A waan | INfection and
SOCIETY FOR . ®
MICROBIOLOGY Immunlty

Propofol Sedation Exacerbates Kidney
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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for large
numbers of postsurgical nosocomial infections across the United States and worldwide.
Propofol anesthesia is widely used in surgery and in intensive care units, and recent evi-
dence indicates that even brief exposure to propofol can substantially increase host sus-
ceptibility to microbial infection. Here, we delineate the impact of propofol sedation on
MRSA bloodstream infections in mice in the presence and absence of prophylactic anti-
biotic treatment. Consistent with previous reports, brief periods of anesthesia with
propofol were sufficient to significantly increase bacterial burdens and kidney pathology
in mice infected with MRSA. Propofol exposure increased neutrophilic infiltrates into the
kidney and enhanced bacterial dissemination throughout kidney tissue. Propofol seda-
tion reduced populations of effector phagocytes and mature dendritic cells within the
kidney and led to the apparent expansion of myeloid-derived suppressor cell-like popu-
lations. When propofol was coadministered with vancomycin prophylaxis, it dramatically
increased kidney abscess formation and bacterial dissemination throughout kidney tis-
sue at early times post-S. aureus infection compared to antibiotic-treated but nonse-
dated animals. Taken together, our data indicate that short-term sedation with propofol
significantly increases the severity of bloodstream MRSA infection, even when adminis-
tered in conjunction with vancomycin prophylaxis.

KEYWORDS MRSA, anesthesia, bacterial pathogenesis, immune suppression, kidney
abscess, macrophages, monocytes, vancomycin

osocomial infections are common complications that follow surgery or prolonged

stays in intensive care units (ICU) of hospitals (1-5) and which result in large
increases in patient morbidity and mortality in addition to elevated health care costs
(6). The causative agents of nosocomial infection are often bacteria (4, 7), and Staph-
ylococcus aureus is one of the most frequently isolated pathogens in this regard (8).
Antibiotic treatment of S. aureus infections can be complicated by the prevalence of
methicillin-resistant S. aureus (MRSA) strains in hospitals and increasingly in community
settings (9, 10). Patients often require multiple antibiotics or use of broad-spectrum
antibiotics to eradicate infection (11). Despite numerous measures taken to ensure
sterility and limit spread of MRSA from health care workers to patients in hospitals (12,
13), the rate of infection remains high (14, 15). While significant effort is generally
focused on enforcing aseptic technique as a method to prevent infection, there may be
additional factors that influence the frequency and/or severity of nosocomial infections
(16).

Propofol is one of the most common anesthetic agents used in the induction and
maintenance of anesthesia prior to surgery, both in the intensive care unit (ICU) and in
routine outpatient procedures (17-20). This is in part due to its low incidence of
anesthesia-related side effects and the short half-life of the drug (21-23), but some
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studies have suggested that exposure to propofol can also negatively impact host
immune defenses (23-28). Studies in cell culture have shown that propofol exposure is
associated with decreased secretion of proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-a), decreased expression of inducible nitric oxide synthase
(INOS) gene expression (a potent mediator of antimicrobial defenses), and decreased
macrophage phagocytosis (29, 30). While a number of in vitro reports have demon-
strated that propofol can alter immune cell effector function, less information is available
regarding the possible effects of propofol on host immunity using in vivo models of
microbial infection. Recent studies from our laboratory and others have shown that
exposure to propofol contributes to increased mortality in a rat model of sepsis (31) as
well as increased mortality and pathology following systemic bacterial infections (28).
Given the extensive use of propofol in hospital settings and the prevalence of MRSA as
a causative agent of nosocomial infections, we sought to determine the effects of
propofol anesthesia on host susceptibility to bloodstream MRSA infections in the
presence and absence of antibiotic vancomycin prophylaxis.

RESULTS

Propofol exposure inhibits the clearance of MRSA from infected mice and
increases tissue pathology. /n vitro cell culture-based studies have indicated that

exposure to propofol can inhibit macrophage phagocytosis as well as the induction of
antimicrobial mediators such as iNOS (29, 30, 32, 33). We therefore examined propofol
anesthesia and host susceptibility to microbial infection in vivo using a well-established
murine model of MRSA bloodstream infection. Adolescent female Swiss Webster
outbred mice were infected with 3 X 10® CFU of MRSA strain USA300 LAC via tail vein
injection in the presence or absence of intravenous (i.v.) propofol administration. The
dose of propofol used was comparable to anesthetic induction doses used in humans
based on body weight and metabolic rate, as determined by the FDA, and resulted in
approximately 5 min of sedation (34). Control animals were given an Intralipid vehicle
solution, the solvent for commercially available propofol, in place of the anesthetic.
Animals were sacrificed at 7, 10, 14, or 32 days postinfection, and livers, spleens, and
both kidneys were isolated to determine viable CFU. While propofol exposure did
not alter detectable bacterial burdens within the livers or spleens (see Fig. S1 in the
supplemental material), differences in burdens were detected at specific time points
postinfection for the kidneys. At 7 days postinfection, anesthetized animals exhibited
bacterial burdens in the kidneys that were significantly higher than those of infected
controls (Fig. TA). At 10 days postinfection (dpi), propofol-treated animals and infected
controls had similar bacterial burdens in the kidney; however, as the infection pro-
gressed from 14 to 32 days, control animals exhibited some evidence of bacterial
clearance from infected kidneys, whereas anesthetized animals maintained bacterial
burdens from 10 dpi to 32 dpi (Fig. 1A).

