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Sickle	cell	disease	(SCD)	is	characterized	by	intravascular	hemolysis	and	inflammation	coupled	to	a	400-fold	
greater	incidence	of	invasive	pneumococcal	infection	resulting	in	fulminant,	lethal	pneumococcal	sepsis.	
Mechanistically,	invasive	infection	is	facilitated	by	a	proinflammatory	state	that	enhances	receptor-mediated	
endocytosis	of	pneumococci	into	epithelial	and	endothelial	cells.	As	statins	reduce	chronic	inflammation,	in	
addition	to	their	serum	cholesterol-lowering	effects,	we	hypothesized	that	statin	therapy	might	improve	the	
outcome	of	pneumococcal	infection	in	SCD.	In	this	study,	we	tested	this	hypothesis	in	an	experimental	SCD	
mouse	model	and	found	that	statin	therapy	prolonged	survival	following	pneumococcal	challenge.	The	pro-
tective	effect	resulted	in	part	from	decreased	platelet-activating	factor	receptor	expression	on	endothelia	and	
epithelia,	which	led	to	reduced	bacterial	invasion.	An	additional	protective	effect	resulted	from	inhibition	of	
host	cell	lysis	by	pneumococcal	cholesterol-dependent	cytotoxins	(CDCs),	including	pneumolysin.	We	con-
clude	therefore	that	statins	may	be	of	prophylactic	benefit	against	invasive	pneumococcal	disease	in	patients	
with	SCD	and,	more	broadly,	in	settings	of	bacterial	pathogenesis	driven	by	receptor-mediated	endocytosis	
and	the	CDC	class	of	toxins	produced	by	Gram-positive	invasive	bacteria.

Introduction
Sickle cell disease (SCD) is the most common genetic disorder world-
wide, with an estimated 300,000 affected individuals born each year 
(1). SCD causes a chronic hemolytic anemia characterized by dis-
torted erythrocytes that aggregate and occlude blood flow in the 
microvasculature. Individuals with SCD experience a wide spectrum 
of vascular complications, including vaso-occlusive crisis, stroke, and 
hyposplenism. In addition, children with SCD have a 400-fold great-
er risk of fulminant, lethal pneumococcal sepsis than their healthy 
peers or patients with other hemolytic anemias (2). This invasive dis-
ease rate greatly exceeds the 2- to 3-fold increased risk of sepsis from 
other encapsulated bacteria in SCD, suggesting a unique vulnerabil-
ity to the pathogenic mechanisms of pneumococci in particular.

The pneumococcus is the single most frequent cause of lethal 
pneumonia in children worldwide (3). The bacteria is carried in the 
nasopharynx by approximately 20% of children at any time, a rate 
that is unchanged in children with SCD (4). Invasive pneumococcal 
disease develops during pneumonia when inflammation promotes 
receptor-mediated translocation of bacteria from alveoli into the 
bloodstream. This invasive process involves 2 steps. First, pneu-
mococci adhere to host cells by interactions mediated by adhesins 
such as bacterial CbpA (5). Subsequent to adherence, bacteria bind 
by surface phosphorylcholine to platelet-activating factor receptor 
(PAFr) and cross the host cell by receptor-mediated endocytosis (6). 
Preexisting inflammation accelerates both adherence and invasion 
as host receptor expression is positively regulated by inflammation 
(7), a setting recapitulated in the mouse model of SCD (8–10). To 

mitigate the very high risk of sepsis in SCD, young children are 
treated prophylactically with penicillin (11). However, the emer-
gence of resistant strains underscores the importance of identify-
ing additional preventive options (12). We hypothesized that the 
antiinflammatory activity of statins could be used prophylactically 
to decrease baseline cellular activation in the SCD lung and vascu-
lature and potentially mitigate bacterial invasion.

Statins, 3-hydroxy-3-methylglutaryl CoA reductase inhibitors, 
are among the most widely prescribed drugs in the world and 
are used to treat elevated levels of cholesterol and heart disease. 
Statins inhibit the synthesis of cellular cholesterol, resulting in a 
compensatory increase in cholesterol uptake by cells and concomi-
tant decrease in plasma cholesterol (13). Statins also have potent 
antiinflammatory properties that are independent of their lipid-
lowering ability and are suggested to be of benefit in the setting 
of sepsis (14–18). Currently, it is believed that statins inhibit lipid 
raft formation and prenylation of signaling molecules, thereby 
disrupting cellular signaling networks (17). Furthermore, statins 
have been shown to reduce inflammation in response to lipopoly-
saccharide (19). The potential protective effect of statins during 
bacterial respiratory infections has been suggested (20, 21), a set-
ting in which the inflammatory status of the host is an important 
aspect of pathogenesis and disease progression.

