

Bacterial preparation. We propagated S. aureus, PA, and KP in LB 
broth (MP Biomedicals) to optical density (OD) 1 (S. aureus) or 0.5 (PA 
and KP) at 600 nm (SPECTRAmax Plus, Molecular Devices). We grew 
single bacterial colonies overnight in a shaking incubator at 37°C and 
200 rpm (Innova42, New Brunswick Scientific). On the day of exper-
iments, we added 200- or 500-μl culture aliquots to 10 or 50 ml fresh 
LB, respectively, and propagated the bacteria in a shaking incubator to 
the appropriate OD. For fluorescence imaging, we used GFP-labeled 
bacteria (PA, KP, and USA300WT) or bacteria that were incubated 5 
minutes in calcein AM or MTDR (5 μM each), then washed with PBS. 
Major experiments using GFP-labeled USA300 were replicated using 
non–GFP-labeled USA300 LAC. Bacteria containing GFP plasmids 
were grown in the presence of the selective antibiotic carbenicillin 
(PA, 300 μg/ml), tetracycline (KP, 10 μg/ml), or chloramphenicol (S. 
aureus, 10 μg/ml). We incubated bacteria in antibody-containing solu-
tion for 5 minutes prior to lung instillation for selected experiments.

Bacterial instillation. Bacterial culture aliquots were centrifuged 
and resuspended in PBS containing Ca2+ and Mg2+. For intranasal 
instillation for imaging and extravascular lung water, we resuspended 
10 ml of culture (OD600nm = 1) in 100 μl PBS, then administered 50 μl 
suspension to deliver 4 × 108 to 6 × 108 CFU per mouse. For selected  
experiments, we resuspended 10 μl of culture in 100 μl PBS, then 
administered 50 μl suspension to deliver 5 × 105 CFU per mouse. For 
survival experiments, BAL studies, and bacterial counts, we resus-
pended 10 ml of culture in 500 μl PBS, then administered 50 μl sus-
pension to deliver 8 × 107 to 1 × 108 CFU per mouse. For micropipette 
instillation in alveoli or onto a coverslip, we resuspended 1.5 ml of cul-
ture in 150 μl PBS, then administered approximately 104 CFU in 3 sec-
onds of discontinuous microinstillation (60). Detail regarding alveolar 
microinstillation methodology is provided below. PA and KP were pre-
pared and instilled as described for S. aureus.

Animals. Animals were 5–10 weeks old and age-matched. All mice 
were male Swiss Webster (Taconic Biosciences Inc.) except for TNFR1-
null mice, which were male on a C57BL/6 background (Jackson Labora-
tory; C57BL/6-Tnfrsf1atm1Imx). For mouse anesthesia for intranasal instil-
lations and surgical procedures, we gave inhaled isoflurane (4%) and i.p. 
injections of ketamine (up to 100 mg/kg) and xylazine (up to 5 mg/kg).

Isolated, blood-perfused lungs. By our reported methods (18–21, 
42, 60), we excised intact lungs from anesthetized mice and perfused 
them with autologous blood via cannulas in the pulmonary artery and 
left atrium of the heart. We maintained pulmonary arterial and left 
atrial pressures of 10 and 3 cm H2O, respectively, and constant per-

sibly, massive cytokine release that caused cardiovascular collapse. 
These findings are consistent with clinical reports of rapid-onset 
septic shock and death in the setting of severe lung infection (3, 57, 
58). Notably, however, mortality due to PhnD-null infection was 
equally severe, if delayed, ruling out the possibility that the null 
bacteria were intrinsically less virulent. Although vancomycin pre-
treatment had no effect on mortality due to WT USA300, the pre-
treatment almost completely abrogated mortality due to PhnD-null 
bacteria. We interpret that the efficacy of vancomycin was attrib-
utable to poorly organized MAs formed by PhnD-null bacteria that 
enabled vancomycin penetration, hence bacterial killing. To our 
knowledge, these findings are the first to indicate that the manner in 
which bacteria initially organize against host epithelia, here as MAs, 
plays a critical role in the success of antibiotic therapy.