Examination of the kidneys of infected animals indicated that propofol treatment
significantly increased abscess formation during infection. At 10 dpi, while infected
controls displayed very little, if any, pathology (Fig. 1B, left), animals exposed to propofol
presented with numerous abscesses extending through the kidney capsule (Fig. 1B, left
middle). The overall extent of abscess formation was even more striking at 32 dpi, when
anesthetized animals developed several large abscesses such that healthy kidney tissue
was not readily visible (Fig. 1B, right). Histological examination of infected kidneys at
earlier time points postinfection (7 dpi) revealed extensive tissue damage and pathol-
ogy in propofol-treated animals (Fig. 1C and D). Animals exposed to propofol exhibited
a significantly increased proportion of kidney tissue associated with inflammation and
abscess formation in comparison to non-drug-treated animals (Fig. 1C and D), suggest-
ing that even brief exposure to propofol induced significant kidney damage during
MRSA bloodstream infection, even under conditions where the overall bacterial bur-
dens in the kidney were similar between control and anesthetized mice (Fig. 1A).

Propofol increases both neutrophil infiltration and MRSA dissemination through-
out the kidney. Kidney pathology during sepsis is generally associated with immune-
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FIG 1 Propofol sedation results in increased bacterial burdens and kidney pathology during MRSA
bloodstream infection. (A) Animals were infected with 3 X 106 CFU of the USA300 strain of methicillin-
resistant S. aureus via tail vein injection. Animals were sacrificed at the indicated time points, and both
kidneys were harvested, homogenized together, and plated to determine viable CFU. Propofol treatment
significantly increased bacterial burdens relative to controls at 7, 14, and 32 days postinfection. Data are
compiled from 2 independent experiments; X represents undetectable bacterial burdens. (B) Mice were
intravenously infected with 3 X 10% CFU of S. aureus in the presence and absence of propofol sedation.
Kidneys were isolated from infected animals at the indicated times, and gross kidney pathology is shown.
Propofol treatment induced enlarged abscesses during MRSA infection up to 32 days postinfection. Data
are representative of 2 independent experiments with n = 4 to 5 mice/treatment group. (C and D)
Animals were infected as described for panel A in the presence or absence of propofol, and kidneys were
harvested at 7 days postinfection. Kidneys were fixed, sectioned, and processed for hematoxylin and
eosin (H&E) staining. Anesthetized animals displayed larger areas of inflammation and necrosis than
control animals. Images were taken at 1X (top) and 10X (bottom) magnification; scale bar, 500 um (top)
and 75 um (bottom). *, P < 0.05; **, P < 0.01.

mediated pathology (35). Therefore, we decided to investigate whether propofol
treatment affected neutrophil recruitment to sites of infection within the kidney.
Immunofluorescence-based microscopy was used to examine the distribution of Ly-
6G™ neutrophils and S. aureus within kidney sections in the presence and absence of
propofol sedation. At early times postinfection (7 days postinfection), areas of kidney
sections containing both S. aureus and neutrophil infiltrate appeared similar with
respect to the presence and distribution of neutrophils as well as infiltrating bacteria
(Fig. 2A). Total neutrophil percentages in the kidney were also not significantly different
between treatment groups at 7 dpi (Fig. S3b). However, by 14 days postinfection,
kidneys from animals treated with propofol showed a markedly increased presence of
both MRSA dissemination and inflammatory neutrophils (Fig. 2B and 3B; see also Fig.
S3b). Interestingly, inflammation in kidneys isolated from control animals was limited to
the kidney cortex at 14 days postinfection (Fig. 3A, left), with bacteria efficiently walled
off within eosinophilic pseudocapsules (36) (Fig. 2B, second row). In contrast, kidneys
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FIG 2 Propofol increases neutrophilic infiltrate and S. aureus dissemination into the kidney during acute
infection. (A) Animals were infected i.v. with 3 X 106 CFU of S. aureus in the presence or absence of
propofol. Animals were sacrificed at 7 days postinfection, and kidneys were harvested, fixed, sectioned,
and stained with fluorescent antibodies against neutrophils (anti-Ly-6G; red), S. aureus (anti-S. aureus;
green), or a nuclear dye (DAPI; blue). There were no apparent differences in the distribution of
neutrophils or presence of S. aureus between control animals (top) and propofol-treated animals
(bottom) at this time point. Images were taken at X 10 magnification; scale bar, 100 um. (B) Animals were
infected as described for panel A and sacrificed at 14 days postinfection. Kidneys were harvested and
stained with fluorescent antibodies against neutrophils and stained with DAPI as described above. Mice
treated with propofol (bottom) exhibited significantly enlarged neutrophilic abscesses compared with
infected controls (top). Images were taken at X 10 magnification; scale bar, 100 um. (C) Animals infected
as described for panel A were sacrificed 14 days postinfection, and kidney sections were stained for the
presence of S. aureus. Kidney sections from anesthetized mice contained significantly more bacteria
(bottom) than control animals (top), and infected controls were able to contain infection more efficiently
than propofol-treated mice. Images were taken at X10 magnification; scale bar, 100 um. Images are
representative from 2 independent experiments with 5 animals per treatment group per time point.