Using a mouse model of SCD, we tested whether the antiinflam-
matory properties of statins could be applied to SCD to confer 
protection against pneumococcal challenge. Herein, we demon-
strate that statin therapy reduced bacterial adherence and inva-
sion of host cells in association with decreased activation-induced 
expression of host receptors. Additionally, statins protected host 
cells from the cytotoxic effects of the cholesterol-dependent pneu-
mococcal toxin pneumolysin.
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Results
Simvastatin improves survival in SCD mice.  The  development  of 
transgenic knockout mice that exclusively express human sickle 
hemoglobin has greatly enhanced the understanding of SCD 
(22). Transplantation of bone marrow from sickle transgenic 
mice effectively recapitulates the manifestations of SCD, includ-
ing erythrocytic sickling, multiorgan infarcts, anemia, vascular 
inflammation, and heightened white blood cell counts. Similar to 
children with SCD, the transplant mouse model of SCD showed 
heightened mortality  following pneumococcal  challenge  (9). 
Consistent with these previous results, all SCD mice died within  
48 hours of pneumococcal challenge of the respiratory tract, 
whereas there were no deaths in the WT group; 40% of WT animals  

showed long-term survival extending beyond the 6-day duration 
of the study (Figure 1A). To determine the effect of statins on 
disease severity, both WT and SCD mice were treated with simvas-
tatin daily for 5 days prior to bacterial challenge. Treatment with 
simvastatin had no significant effect on the survival of infected 
WT mice (Figure 1A). In contrast, the SCD mice receiving simv-
astatin showed a significantly delayed time to death (P = 0.023) 
compared with SCD mice receiving carrier only (Figure 1A). These 
data indicated that prophylactic statin treatment prolonged sur-
vival in the face of invasive pneumococcal disease in SCD mice.

The intranasal challenge model of infection mimics the course 
of human disease, including colonization of the nasal passages, 
aspiration of bacteria into the lungs, development of pneumonia, 
and translocation of bacteria from the lungs into the bloodstream, 
resulting in bacteremia, sepsis, and ultimately death. To further 
understand at what stage in the disease statin intervention was 
active, we determined bacterial burden in the lungs and blood 
following  intranasal challenge. Statin treatment significantly 
decreased the amount of bacteria in the lungs and blood at 24 hours  
after infection (P = 0.0024 and P = 0.0001 respectively, Figure 1B). 
Moreover, in more than half of the animals, statin treatment com-
pletely blocked the appearance of bacteria in the bloodstream at  
24 hours (Figure 1B). This protection was limited to SCD mice, 
as no significant difference in recoverable bacteria in the lungs or 
blood was observed in WT mice receiving simvastatin (Figure 1C). 
One possible explanation for the difference between WT and SCD 
mice is that the statins may have a more pronounced protective 
effect in models with significant preexisting airway or vascular 
inflammation such as SCD (23). This is in agreement with recent 
clinical data indicating that prior statin use leads to improved out-
come in community-acquired pneumonia particularly in the set-
ting of underlying chronic pulmonary inflammation (20).

Effect of statins on severity of pneumonia. The effect of statin treat-
ment on lung pathology was examined in greater detail at 18 hours  
after infection, the time point at which bacteria began to enter the 
bloodstream in mock-treated animals. Examination of lung sec-
tions revealed a marked reduction in lung consolidation in statin-
treated SCD animals when compared with the mock-treated SCD 
group (Figure 2). Lungs of mock-treated animals exhibited a 
spectrum of moderate to severe pneumonia. For example, moder-
ate cases showed widespread areas of leukocyte infiltration into 
alveoli and interstitial spaces accompanied by extensive thicken-
ing or obliteration of alveolar walls (Figure 2A), while severe cases 
showed dense consolidation with intense leukocyte infiltration 
and intra-alveolar hemorrhage resulting in red and gray hepatiza-
tion (Figure 2B). In contrast, lungs of statin-treated mice dem-
onstrated only mild pneumonitis, with minimal perivascular 

Figure 1
Impact of statin therapy on survival of pneumococcal infection in SCD 
mice. (A) Survival of WT versus SCD mice receiving mock treat-
ment (n = 26 and n = 24, respectively) or simvastatin (n = 27 and  
n = 32, respectively) following intranasal challenge with pneumococci;  
*P = 0.023 versus SCD, **P = 0.0001 versus SCD. (B) Blood and lung 
bacterial titers at 24 hours after challenge of SCD mice receiving mock 
or simvastatin treatment. (C) Blood and lung bacterial titers at 24 hours 
after challenge of WT mice receiving mock or simvastatin treatment. 
Each symbol represents an individual mouse; horizontal lines indicate 
the mean; dashed lines indicate limit of detection. *P < 0.01, mock 
versus simvastatin; Mann-Whitney U test.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 2      February 2010  629

leukocyte infiltration and either normal alveolar architecture or 
patchy, mild thickening of the alveolar walls (Figure 2, D and E). 
To confirm these observations, lung pathology was blindly scored 
from 1 (mild) to 5 (severe), with at least 6 representative images 
examined from 6 mice per group. The statin-treated group had a 
mean score of 2.4 ± 0.2, whereas the untreated group had a signifi-
cantly higher pathology index of 4.0 ± 0.5 (P = 0.0034). Lung sec-
tions were also examined for apoptosis using TUNEL staining. A 
high degree of apoptosis was observed in the mock-treated group 
(Figure 2C), whereas the statin-treated lungs showed only an occa-
sional, more localized apoptotic response (Figure 2F). Thus, the 
degree of apoptosis paralleled the severity of histopathology, with 
the mice having the most severe pneumonia showing the highest 
degree of apoptosis.