In conclusion, our findings indicate that interactions between 
inhaled USA300 and alveoli occur rapidly and are characterized 
first by localized bacterial stabilization and toxin-mediated inju-
ry, then by spread of injury signals through epithelial GJs. These 
events constitute a previously unrecognized role of the alveolar 
anatomy in establishing USA300-induced lung injury. The impli-
cations are that therapy for USA300 lung infection and injury 
must be targeted not only at the bacteria, but also at the alveolar 
response that included sustained increase of epithelial cytCa2+, 
depolarization of epithelial mitochondria, and deterioration of the 
alveolar barrier. New therapy might also address GJ inhibition as a 
strategy against USA300 lung infection. In addition, inhibition of 
the interbacterial adhesions that stabilize USA300 MAs may con-
stitute novel treatment for combating failure of antibiotic therapy.

Methods
Fluorophores. We purchased Alexa Fluor 633 NHS ester (50 μM), cal-
cein AM (5–10 μM), calcein red-orange AM (10 μM), FITC-conjugated 
dextran (5 mg/ml), LysoTracker Red (100 nM), MitoTracker Deep Red 
FM (MTDR; 5 μM), and tetramethylrhodamine, ethyl ester (TMRE; 10 
μM), from Life Technologies.

Reagents. We purchased trypsin-EDTA solution (0.25%), EZ-Link 
Sulfo-NHS-SS-Biotin (1 mg/ml; lot 21331), and Alexa Fluor 633– 
conjugated streptavidin (1 μg/ml) from Thermo Fisher Scientific;  
fluorescent plastic beads (Small Bead Calibration Kit) from Bangs Lab-
oratories Inc.; CFTRinh-172 (20 μM) from MilliporeSigma; GAP26 (200 
μM) and GAP27 (500 μM) from Tocris; and 1,2-bis(o-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid tetra(acetoxymethyl ester) (BAP-
TA-AM; 100 μM) from Life Technologies. Purified Hla and purified 
HlaH35L (gifts of Juliane Bubeck-Wardenburg’s laboratory, University of 
Chicago, Chicago, Illinois, USA) were suspended in PBS with glycerol. 
For acid microinstillation, we titrated buffer with HCl to pH 1.0–1.2.

Solutions. We purchased PBS from Mediatech. Except where not-
ed, agents were dissolved or suspended in PBS or a HEPES-buffered 
vehicle of pH 7.4 and osmolarity 295 mosm, containing 150 mM Na+, 5 
mM K+, 1 mM Ca2+, 1 mM Mg2+, and 10 mM glucose.

Antibodies. We purchased antibodies against TNFR1 (catalog 
sc-7895) from Santa Cruz Biotechnology and against IgG1 (K isotype; 
catalog 51-4301) from eBioscience. Antibodies against HMβ1-1 (β1 
integrin; catalog 102201) (59) were purchased from BioLegend. Rab-
bit polyclonal antibodies against the S. aureus protein PhnD (11) (gift 
of Jeremy Yethon, Sanofi Pasteur, Cambridge, Massachusetts, USA) 
were generated and prepared by Sanofi Pasteur, using a method that  
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Cx43MU (2.05 μg/μl) (20, 45), YC2.3 (2.13 μg/μl; gift of Roger Tsien, 
UCSD, La Jolla, California, USA) (39), or empty vector, with freshly 
extruded unilamellar liposomes (20 μg/μl; 100 nm pore size; DOTAP, 
Avanti Lipids) in sterile Opti-MEM (Invitrogen). We administered up to 
100 μg plasmid DNA per mouse by intranasal instillation. Imaging and 
lung water experiments were carried out 48 hours after transfection.

Ca2+ determinations. We transfected mice with YC2.3 (39) DNA 
(gift of Roger Tsien’s laboratory, UCSD) and viewed fluorescence in 3 
channels: (a) cyan fluorescent protein (CFP) fluorescence (excitation 
458 nm, emission collection filter 475–505 nm), (b) yellow fluorescent 
protein (YFP) fluorescence (excitation 514 nm, filter 530–600 nm), 
and (c) CFP-induced YFP (FRET) fluorescence (excitation 458 nm, 
filter 530–600 nm). We affirmed baseline fluorescence by selective  
photobleaching. To quantify cytCa2+, we measured the ratio of 
FRET-induced YFP/CFP fluorescence in alveolar segments.