from propofol-treated animals contained large amounts of bacteria in the renal pelvis
and medulla, as well as in multiple abscesses in the kidney cortex (Fig. 2B, fourth row,
and 3A, right). Bacteria were found disseminated throughout kidney tissue in anesthe-
tized mice (Fig. S2), suggesting that propofol exposure inhibits the ability of animals to
contain MRSA in the kidney in discrete and limited foci of infection.

Propofol exposure leads to reduced numbers of mature phagocytes within the
kidney during MRSA infection. Abscess formation can occur in response to invading
pathogens and may serve to contain microorganisms in discrete compartments sepa-
rate from healthy tissue (37, 38). In the kidney, macrophages have been shown to be
recruited in large numbers after neutrophils have established a swarm around sites of
injury or infection, acting as a cap to limit the size of abscess formation in tissues (39).
We have previously reported that exposure to propofol appears to reduce the numbers
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FIG 3 Neutrophilic abscesses are not confined to the kidney cortex in propofol-treated mice. (A) Kidney sections
from animals were obtained at 14 days postinfection, as described in the legend to Fig. 2. Sections were stained
with antibodies against neutrophils (anti-Ly-6G; red) and with DAPI (blue). Propofol treatment induces formation
of multiple abscesses in the kidney cortex as well as the central medullary region. Arrows indicate neutrophilic
abscesses. Images were taken at 0.6X magnification; scale bar, 500 um. Images are representative from 2
independent experiments with 5 animals per treatment group. (B) Quantitation of area of kidney section staining
positive for presence of S. aureus or neutrophils at 7 days postinfection (top) and 14 days postinfection (bottom).
*, P < 0.05.

of mature phagocytes present within the spleen in response to L. monocytogenes
infection (28). We therefore used flow cytometry to determine whether propofol affects
monocyte and macrophage populations within the kidney during MRSA bloodstream
infections.

At 10 days postinfection, F4/80™ CD11b"* monocyte populations were present in
similar numbers in infected controls and propofol-treated animals, with high expression
of the B2 integrin CD11b, indicative of immature monocytes (40-42) (Fig. 4A). However,
by 14 days postinfection, control animals showed a marked decrease in this cell
population, while there was essentially no change in propofol-treated animals (Fig. 4B).
This difference persisted up to 32 days postinfection, such that in control animals, the
F4/80+ CD11bi"t population was nonexistent in the kidney, whereas animals exposed
to propofol continued to have large numbers of these cells (Fig. 4B). Interestingly,
despite the low numbers of F4/80" CD11b'"t monocytes in unanesthetized mice at 14
days postinfection, these mice had significant numbers of F4/80" CD11b~ cells,
indicative of mature macrophages within the kidney (Fig. 4C, top left). In contrast,
almost all cells that were positive for F4/80 in anesthetized mice simultaneously
expressed CD11b on the cell surface, suggesting that these cells were monocytes (Fig.
4G, top right, and D, top). At 32 days postinfection, a time point at which resolution of
acute S. aureus infection would result in few immune cells present in the kidney (43),
propofol-treated animals displayed large amounts of immature monocytes (Fig. 4D).