Individuals with SCD have been shown to have increased lev-
els of proinflammatory cytokines in the blood (10, 24, 25), and 
levels of proinflammatory cytokines are reduced in statin-treated 
patients with bacterial infections (26). In uninfected SCD mice, 
lung levels of IL-6 but not TNF-α, IL-1β, IL-10, IFN-γ, or IL-12 were 
elevated, and statin therapy decreased IL-6 from 34 ± 9.1 pg/ml  
to 7.0 ± 5.4 pg/ml (P = 0.046). Six hours after intratracheal chal-

lenge  with  nonreplicating  bacteria,  TNF-α  increased  in  the 
lungs to 321 ± 215 pg/ml in untreated SCD mice, a change that 
was attenuated in statin-treated SCD mice to 154 ± 97 pg/ml  
(P = 0.03). No other cytokines (IL-1β, IL-10, IFN-γ, IL-12, IL-6, 
or IL-17) showed significant decrease with statin treatment in 
the infected SCD mice (data not shown). Collectively, these data 
suggest that significant amelioration of lung pathology in statin-
treated SCD occurs with relatively modest changes in cytokines, 
suggesting that the statins may afford benefit through other non-
antiinflammatory mechanisms.

Effect of statins on bacterial-host cell interactions. The progression 
of disease from pneumonia to sepsis requires that Streptococcus 
pneumoniae interact with host cells, particularly those of the pul-
monary epithelium and the vascular endothelium. Invasion into 
host cells occurs when bacteria bind to PAFr and are engulfed into 
vacuoles; upregulation of PAFr increases bacterial invasion (6, 27). 
Statin treatment is reported to lower the amount of Ptafr tran-
script in experimental aortic aneurysms, as well as improving vari-
ous aspects of endothelial function (28–31). We first documented 
statin effects on PAFr on endothelial cells in vitro and then exam-
ined lung and vasculature in vivo.

Using vascular endothelial cells activated with TNF-α to model 
the  inflammation  seen  in  SCD  mice,  we  observed  decreased 
expression of PAFr with simvastatin treatment as determined by 
immunohistochemistry and Western blot analysis (Figure 3, A and 
C). The decreased expression of PAFr was biologically relevant, as 
treatment with simvastatin also significantly lowered the num-
ber of bacteria associated with activated endothelial cells (Figure 
3B). Importantly, the inhibitory effect of simvastatin on bacterial 
binding was reversed by the addition of mevalonate, the immedi-
ate downstream metabolic product of the acetyl-CoA/3-hydroxy-3-
methylglutaryl CoA reductase reaction (Figure 3, B and C).

To correlate the in vitro findings with in vivo effects in SCD, we 
examined lungs from uninfected mice for PAFr expression with 
and without simvastatin treatment. WT mice showed patchy PAFr 
expression on airway epithelia (Figure 3D). SCD mice (mock-treat-
ed) exhibited strong, confluent staining for PAFr, a pattern that 
returned to WT levels upon treatment with statin; SCD Ptafr–/– 
mouse lung showed minimal staining (Figure 3D). Western blot 
analysis of cellular PAFr levels in the infected lung homogenates of 
SCD mice indicated that statin treatment reduced PAFr expression 
(Figure 3C). These results suggested that statins downmodulate 
PAFr expression in vivo in the lungs of a SCD model.

To investigate effects of statin against bacterial-vascular interac-
tions in vivo, we fitted SCD mice with cranial windows and quan-
titated adherence of bacterial components to the vasculature. Flu-
orescent latex beads coated with pneumococcal CbpA only bind 
to activated cerebral endothelium (5). While WT mice showed 
minimal adherent beads, SCD mice showed significantly increased 
bead adherence (Figure 4, A and B), consistent with an activated 
endothelium. Treatment of the SCD mice with statins resulted in 
a significant decrease in the number of CbpA-coated beads adher-
ent to the SCD vasculature (Figure 4A). Negative control beads 
coated with BSA showed virtually no binding (Figure 4A). These 
data indicated that statins attenuated the bacterial-host cell adher-
ence interaction to lung and vasculature in vivo.