Extravascular lung water and lung blood content. We determined 
blood-free lung water content by the method of Selinger and colleagues 
(62), which we have used previously (63, 64). We excised mouse lungs 
from anesthetized mice in the absence of treatment or 3 hours after 
intranasal instillation of bacteria. We corrected the wet/dry ratio of the 
lung homogenate for blood water content. Hemoglobin standards and 
Drabkin’s solution used to determine blood hemoglobin content were 
purchased from Stanbio and Sigma-Aldrich, respectively.

Survival assessment. Mice were treated 1 hour before intranasal 
USA300 instillation with subcutaneous injection (65, 66) of either 
vancomycin (15 mg/kg; lot SLBK2559V, Sigma-Aldrich) in a solution 
of 5% dextrose in sterile water (D5W) or an equivalent volume of D5W 
control solution. The mice were evaluated at frequent intervals follow-
ing USA300 instillation, in accordance with the Animal Care Protocol 
approved for use in our laboratory. At each evaluation, the animals were 
assessed by a blinded investigator and either allowed to continue the 
survival study or selected for euthanization on the basis of an objective 
scoring system, which we have used previously (20, 21), that incorpo-
rates measures of weight, activity, grooming, and respiration.

Protein and leukocyte determinations on BAL fluid. We lavaged the 
lungs of anesthetized mice with ice-cold Ca2+-free PBS (1 ml 5 times) via 
a tracheal cannula. For total protein determinations, we centrifuged the 
first 1 ml of BAL for 10 minutes at 400 g and 4°C, then centrifuged the 
supernatant again for 20 minutes at 16,000 g and 4°C. Total protein con-
tent was quantified using a plate reader (SPECTRAmax Plus, Molecular 
Devices), BSA standards (2 mg/ml in 0.9% saline; Thermo Fisher Scien-
tific), and the Pierce PCA Protein Assay Kit (Thermo Fisher Scientific). 
For leukocyte determinations, BAL samples were pooled on a per-mouse 
basis and centrifuged for 10 minutes at 500 g and 4°C. Resuspended pel-
lets were incubated for 10 minutes in Türk’s solution (Sigma-Aldrich) 
before manual counting of cells on a hemacytometer (Hausser Scientific).

Whole-lung bacterial count. We used sterile surgical instruments 
to excise lung lobes from anesthetized mice and immediately stored 
them in specimen bags in a –80°C freezer overnight. The following 
day, we homogenized the organs mechanically within the specimen 
bags and added 1 ml sterile PBS. We centrifuged the homogenates for 
5 minutes at 400 g, then determined bacterial counts by serial dilu-
tions on LB agar plates.

Human lungs. Human lungs declined for transplantation (gift of 
Michael Matthay, UCSF, San Francisco, California, USA) were shipped 
overnight in refrigerated containers, ensuring their stability and via-
bility for 3 days (67). We inflated the right middle lobe with a gas mix-

fusion flow rate 0.4–0.6 ml/min at 37°C. We inflated the lungs with a 
gas mixture (30% O2, 6% CO2, balance N2) through a tracheal cannula  
and maintained constant airway pressure of 5 cm H2O using a con-
tinuous positive airway pressure machine. We diluted blood with 4% 
dextran (70 kDa; TCI America), 1% FBS (HyClone, Thermo Fisher 
Scientific), and HEPES-buffered vehicle. Blood-buffer solution was 
pH 7.4 and osmolality 320 mosm/kg.

Alveolar microinstillation. We used hand-beveled glass micro-
pipettes (tip diameter 6 μm) to micropuncture single alveoli under 
bright-field microscopy as we have previously reported (18–21, 42, 60). 
By way of the micropipettes, we microinstilled the micropunctured 
alveoli with fluorophores, reagents, solutions, and antibodies, result-
ing in their spread from the micropunctured alveolus to at least 20 
neighboring alveoli within local lung acini, as evident by transient loss 
of optical discrimination between alveolar walls and air spaces. Return 
of optical discrimination occurred within seconds of each microinstil-
lation, indicating free fluid rapidly drained from the alveolar lumens 
(61). We imaged the microinstilled alveolar fields but excluded the 
micropunctured alveoli from the region imaged. We microinstilled 
alveoli at 1 to 3 alveolar sites bordering each imaging field.