Propofol treatment expands myeloid-derived suppressor cell-like populations
in MRSA-infected kidneys. Neutrophils play a crucial role in the clearance of S. aureus
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FIG 4 Propofol treatment inhibits differentiation of monocytes into macrophages. (A) Animals were
infected with 3 X 106 CFU of S. aureus via tail vein in the presence or absence of propofol. Mice were
sacrificed at 10 days postinfection, and kidneys were isolated and processed for FACS analysis. While
kidneys from naive mice contained negligible numbers of immune cells expressing the integrin CD11b
or the macrophage marker F4/80 (left two images), kidneys from both propofol-treated mice (right two
images) and infected controls (middle two images) contained similarly large numbers of CD11bi"t F4/80+
cells (green cell populations). (B) Animals were infected as described for panel A and sacrificed at 14 days
postinfection. Kidneys were isolated and processed for FACS analysis. While kidneys from infected
animals not given propofol showed a marked decrease in the CD11b"t F4/80* cell population (in green;
top and middle left), kidneys from propofol-treated mice showed no significant change in this cell
population from 10 days postinfection (top and middle right). This phenotype persisted up to 32 days
postinfection, when kidneys from infected controls contained few CD11bi"t F4/80* cells (bottom left),
while those from anesthetized mice contained significant numbers (bottom right). (C) Control animals
displayed significant numbers of F4/80+ cells that have lost CD11b cell surface expression at 14 days
postinfection (top left). In contrast, kidneys from propofol-treated mice contained mostly CD11bi"
F4/80+ monocyte populations (top right). At 32 days postinfection, control animals exhibited far fewer
F4/80+ cells in the kidney, whereas CD11bi"t F4/80 cells persisted in significant numbers in kidneys from
anesthetized mice. (D) Kidneys from propofol-treated animals contained significantly larger numbers of
CD11bi"t F4/80* monocytes than infected controls at 14 days postinfection. Conversely, control animals
displayed considerably more F4/80+ macrophages than anesthetized mice at this same time point (top).
At 32 days postinfection, propofol-treated mice contained substantial numbers of immature CD11bi"t
F4/80+ MHC-II- monocytes in the kidney, whereas control animals had negligible numbers of this cell
type. Data are representative of 2 independent experiments with 4 to 5 animals per treatment group per
time point. *, P < 0.05; ****, P < 0.0001.

from infected tissue. In addition to neutrophil phagocytosis of S. aureus, release of
antimicrobial proteins (44), and oxidative killing of bacteria (45), neutrophil recruitment
to sites of infection serves to wall off bacteria from healthy tissue, resulting in the
formation of abscesses (46). Based on the importance of neutrophils to clearance of S.
aureus infection and the immunofluorescence data suggesting that exposure to propo-
fol dramatically increased neutrophil recruitment to the kidney during MRSA infection
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FIG 5 Anesthetized animals display significantly more CD11b" Ly-6G* NOS2* cells in the kidney during
MRSA bloodstream infection. (A) Animals were infected with 3 X 10° CFU of S. aureus via tail vein.
Animals were sacrificed at 14 days (top) or 32 days (bottom) postinfection. Kidneys were isolated and
processed for FACS analysis. (Right) At both 14 and 32 days postinfection, propofol-treated animals
contained notably large numbers of CD11bh Ly-6G* NOS2* cells that resembled myeloid-derived
suppressor cells (MDSCs) (cell populations in purple). (Left) This cell population was largely absent from
the kidneys of control mice. (B) Propofol-treated mice contained more MDSC-like cells at 14 days (in
purple; left) and 32 days (right) postinfection. Data are representative of 2 independent experiments with
5 animals/treatment group/time point. **, P < 0.01.

(Fig. 3A), we used flow cytometry to characterize neutrophil populations in the kidney
during the course of infection. At 14 days postinfection, kidneys from control mice
contained significantly fewer cells expressing the Ly-6G* neutrophil cell surface marker
(47) in the kidney than animals treated with propofol (Fig. S2). Further characterization
of Ly-6G™ cell populations in animals exposed to propofol indicated that the cells were
simultaneously CD11b" NOS2+ (Fig. 5A), consistent with the extracellular and intra-
cellular phenotype associated with myeloid-derived suppressor cells (MDSCs) (48). At
32 days postinfection, propofol-treated animals displayed 100-fold more MDSC-like
cells in the kidney than control animals (Fig. 5A and B). MDSCs are a heterogeneous cell
population, and studies have shown that they are potent suppressors of T cell activa-
tion (49); thus, their potential expansion during infection could represent one mecha-
nism by which propofol contributes to bacterial persistence within the kidney.
Prophylaxis with vancomycin prior to infection and propofol anesthesia exac-
erbates MRSA-induced kidney pathology. Because the risk of hospital-acquired
infection increases as a result of surgery or prolonged stay (such as in intensive care
units), patients generally receive prophylactic doses of antibiotics prior to undergoing
any procedure (50-53). Vancomycin is a broad-spectrum antibiotic that is sometimes
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FIG 6 Prophylaxis with vancomycin concurrent with propofol anesthesia increases kidney pathology
associated with MRSA infection. (A) Mice were intravenously injected with vehicle alone, propofol alone,
vehicle plus vancomycin, or propofol plus vancomycin 24 h prior to i.v. infection with 3 X 108 CFU of S.
aureus. Mice were sacrificed at 4 days postinfection, and kidneys were harvested, homogenized, and
plated to determine viable CFU. Vancomycin treatment prior to infection decreased bacterial burdens at
4 days postinfection in control mice compared with anesthetized mice. Data are representative of 2
independent experiments. (B) Animals were infected as described for panel A and sacrificed at 4 days
postinfection. Kidneys were harvested, fixed, and processed for H&E staining. Propofol treatment resulted
in significantly larger areas of kidney sections affected by inflammation and necrosis (arrow, top right).
Infected animals given vehicle solution and vancomycin (top left), vehicle alone (bottom left), or propofol
alone (bottom right) displayed no signs of inflammation. Images were taken at X4 magnification; scale
bar, 100 um. Data are representative of 5 animals per treatment group. (C) Area per kidney section
associated with inflammation and/or necrosis. (D) Animals were infected as described for panel A, and
kidneys were processed for immunofluorescent staining. Kidneys from propofol-treated animals (bottom)
contained significantly greater amounts of Ly-6G™* inflammatory neutrophilic infiltrate (red) and S. aureus
(green). Images were taken at X20 magnification; scale bar, 50 um. Data are representative of 2
independent experiments with 3 to 4 animals per treatment group. (E) Kidneys from propofol-treated
animals contained larger areas infected with S. aureus than did control animals. *, P < 0.05.