Statin activity in Ptafr–/– mice. Pneumococci utilize PAFr  for 
invasion into host cells, and mice lacking PAFr show a dramatic 
attenuation of invasive pneumococcal disease (6, 32). Since PAFr 
is upregulated in SCD mice (9) and statins downregulate PAFr in 

Figure 2
Impact of statin therapy on histopathology of pneumonia in SCD mice. 
SCD mice were pretreated daily for 5 days with vehicle control (A–C) 
or simvastatin (D–F) and then challenged intranasally with pneumo-
cocci. Lungs were harvested at 18 hours for histopathology (H&E 
staining: A, B, D, and E) or apoptosis (TUNEL: C and F). See text 
for full description; sections are representative of at least 6 mice per 
group. Scale bars: 100 μM.
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the lungs of SCD mice (Figure 3), we hypothesized that protec-
tion against mortality by statins occurred by downregulation of 
PAFr expression. If that were the only mechanism, statins should 
not add to the protection observed in SCD mice lacking PAFr. 
SCD mice WT and null for Ptafr were treated with and with-
out statin. As expected from previous studies (9), the absence of 
PAFr improved the survival of SCD mice upon pneumococcal 
challenge (Figure 4C). Surprisingly, however, statin treatment of 
Ptafr–/– SCD mice further improved survival (Figure 4C, P = 0.02)  
compared with Ptafr–/– SCD mock controls. The protective effect 
of the statins resulted in the mean time to death being statisti-
cally indistinguishable from that of the Ptafr–/– WT mock group 
(P = 0.35) but still distinct from that of the WT Ptafr–/– statin 
group (P = 0.04). No significant differences were observed in 
time to death in the WT Ptafr–/– between the mock- and statin-
treated  groups  (P  =  0.31).  Bacterial  titers  in  the  blood  were 
consistent with these findings, in that statin lowered the level 
of bacteremia in Ptafr–/– SCD mice but not Ptafr–/– non-SCD 
mice (mean log titers: SCD, 4.2 ± 1.8 vs. SCD/statin, 3.0 ± 2.2;  
non-SCD, 3.2 ± 1.9 vs. non-SCD/statin, 3.2 ± 2.2; n = 11 per 
group). These data indicate that, although downregulation of 
PAFr by statin was operative in the SCD setting, it was not the 
only mechanism of protection.

Statins protect cells against cholesterol-dependent cytotoxins. Pneumo-
lysin is a pore-forming toxin that binds to cholesterol in lipid 
rafts on the host cell membrane (33). Since statins inhibit choles-
terol synthesis and the formation of cholesterol-rich lipid rafts, 
we sought to determine whether statins modulated the abil-
ity of pneumolysin to cause cell death in vitro. Cytotoxicity of 
recombinant pneumolysin on endothelial cells was evidenced by 
rounding of spindle-shaped endothelial cells within 30 minutes, 
followed by detachment from the well. In contrast, simvastatin-

treated cells exhibited some rounding at 30 minutes but regained 
spindle shape without detachment by 60 minutes. This protec-
tion was further measured by determination of the percentage 
of dead cells after pneumolysin treatment (Figure 5A) and by 
cytolysis-induced release of cytoplasmic lactate dehydrogenase 
(LDH) (Figure 5C). Western blot analysis of whole-cell lysates 
from endothelial cells exposed to pneumolysin demonstrated 
that statin had no effect on the amount of pneumolysin present 
in the cell membrane (Figure 5B), suggesting the mechanism of 
protection related to effects on activation of the toxin after bind-
ing to cholesterol in host cell membranes. Furthermore, toxin-
induced red blood cell hemolysis was not inhibited by statins; 
addition of simvastatin (101%) and mevalonate (98%) alone or 
in combination (98%) did not alter the hemolytic capacity of 
pneumolysin, indicating that the drugs did not directly interfere 
with pneumolysin activity. Statin-mediated protection extended 
to challenge with live bacteria, and the addition of mevalon-
ate counteracted the protective effect of the statin (Figure 5C). 
Further  experiments  indicated  that  the  protective  effects  of 
the statins extended to other cholesterol-dependent cytolysins, 
including tetanolysin and streptolysin O (Figure 5D).

The protective effect observed in vitro was investigated in vivo 
in mice pretreated with statins and subsequently inoculated with 
purified pneumolysin into the lungs. Histological examination 
of lungs 5 hours after pneumolysin exposure showed a marked 
reduction in lung injury in the statin-treated SCD animals com-
pared with the mock-treated control group (Figure 5E). Admin-
istration of either PBS or a nonhemolytic mutant pneumolysin 
protein showed no marked lung damage (Figure 5E), indicating 
that statin-mediated protection was directed to active toxin. Such 
a mechanism should be observable also in WT animals. Despite 
the fact that statins had no effect on survival of WT animals (Fig-

Figure 3
Effect of statin treatment on TNF-α– 
induced upregulation of PAFr 
on endothelial cells in vitro. (A) 
Immunohistochemical detection 
(purple) of PAFr expression on 
HBMECs activated with TNF-α 
with or without simvastatin. Origi-
nal magnification, ×200. (B) Rela-
tive bacterial adhesion to activated 
HBMECs with or without pretreat-
ment with simvastatin, and reversal 
by mevalonate. *P < 0.01 versus no 
treatment; †P < 0.01 versus statin; 
‡P < 0.01 versus TNF plus statin. 
Error bars represent SD. (C) Detec-
tion of PAFr by Western blot analy-
sis in activated HBMEC lysates and 
infected lung homogenates of SCD 
mice with or without simvastatin 
treatment. β-Actin served as the 
loading control. (D) Uninfected lung 
sections of SCD (with or without 
simvastatin), WT, and SCD Ptafr–/– 
mice showing bronchial epithelium 
stained for PAFr (purple). Arrow-
heads indicate staining in sections 
showing patchy expression. Origi-
nal magnification, ×100.
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ure 1), a significant reduction in lung injury was observed upon 
pulmonary challenge of statin-treated WT mice with pneumolysin 
(Figure 5E). In summary, statins alter cellular susceptibility to cho-
lesterol-dependent cytotoxins (CDCs) in WT and SCD settings, 
but attenuation of mortality is seen only in SCD.