Live lung imaging and analysis. We viewed alveoli by confocal micros-
copy (LSM 510 META, Zeiss) with a ×40 microscope immersion objec-
tive (Zeiss; numerical aperture 0.8). All images were acquired as single 
images using LSM Image Browser software. Images were recorded as 
Z-sections, 6–8 μm below the pleura. Optical thickness was set at 3 μm 
for all imaging except FRET determinations, for which optical thickness 
was 13 μm. In experiments in which we microinstilled alveoli with mul-
tiple materials of different excitation spectra, we confirmed absence of 
bleed-through between fluorescence emission channels. We analyzed 
images using commercial software, ImageJ (version 1.47, NIH). Bright-
ness and contrast adjustments were applied to individual color channels 
of entire images and equally to all experiment groups. We did not apply 
further downstream processing or averaging.

Surfactant secretion induction. We induced surfactant secretion in 
isolated, blood-perfused lungs (IPLs) by a single hyperinflation, in which 
airway pressure was increased from 5 to 15 cm H2O for 15 seconds (44).

Alveolar permeability determination. To determine alveolar barrier 
properties, we added FITC-dextran (20 kDa; 5 mg/ml; FD20) to the IPL 
perfusate solution as we have previously reported (19). Alveolar perme-
ability was detected by the presence of FD20 in alveolar airspaces. To 
quantify alveolar edema, we measured FD20 gray levels and fluores-
cence area in the 10 most affected alveolar airspaces per imaging field.

Lung tissue histology. After intranasal instillation of bacteria, we 
anesthetized mice and exsanguinated them by cardiac puncture, then 
placed cannulas in the trachea, pulmonary artery, and left atrium by 
way of median sternotomy. We excised the lungs and heart, inflated 
the lungs to 10 cm H2O, then perfused the lungs with 5 ml PBS fol-
lowed by 5 ml 10% formalin solution (Fisher Chemical) over 10 min-
utes. We immersed the inflated lungs in 10% formalin solution for 24 
hours, then rinsed and stored them in 70% ethanol before sectioning. 
Histological sections (3 μm thickness) and staining were performed by 
the Columbia University Medical Center Molecular Pathology Core at 
the Herbert Irving Comprehensive Cancer Center.

Plasmid preparation and transfection. We chemically transformed 
DH5α E. coli with plasmid DNA, then amplified and purified the plas-
mid using an EndoFree Plasmid Maxi Kit (Qiagen). Using our estab-
lished methods (19, 20), we complexed plasmid DNA for, separately, 
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tion or experimental outcome was not performed, except as indicated 
for survival assessment.

Study approval. The Institutional Animal Care and Use Commit-
tee of Columbia University Medical Center approved all animal proce-
dures. Human lungs were obtained in accordance with policies at the 
UCSF Medical Center.
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ture (30% O2, 6% CO2, balance N2) through a bronchial cannula and 
maintained constant airway pressure of 10 cm H2O using a continuous 
positive airway pressure machine. We micropunctured single alveoli 
as described above to instill solutions containing fluorophores or bac-
teria. Human alveoli were imaged as described for those of mice.

Hemolytic activity assay. Single colonies of bacteria were cross-
streaked onto 5% sheep blood agar plates (Becton Dickinson) per-
pendicularly to the β-toxin–producing S. aureus strain RN4220, then 
incubated for 18 hours at 37° C (68). All USA300 strains except hla– 
demonstrated a hemolysis pattern typical of Hla (68). We quantified 
Hla activity using a semiquantitative approach (69).

Antibiotic susceptibility assay. Overnight cultures were prepared from 
single bacterial colonies as described above. We simultaneously inocu-
lated 5 ml LB broth aliquots containing various concentrations of vanco-
mycin (lot SLBK2559V, Sigma-Aldrich) with 100 μl of the overnight cul-
ture. The cultures were incubated on a shaking incubator for 5 hours at 
37°C and 200 rpm (Innova42, New Brunswick Scientific). Vancomycin 
susceptibility was determined by turbidity assays obtained using spec-
trophotometry at 600 nm (SPECTRAmax Plus, Molecular Devices).

Statistics. All major groups comprised a minimum of 3 mice each. 
Numbers of mice per group and numbers of quantifications per mouse 
lung are indicated in the figure legends. Mean and SEM were calcu-
lated on a per-lung basis. We analyzed paired comparisons using the 
2-tailed t test and multiple comparisons using ANOVA with the Bon-
ferroni correction. Survival comparisons were analyzed by the log-
rank test. We considered statistical significance at P less than 0.05.

Experimental design. Animals were selected randomly for experi-
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