given as prophylaxis before surgery (54, 55). To assess whether the administration of
vancomycin could effectively reduce the pathologies observed in animals exposed to
propofol and infected with MRSA, mice were treated with vehicle alone, propofol alone,
or vehicle or propofol plus a prophylactic single intravenous dose of vancomycin 24 h
prior to tail vein infection with MRSA. Interestingly, during the course of these exper-
iments it became necessary to euthanize infected animals treated with vancomycin and
propofol by 5 days postinfection as the animals became moribund (data not shown).
We observed that mice that were given vancomycin prior to infection in the presence
or absence of propofol sedation generally exhibited more variability in bacterial
burdens recovered, in that some animals exhibited bacterial burdens equivalent to
animals not treated with vancomycin, whereas other animals had minimal burdens (Fig.
6A). This variability in bacterial burdens recovered from the kidneys was somewhat less
apparent in animals given vancomycin followed by propofol sedation and infection, but
the overall differences in bacterial burdens between the groups given vancomycin
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and those that were not were not statistically significant. However, despite the com-
parable numbers of bacteria recovered from the kidneys of mice, especially those given
vancomycin followed by propofol sedation and infection with those not receiving
vancomycin at all, the kidneys from vancomycin plus propofol-treated mice displayed
significantly more inflammation, abscess formation, and necrosis at 4 days postinfec-
tion than any other treatment group (Fig. 6B and C). While animals sedated with
propofol prior to infection exhibited increased kidney pathology by 7 days postinfec-
tion, these differences were not apparent at 4 days postinfection, except in sedated
animals given vancomycin (Fig. 6B and C). Animals given vancomycin prior to propofol
sedation and infection exhibited extensive areas of necrosis and abscess formation in
comparison to the other treatment groups (Fig. 6B and Q). In fact, infected animals
given vehicle solution alone or propofol alone displayed no abnormalities in kidney
structure or inflammation at 4 days postinfection (Fig. 6B, bottom). Uninfected animals
given either propofol or vancomycin alone also did not have abnormal kidney archi-
tecture or pathology (Fig. S3). When kidney sections were analyzed for the presence of
Ly-6G* neutrophils and S. aureus, it was found that vancomycin treatment combined
with propofol resulted in extensive areas of the kidney infiltrated by bacteria (Fig. 6D
and E). These data strongly suggest that the prophylactic administration of vancomycin
prior to bacterial infection and propofol sedation lead to an increase in MRSA dissem-
ination and increased severity of associated kidney pathology.

DISCUSSION

The data presented in this study demonstrate that even brief periods of propofol
sedation can significantly increase the severity of infections associated with S. aureus,
even in the presence of limited prophylactic antibiotic treatment. Mice sedated for
approximately 5 min with propofol exhibited dramatic increases in kidney pathology
and inflammation following infection with MRSA, and these differences were evident
up to 32 days postinfection despite the fact that the sedative effects of propofol are
short-acting. Propofol sedation resulted in fewer mature immune effector cells and
more extensive bacterial dissemination throughout the kidneys. Prophylactic treatment
with vancomycin 1 day prior to sedation and infection did not reduce the severity of
MRSA infection, but instead it appeared to increase kidney pathology and mortality.
These data suggest that during an active infection, propofol sedation seriously impairs
the ability of the host to mount an effective immune response that limits pathogen
dissemination while minimizing tissue damage.