Discussion
As a result of vascular occlusion and subsequent hypoxia, SCD is 
characterized by chronic activation of vascular endothelial cells, 
with marked increases in the expression of many inflammation-
responsive cell surface receptors (10, 22). In the setting of pneumo-
coccal challenge, chronic upregulation of PAFr promotes bacte-
rial invasion and predisposes SCD individuals to invasive disease 
(7, 9, 27). Statins are potent inhibitors of systemic inflammation 
(16, 26, 29) and thus might serve as a prophylactic measure for 
SCD individuals, potentially reducing the incidence and severity 
of pneumococcal infection. Our data indicate that statin therapy 
prolonged survival in experimental pneumonia and sepsis. This 
protective effect arose by several mechanisms. Statins reduced 
PAFr expression on the chronically activated SCD vascular endo-
thelium as well as  in the  lungs. This decrease was coupled to 
reduced bacterial adherence and invasion in vitro and in vivo. It is 
reasonable to hypothesize that the effects of statins in the context 
of SCD arise from a combination of effects on cholesterol-contain-
ing membrane rafts. These membrane microdomains organize and 

compartmentalize G protein–coupled receptors, such as PAFr and 
their signaling components. Our results indicate that statins also 
disrupt microdomain functions important for β-arrestin–mediat-
ed, PAFr-directed endocytosis of pneumococci. This activity would 
potentially also apply to infection by the many invasive bacteria 
that use activation of host receptors in membrane microdomains 
as a mechanism for endocytosis.

While the SCD mouse model clearly indicated that statins inter-
fered with PAFr-dependent pneumococcal invasion, an additional 
protective mechanism was suggested by the beneficial activity of 
statins in infected SCD mice lacking Ptafr. As expected in this set-
ting, bacteria failed to invade the bloodstream, indicating that the 
additional benefit to survival must have arisen within the alveo-
lar compartment. Pneumococci and several other Gram-positive 
invasive bacteria produce a class of CDCs that bind to host cell 
lipid rafts and oligomerize to form pores (34). Direct testing of the 
effect of statins on cells treated with purified pneumolysin toxin 
or toxin-producing bacteria indicated that statins prevented cytol-
ysis. The effect was not mediated by direct statin-toxin binding 
or decreased toxin binding to cells, suggesting that statin-treated 
lipid rafts contained cholesterol sufficient to ligate pneumolysin, 
but the interaction failed to support the pore formation required 
for cytotoxicity. Recent evidence indicating a role for cholesterol in 
toxin activation rather than cell binding (35) supports this conten-
tion. Furthermore, attenuation of CDC-induced lung damage by 

Figure 4
Effect of statin treatment on bacterial interactions with vasculature and survival of SCD mice. (A) WT and SCD mice fitted with cranial windows 
were injected intravenously with fluorescent beads coated with the pneumococcal adhesin CbpA to assess activation-dependent adhesion to cere-
bral vessels (representative images at ×4 magnification). Negative control beads coated with BSA were also utilized in both WT and SCD mice as 
indicated. (B) Quantitation of bead adherence is presented as average ± SD of beads/×4 field for 10 fields per animal from at least 3 independent 
experiments. *P < 0.01 versus SCD mock; **P < 0.01 versus WT mock. (C) Ptafr–/– mice were transplanted with WT (squares; n = 11) or SCD 
(circles; n = 11) bone marrow. Survival following intranasal pneumococcal challenge was monitored after mice received mock (open symbols;  
n = 11) or simvastatin treatment (filled symbols; n = 11). Survival of Ptafr+/+ SCD mice (triangles; from Figure 1) is shown for comparison.
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statins was also apparent in WT mice. This protection from inju-
ry, however, did not translate to increased survival, as only SCD 
mice experienced a survival benefit. The ability of statins to pro-
tect against cytolysis by tetanus toxin and streptolysin O indicate 
that statins might be of broader benefit in arresting tissue damage 
from fulminant Gram-positive toxemias.

Collectively, the multiple points of inhibition of pathogenesis 
afforded by statins in the context of pneumococcal challenge sug-
gest that statin prophylaxis might not only decrease the height-
ened susceptibility of children with SCD to lethal pneumococcal 
disease but also attenuate progression of bacterial invasion in 
other settings of chronic inflammation, such as in individuals with 
chronic pulmonary or vascular inflammation that elevates the risk 
of pneumonia. These findings support clinical investigation of the 
protective efficacy of statins in children with SCD.