Pharmacokinetic studies on propofol have shown that while its sedative effects are
relatively short acting, metabolites of propofol are detectable within the urine for
several days after the initial administration (56). Propofol is lipophilic and is rapidly
distributed into tissues and metabolized following the cessation of intravenous admin-
istration, a fact that explains why sedation is short-lived (22, 57, 58). It is possible that
metabolites of propofol that persist within tissues for several days lead to the suppres-
sion of host immunity against microbial infection. We have previously reported that
mice that have been briefly anesthetized with propofol and allowed to recover for 4
days prior to infection with the bacterial pathogen Listeria monocytogenes exhibit 100-
to 1,000-fold increases in bacterial burdens in target organs in comparison to controls
(28). Thus, propofol’s ability to decrease host resistance to infection is not limited to a
single pathogen but can be generalized to include pathogens that inhabit very
different host niches.

Using mouse models of L. monocytogenes infection, we have previously reported
that propofol exposure reduces the numbers of mature immune effector cells at sites
of bacterial infection (28). Monocytes and macrophages are important for the efficient
formation of abscesses in response to tissue injury or infection, and studies have shown
that monocytes direct interstitial migration of neutrophils through tissues to effectively
form abscesses (59). Additional studies have suggested that macrophage recruitment
occurs after inflammatory neutrophilic infiltrate has formed focal abscesses surround-
ing sites of infection, and these macrophages serve to limit the size of the abscess (39)

July 2017 Volume 85 Issue 7 e00097-17

Infection and Immunity

iaiasm.org 9


http://iai.asm.org

Visvabharathy and Freitag

and the associated tissue damage through phagocytosis of necrotic neutrophil cell
debris (36). At early time points following acute MRSA infection in the presence of
propofol, monocyte/macrophage populations did not appear significantly different in
absolute numbers between drug-treated and non-drug-treated control animals; how-
ever, by 14 days postinfection anesthetized animals exhibited distinct phenotypic
differences in immune effector cell populations (Fig. 4A and B) as well as increased
abscess size and formation. These differences in cell populations could reflect a
propofol-associated impairment of monocyte-to-macrophage maturation. Monocytes
recruited to tissues can be identified by cell surface expression of CD11b (60). Studies
have shown that antibody blockade of CD11b results in uncontrolled bacterial growth
when initiated at early times postinfection but not after infection has been established
(61). This suggests that CD11b is far more important in monocyte recruitment to
infected tissues than it is to controlling infection within tissues, when cells have
differentiated into functional myeloid-derived effector cells. As monocytes are not as
efficient in performing the effector functions of macrophages, including phagocytosis
of dead cells (62, 63), it is possible that propofol exposure resulted in the uncontrolled
expansion of neutrophilic abscesses as a result of reduced macrophage populations
and the associated reduction in the phagocytosis of neutrophil corpses. In addition to
the drug’s potential effects on monocyte differentiation, in vitro studies have shown
that exposure to propofol decreases phagocytosis of latex beads in human microglial
cell culture (64) and in human THP-1 macrophage cell lines (26). We speculate that the
combined effects of propofol on inhibition of monocyte differentiation and impaired
phagocytosis contribute to the diffuse and extensive abscess formation observed in the
kidneys of drug-treated animals.

Host immunity to both local and systemic MRSA infections depends on neutrophil
chemotaxis to sites of infection (45, 65); in the kidney, abscess formation results in the
“walling off” of discrete foci of pathogenic infiltrate by initially surrounding bacteria
with an eosinophilic pseudocapsule (66) with subsequent neutrophil recruitment to
surround the pseudocapsule (36). The overall size of the abscess can be limited by fibrin
deposits that serve to partition areas of inflalmmation from healthy tissue (67). This
process serves to constrain and localize inflammatory damage while preventing unre-
stricted enlargement of the inflammatory abscess. Our data indicate that propofol
administration resulted in a much greater proportion of kidney tissue affected by
inflammatory abscesses (Fig. 1D, 2B, and 3A), suggesting that exposure to propofol
results in unrestricted inflammation during MRSA kidney infection. Overall, these
findings suggest propofol exposure increases the severity and frequency of hospital-
acquired infections through suppression of host defense mechanisms that limit inflam-
matory damage.