Methods
Preparation of bacteria and statins. S. pneumoniae strains D39, R6, TIGR4, 
or T4R were grown on tryptic soy agar (EMD Chemicals) supplemented 
with 3% sheep blood or in Todd Hewitt broth (TH) or defined semisyn-
thetic casein liquid medium (36, 37) supplemented with 0.5% yeast extract. 
Simvastatin or lovastatin (10 μM; Calbiochem) and mevalonate (100 μM; 
Sigma-Aldrich) did not affect bacterial growth. No major changes were 
observed in gene expression by array despite dosage of bacteria with sim-
vastatin at levels 10-fold greater than that used in our infection models 
(Supplemental Table 1; supplemental material available online with this 
article; doi:10.1172/JCI39843DS1).

Simvastatin was resuspended in ethanol and sodium hydroxide as an 
inactivated stock solution stored at –20°C for up to 3 weeks. Immediately 
prior to use, the stock solution was activated by addition of hydrogen chlo-
ride and subsequently diluted in sterile PBS (38). For animal experiments, 

Figure 5
Effect of simvastatin on cytolysin-mediated endothelial cell death. (A) PI staining of HBMECs following exposure to pneumolysin. Cells were 
treated with increasing concentrations of simvastatin overnight (0.1, 1.0, and 10 μM, respectively) or with simvastatin (1 μM) supplemented with 
mevalonate. For each condition, 20,000 cells were analyzed by FACS for PI-positive staining. Percentages of PI-positive cells in controls were: 
mock, 1.5%; simvastatin, 0.1%; mevalonate, 0.2%; simvastatin plus mevalonate, 0.1%. Data represent the mean ± SD from 2 independent 
experiments. *P < 0.01 versus mock. (B) Western blot of pneumolysin (arrowhead) in HBMEC membranes with or without simvastatin and/or 
mevalonate pretreatment (molecular weight markers indicated). (C and D) Release of LDH as a measure of HBMEC lysis after 1 hour of exposure 
to living bacteria (C) or cholesterol-dependent toxins pneumolysin (C), tetanolysin (D), or streptolysin O (D). Pretreatment with simvastatin and 
reversal by mevalonate as indicated. LDH released from HBMEC monolayer completely lysed by 1% Triton X-100 was assigned a value of 100%. 
*P < 0.01 versus mock. Error bars represent SD. (E) SCD and WT mice with or without simvastatin treatment were challenged intratracheally with 
500 ng recombinant pneumolysin in 0.5% glycerol. Lung histology was assessed at 5 hours. Effects of pneumolysin toxoid and 0.5% glycerol 
alone are shown as negative controls. Data are representative images from at least 3 mice per group. Scale bar: 100 μM.
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simvastatin was administered at 1 μg/g body weight via intraperitoneal 
injection based on previous studies  (38). Mock-treated controls were 
injected with PBS supplemented with ethanol as for the simvastatin group. 
Injections were performed daily for 5 days prior to pneumococcal challenge 
and each day subsequent to challenge. Serum cholesterol was measured  
5 days after statin intervention and was found to decrease from 107 ± 8 mg/dl  
to 96 ± 7 mg/dl (P = 0.012, Mann-Whitney U test), indicating that the 
administration route was successful. Simvastatin had no effect on bacterial 
growth rate or pneumolysin secretion at the concentration used in these 
studies (Supplemental Figure 1).

Adhesion assay. Assays were performed using human brain microvascular 
endothelial cells (HBMECs; ScienCell Research Laboratories). Cells were 
grown to 80%–90% confluence in 24-well plates (Costar Corning Inc.). 
Prior to the experiment, cells were treated overnight with fresh growth 
medium containing 1.0 μM simvastatin with or without 100 μM meva-
lonate (Sigma-Aldrich). This dose of simvastatin was selected based on 
previous investigations on the effect of simvastatin on endothelial cells 
(31, 39). The following day, cells were washed and incubated for 2 hours 
with serum-free F12 medium (Invitrogen) or F12 containing recombinant 
TNF-α (10 ng/ml; Sigma-Aldrich). Cells were washed and incubated with 
F12 containing 1 × 107 CFU/ml T4R for 1 hour at 37°C in 5% CO2. Cells 
were then washed 3 times with F12 to remove nonadherent bacteria, and 
the cells were lysed by 100 μl 0.1% Triton X-100. The number of bacteria in 
the cell lysate, representing adherent and intracellular bacteria, was deter-
mined by serial dilution, plating, and colony counting.

Western blot analysis. HBMECs were pretreated with 1 μM simvastatin 
overnight and activated with TNF-α for 2 hours, followed by lysis in 0.1% 
Triton X-100. To ensure equal loading, protein concentration was deter-
mined for each lysate and loaded accordingly. Lysates were run on 4%–12% 
NuPAGE Bis-Tris gels (Invitrogen). Proteins were subsequently transferred 
to PVDF membranes by Western blot and probed with antibody to PAFr 
(1:500; Santa Cruz Biotechnology Inc.) and against β-actin (1:2,000; Santa 
Cruz Biotechnology Inc.). Various concentrations and durations of simvas-
tatin treatment were analyzed (Supplemental Figure 2), with the overnight 
exposure at the low dose providing the most consistent results.

Cytokine analysis. To model early events in inflammation, intratracheal 
challenge with 106 ethanol-fixed bacteria was utilized so as to eliminate dif-
ferential bacterial outgrowth in the lung tissues. Mice were challenged after  
5 days of statin treatment, and lungs were harvested at 6 hours and resus-
pended in 500 μl PBS supplemented with protease inhibitors. Lungs were 
then homogenized and debris was removed by centrifugation. Supernatants 
were frozen at –80°C, and cytokine levels were measured in duplicate for each 
sample using a Milliplex cytokine assay (Millipore). A standard curve was 
generated for each cytokine to ensure that values were within the linear range 
of detection for the assay. Two independent quality controls of cytokines of 
known concentration were also used to ensure validity of the data.

Immunohistochemistry. Mice were perfused with 3% paraformaldehyde, after 
which lungs were excised and kept in 3% paraformaldehyde overnight. Lungs 
were then transferred to 30% sucrose for 3–5 days, frozen in OCT freezing 
medium (Tissue Tek, Electron Microscopy Sciences) in dry ice, and sectioned 
(20 μm). For PAFr staining, sections were submerged in 0.6% hydrogen per-
oxide for 30 minutes, washed, permeabilized with 0.4% Triton X-100 for  
20 minutes, and washed. Sections were blocked with 1% BSA and 5% goat 
serum for 30 minutes and incubated with primary anti-PAFr antibody (Santa 
Cruz Biotechnology Inc.) at 1:100 overnight at 4°C. After washing, sections 
were incubated with goat anti-rabbit IgG-HRP (Bio-Rad) at 1:500 for 1 hour 
at room temperature. Sections were washed and visualized with VIP sub-
strate kit and counterstained with methyl green (Vector Laboratories).

Generation of SCD mice. Lethally irradiated 8-week-old female C57BL/J6 
mice (The Jackson Laboratory) were transplanted as described previously 

with 2 × 106 bone marrow cells from either BERK SCD mice or WT mice 
(40). Baytril (enrofloxacin; 2.27% solution, diluted 1:100 in drinking water; 
Bayer) was administered as an antimicrobial prophylaxis for 3 weeks after 
transplantation. One hundred days after transplantation, the sickle phe-
notype was confirmed by hemoglobin cellulose acetate electrophoresis of 
red cell lysates (41). Complete blood counts were determined to ensure that 
the white blood cell number, hematocrit, hemoglobin, and red blood cell 
distribution were within expected values for both WT and SCD mice.

Intravital fluorescence microscopy. All experiments using animals were 
performed with the prior approval of and in accordance with guidelines 
of the St. Jude Institutional Animal Care and Use Committee. Lack of 
availability of intravital microscopy in BL2 animal facilities precluded 
the use of fluorescently labeled bacteria; hence, one of the major proteins 
required for pneumococcal adherence to the brain endothelium, CbpA, 
was selected for these studies. Cranial windows were installed overlying 
the cerebral cortex as described previously (5, 42). WT and SCD mice 
were immediately imaged after surgery due to challenges in the long-term 
survival of the SCD mice after the procedure. Mice with cranial windows 
were anesthetized (2.5% isoflurane; Baxter Healthcare), immobilized on 
a stereotaxic frame, and placed under an industrial-scale microscope 
(model MM-11, Nikon) with a camera assembly and bright-field and 
fluorescent light sources. Yellow-green fluorescent 2-μm microspheres 
(Polysciences) were coated with recombinant CbpA according to the sup-
plier’s instructions and injected intravenously (2.5 μl/g body weight of a 
108 sphere/ml suspension). Video images and still pictures were captured 
during injection and at 3 and 6 minutes after injection at an excitation 
wavelength of 490 nm using MetaMorph software (Molecular Devices 
Analytical Technologies). To ensure that beads were adherent and not 
merely passing through the vasculature, imaging was done at multiple 
time points, and only beads remaining stationary from the previous 
frames were included in the enumeration of adherence.

Mouse challenge. Bacterial challenge studies were performed as previously 
described (43). All mice were maintained in BSL2 facilities, and all experi-
ments were done under inhaled isoflurane (2.5%). Bacteria (strain D39) were 
introduced by intranasal administration of 106 CFU in 25 μl PBS. Mice were 
monitored daily for signs of infection, and differences in time to death were 
compared via Kaplan-Meier survival estimates. Bacterial density in blood was 
quantified at 24 hours after infection and compared by Mann-Whitney U 
test. Bacterial density in lungs was measured by harvesting lungs at 24 hours 
after infection followed by homogenization in 500 μl PBS and subsequent 
serial dilution and enumeration of CFU. For histopathology, lungs were col-
lected at 18 hours after infection and immediately perfused with 10% formal-
dehyde and embedded in paraffin. Sections were stained with H&E for tissue 
morphology and with TUNEL for indications of cell death (ApopTag Plus 
Peroxidase in Situ Apoptosis Detection Kit, Chemicon International).