Significantly increased numbers of Ly-6G™ neutrophils were detected at sites of
MRSA infection in drug-treated animals (Fig. 2 and 3). Based on cell surface expression
of CD11b and Ly-6G, as well as intracellular expression of NOS2 (48), a significant
fraction of the cells present within the abscesses appeared to be myeloid-derived
suppressor cell (MDSC)-like cells (Fig. 5). MDSCs are a heterogeneous cell population
and can be comprised of granulocyte-like or monocyte-like cells (68). Granulocytic
MDSCs are known to expand in the context of infection in response to increased
gamma interferon (IFN-y) production (69), and they act as suppressors of antigen-
specific T cell responses (70). MDSCs thus represent immature myeloid cells that have
failed to differentiate into mature granulocytes. It has been shown in healthy individ-
uals that immature myeloid cells generated in the bone marrow quickly differentiate in
circulation to DCs, macrophages, and granulocytes (48). However, under pathological
conditions, including sepsis, differentiation of these immature myeloid cells into mature
effector cells is partially blocked (71). Numerous recent studies have shown that MDSCs
can play a pathological role during S. aureus infection. One study used splenocytes from
S. aureus-infected mice cocultured in vitro with OT-ll-specific T cells to show that S.
aureus infection induced MDSCs that blocked T cell activation and proliferation in an
antigen-specific, contact-dependent manner (72). Another study using an S. aureus skin
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infection model showed that cutaneous sensing of S. aureus through TLR2-6 pathways
induced MDSC expansion, which negatively regulated T cell responses in the skin (73).
It is possible that propofol administration in conjunction with MRSA infection repre-
sents such a pathological condition wherein differentiation of immature myeloid cells
is partially blocked, resulting in MDSC expansion and a potential decrease in T cell
activation.

Importantly, though limited, our experimental data strongly suggest that prophy-
lactic antibiotic treatment with vancomycin prior to anesthesia and infection does
not alleviate and may in fact enhance the severe kidney pathology that results from
propofol exposure. Single-dose antibiotic prophylaxis is part of routine patient care
prior to surgery or admission into the ICU (55, 74-77). Studies have shown that
administering antibiotic prophylaxis reduces postsurgical infections by up to 50% (78)
and is similarly effective in reducing ICU-acquired infections (79). However, in the
context of the systemic model of MRSA infection used in these studies, vancomycin
prophylaxis failed to consistently reduce bacterial burdens in infected animals and
instead resulted in increased kidney pathology compared to propofol-treated animals
not treated with vancomycin or animals given vancomycin alone (Fig. 6). Vancomycin
is a broad-spectrum antibiotic known to be effective against the USA300 strain of MRSA
(80), the same strain used in our studies. It is used selectively prior to surgery (54), as
it has been suggested to induce renal toxicity; however, this is not known to happen
after single-dose administration (81). Vancomycin has also been shown to increase mast
cell degranulation (82), which is associated with delayed-type hypersensitivity and renal
toxicity (83). However, it is unlikely that this contributes to the increased inflammatory
damage we observe in the presence of propofol, because studies have also shown that
intravenous general anesthetics, including propofol, inhibit mast cell degranulation
(84). It is possible that the combined administration of propofol and vancomycin
increases the risk of kidney pathology following vancomycin exposure in infected
animals. The mechanistic basis of the observed increase in pathology is not known but
warrants further investigation to determine its possible relevance to patient care.

Our work has shown that brief periods of propofol anesthesia significantly increase
susceptibility to bloodstream MRSA infections, with particularly striking effects on

Potential effects of propofol on host immunity to S. aureus
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FIG 7 Potential effects of propofol on host immunity against S. aureus infection. Upon infection with S.
aureus, propofol treatment increases bacterial replication and abscess formation in the kidney. In the case
of bloodstream S. aureus infection, while propofol does not affect the recruitment of blood monocytes into
the kidney, it may prevent differentiation of monocytes to macrophages, allowing for greatly expanded
inflammatory abscesses in the kidney. Propofol may also allow for the expansion of MDSCs, which can lead

to reduced T cell activation.
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kidney pathology. Based on our working model speculating that the monocyte-to-
macrophage transition (Fig. 4), as well as neutrophil maturation (Fig. 5), is disrupted in
the presence of propofol, it is possible that propofol or its metabolites act as signaling
molecules that disrupt differentiation programs of myeloid progenitor cells (Fig. 7). It is
also possible that propofol does not so much orchestrate the alterations in immune cell
signaling and differentiation as it takes advantage of redundant pathways. As there are
master regulators of immune cell transcription (i.e,, NF-kB and AP-1), propofol may
somehow target these factors to induce profound changes in host responses to
infection. After affecting differentiation of one cell type, for example, all subsequent
immune signaling that depends on that cell type may be altered to the detriment of the
host. Future studies could address whether propofol enacts large-scale transcriptional
changes in innate immune effector cells during infection as a means of accounting for
its significant impact on host susceptibility to microbial infection.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. Intravenous S. aureus infections were performed
using the methicillin-resistant USA300 LAC strain (courtesy of Victor Torres and Francis Alonzo). USA300
was grown with shaking overnight in tryptic soy agar (TSA) broth (MP Biomedicals, Solon, OH) at 37°C,
220 rpm.