Effect of simvastatin on cytotoxin activity. The ability of pneumolysin to kill 
statin-treated cells in vitro was determined using fluorescence microscopy 
to detect acridine orange (AO) and ethidium bromide (EtBr) staining (44). 
HBMEC monolayers in 24-well plates at 20%–40% confluence were treated 
overnight with 1 μg/ml simvastatin, washed, and incubated with serum-
free medium containing 0.5 μg/ml pneumolysin, AO (100 mg/ml), and 
EtBr (100 mg/ml). At the designated times, images of the cells were taken 
using a Leica DMIM fluorescence microscope. The percentage of dying 
cells was determined by dividing the number of necrotic and apoptotic cells 
(orange) by the total number of cells present per field of vision (orange plus 
green). At least 8 fields were counted from 3 independent experiments.

The ability of pneumolysin,  streptolysin O, or  tetanolysin  (Sigma-
Aldrich) to form lytic pores was determined by the release of intracellular 
LDH into the cell culture medium (45). His-tagged pneumolysin, nonhe-
molytic pneumolysin toxoid (34), and streptolysin O (46) were expressed in 
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E. coli BL21(DE3) induced by 1 mM IPTG for 4 hours and purified by metal 
affinity chromatography. Streptolysin O expression plasmid was provid-
ed by R. Tweten (University of Oklahoma Health Sciences Center, Okla-
homa City, Oklahoma, USA). Endotoxin was removed by gentle mixing 
with Endotoxin Decontamination Beads (Thermo Scientific) for 2 hours, 
and its removal was confirmed using Lonza’s colorimetric LAL assay. 
Endotoxin levels were similar for all constructs, approximately 5 EU/ml  
of purified protein. This corresponds to approximately 0.001 EU for the 
in vivo lung administration. HBMEC monolayers at 80% confluence were 
treated with simvastatin overnight, washed, and incubated at 37°C in 5% 
CO2 with serum-free medium containing 1 μg/ml recombinant cytolysin 
for 90 minutes. The supernatant was removed and centrifuged to remove 
cellular debris, and LDH in the supernatant was measured using the LDH-
Cytotoxicity Assay Kit II (BioVision). Pneumolysin cytotoxicity was quanti-
fied as a percentage of the total LDH in the entire monolayer determined 
by complete lysis of control monolayers with 1.0% Triton X-100. Both cell 
viability and LDH experiments were performed in triplicate, with a mini-
mum of 8 wells quantified for each lysin per experiment. Values for each 
experiment were based on the average of a minimum of 3 separate wells per 
experimental condition tested. Binding of toxin to cells was determined by 
Western blot analysis using rabbit anti-pneumolysin antibody (1:20,000).

Hemolysis assay. The hemolytic activity of pneumolysin and streptoly-
sin O was determined using washed, defibrinated sheep red blood cells 
(Hemostat Laboratories) suspended in PBS to a final concentration of 3%. 
In a 96-well plate, 100 μl of the 3% blood solution was added to 100 μl 
of serially diluted toxin and incubated at 37°C. The unlysed blood cells 
were centrifuged at 200 g for 5 minutes. The supernatant (180 μl) was then 
transferred to a new plate, and the absorbance at 540 nm was measured. 
Controls included PBS only (0% lysis), simvastatin alone at 1–10 μM (0% 
lysis), mevalonate alone (0% lysis), and distilled water (100% lysis). Hemo-
lytic activity was determined by the amount of protein required to lyse 50% 
of the cells within the allotted time.

Live/dead staining. HBMECs were seeded in 6-well plates and treated over-
night with 0, 0.1, 1, or 10 μM simvastatin. The next day, cells were treated 
with serum-free medium containing hemolytic units lysing 50% of cells 

(HU50) of 3 μg/ml of pneumolysin for 4 hours at 37°C in 5% CO2. After  
4 hours, the cells and cell culture supernatants were collected. Washed cells 
were suspended in 500 μl HEPES buffer and 5 μl propidium iodide (PI) and 
assessed for the percentage of live/dead cells on a BD FACSCalibur. Con-
trol staining of cells treated with simvastatin, mevalonate, or simvastatin 
and mevalonate in combination did not exhibit levels of PI-positive stain-
ing above background of the untreated controls (data not shown).

Statistics. Kaplan-Meier analysis and generalized Wilcoxon tests were per-
formed to determine statistical significance of mortality data. Mann-Whit-
ney U tests were performed to determine statistical significance of bacterial 
lung and blood titers, and adherent bead counts for cranial windows. Stu-
dent’s 2-tailed t test was used to determine significance of cytokine levels. 
A P value less than 0.05 was considered statistically significant.
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