Intravenous infections of mice. Animal procedures were IACUC approved by the UIC Animal Care
Committee and performed in the Biological Resources Laboratory at the University of lllinois at Chicago.
S. aureus overnight cultures were diluted 1:100 and subsequently grown to mid-log phase (~3 h) with
shaking at 37°C, 220 rpm. Immediately prior to infection, 100 ul of bacterial suspension was mixed with
100 wl of vehicle solution (Intralipid [Sigma-Aldrich, St. Louis, MO] plus 5% dextrose or propofol [Abbot
Laboratories, North Chicago, IL]), used at a concentration of 18.75 mg/kg of body weight. This dose is
comparable with that used to induce anesthesia in humans based on FDA guidelines accounting for
differences in metabolism (34), and it resulted in approximately 3 to 5 min of mouse sedation. No
differences were observed with respect to bacterial growth or viability following suspension in either
propofol or vehicle solution for at least 2 h at room temperature (data not shown). Adolescent female
Swiss Webster mice (Charles River Laboratories, Chicago, IL) were infected with 3 X 106 CFU via tail vein
injection. For experiments using vancomycin prophylaxis, mice were given 15 mg/kg vancomycin i.v. This
was done 24 h prior to intravenous infection via the tail vein with S. aureus in the presence or absence
of propofol. At the indicated times, organs were harvested and homogenized. Homogenates were plated
on TSA plates to determine viable CFU.

Histological examination of infected tissues. Mice infected with S. aureus with or without propofol
were euthanized at the indicated times, and livers, spleens, and kidneys were isolated. Organs were
suspended in 10% phosphate-buffered saline (PBS)-buffered formalin (Sigma-Aldrich, St. Louis, MO)
overnight, prepared for histological analysis by the UIC Research Resource Center Histology Core, and
stained with hematoxylin and eosin (H&E). Images were obtained using a Zeiss Axio Imager manual
upright research microscope or an Aperio Technologies Scanscope. Quantification was performed using
ImageScope software from Aperio Technologies (Vista, CA).

Immunofluorescent staining. Paraffin-embedded organs were sectioned into 5-um sections and
mounted onto glass slides by the UIC Research Resource Center Histology Core. Samples were then
deparaffinized with xylene and rehydrated with graded ethanol washes. Antigen retrieval was performed
using 10 mM sodium citrate buffer in a pressure cooker at high pressure for 15 min. Slides were cooled
and then incubated in a cold solution of 10% H,O, to quench endogenous peroxidases and limit
nonspecific red blood cell staining. Slides were then washed in Tris-buffered saline (TBS), and samples
were marked with PAP pen circles. Background Buster blocking solution (Innovex Biosciences, Richmond,
CA) was applied to each sample for 30 min prior to incubation in primary antibody. Samples were washed
in TBS and then incubated with anti-human IgG to block nonspecific binding of anti-S. aureus antibody
for 1 h at room temperature. Slides were then incubated sequentially with anti-S. aureus-fluorescein
isothiocyanate and anti-Ly-6G for 1 h at room temperature or overnight at 4°C. Slides were washed in TBS
and then incubated sequentially with goat anti-rat AF-594 (Abcam, Cambridge, MA) for 1 h at room
temperature. Slides were once again washed in TBS and coverslips were mounted using ProLong gold
antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Grand Island, NY). Slides were
imaged at 25°C, with X10 or X20 magnification, using a Zeiss Axio Imager A2 manual upright research
microscope and analyzed by Zen 2012 imaging software.

Flow cytometry. Mice were infected i.v. via tail vein injection with S. aureus and euthanized at the
indicated time points. Kidneys were isolated and processed for flow cytometry. Single-cell suspensions
were obtained by first mechanically disrupting kidneys using a Stomacher 80 Biomaster (Seward
International, West Sussex, United Kingdom) and then passing the homogenate through a 70-um cell
strainer. The following fluorescent and nonfluorescent primary antibodies were used: anti-Mac-3 (BD
Pharmingen, San Diego, CA); anti-Ly-6G, CD-11b, NOS2, CD3 (EBioscience, San Diego, CA); anti-TNF-«
(clone MP6-XT22; BioLegend, San Diego, CA); and anti-IFN-vy, IL-4, CD4, F4/80, CD11c, I-A/I-E (mouse
major histocompatibility complex class Il [MHC-II]) (Tonbo Biosciences, San Diego, CA). Fluorescence-
activated cell sorting (FACS) was performed with a Cyan ADP flow cytometer (Beckman Coulter, Inc., Brea,
CA), and data were analyzed with Summit software.
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Statistical analysis. All statistical analyses for in vivo infection assays were performed using Student’s

t test when data followed a normal distribution or a Wilcoxon or Mann-Whitney nonparametric test when
data fell outside Gaussian distributions. X symbols denoting bacterial burdens below the limit of
detection (i.e, 100 CFU) were input with a numerical value of 99 for the basis of all statistical analyses.
All analyses for immunofluorescence quantitation were carried out using Student’s t test. All statistical
analyses for flow cytometry were performed using two-way analysis of variance with a Bonferroni
posttest.
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