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SUMMARY

Hospital peri-operative infections remain a major health concern, with surgery
representing a leading cause of nosocomial infections. Anesthetics modulate host immune
responses, but it has been difficult to separate the variable of surgery from anesthesia
administration when analyzing infection rates. Here, the well-studied bacterial pathogen Listeria
monocytogenes (LM) was used to assess the impact of a surgical anesthetic on host infection
susceptibility. Brief sedation with propofol was sufficient to increase the bacterial burdens of LM
in mouse target organs by 10,000-fold following both oral and intravenous routes of infection.
Increased host susceptibility to oral infection with LM was dependent on heightened bacterial
translocation across the intestinal barrier, but not through intestinal epithelial cells. This
indicated that propofol increases LM translocation through alternate portals of entry. Propofol
treatment did not alter LM invasion or replication within host cells in culture, disrupt tight
junction integrity in Caco-2 intestinal epithelial cells, or decrease the efficacy of LM killing in
primary murine macrophages. Though sedation with propofol is brief due to its short half-life,
animals remained highly susceptible to infection even 96 hours after recovery from sedation.
Though the alternate anesthetics sodium pentobarbital and ketamine increased the susceptibility
of mice to oral infection with LM, they did not affect susceptibility to intravenous systemic
infection with LM, unlike propofol. Additionally, anesthetized animals infected with LM
displayed more severe organ pathology in livers, spleens, and intestines. Propofol treatment
altered serum cytokine and chemokine levels throughout infection, with particularly striking
effects on IFN-y, MCP-1, IL-10 and TNF-a. Concurrently, fewer differentiated macrophages and
TNF and iNOS producing dendritic cells, both important in clearing LM, were evident in animals

treated with propofol. Finally, animals sedated with propofol showed heightened susceptibility to

xii



methicillin-resistant Staphylococcus aureus, Salmonella enterica serovar Typhimurium, and
Streptococcus pyogenes as evidenced by increased bacterial burdens in target organs. These data
indicate that anesthetization with propofol severely compromises host resistance to infection, an
observation that has potentially profound implications for surgical outcomes and, ultimately,

patient survival.
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CHAPTER ONE
Introduction to anesthesia and immunity: Hospital-acquired Infections, Anesthetic Mechanism of
Action, Anesthesia and Immunity, Listeria monocyctogenes immune responses, Goals of thesis
project
Summary
Patients are exposed to a wide variety of pathogenic organisms in hospital settings. As

patients undergoing surgery or requiring intensive care often stay at the hospital for days, they
have a higher likelihood of being exposed to nosocomial pathogens. Anesthesia is a critical
component in successful surgeries as well as long-term stays in the intensive care units (ICU) of
hospitals. Though much care is taken to maintain sterility around patients in operating rooms
and ICUs, anesthesia represents an understudied variable that may predispose patients to
contracting nosocomial infections. The work in this thesis aims to characterize the mechanisms
by which one commonly used anesthetic, propofol, increases host susceptibility to infection with
bacterial pathogens. To provide perspective on the challenges associated with patient
acquisition of microbial infections in hospital settings, background information will be included
on nosocomial infections, the mechanisms by which anesthetics induce sedation, links between
anesthesia and immunity, and how one human pathogen, LM, can be used as a model pathogen

to elucidate the effects of anesthesia on immunity.



1.1 The burden of nosocomial infections

Peri-operative and ICU-acquired infections are major complications in US hospitals,
resulting in significant morbidity and mortality in patient populations. Hospital-acquired
infections rank amongst the top 10 leading causes of death in the US, with around 1.7 million
people affected and 99,000 deaths in 20021, Among these, surgical site infections (SSI) occur
after ~2% of all surgeries™™. While over 99% of surgery patients receive prophylactic
antibiotics, the incidence of post-operative infections remains high, negatively impacting patient
health outcomes and increasing health care costs by $1-$10 billion dollars per year*®. Post-
operative infections also significantly increase the length of stay (LOS) for patients, thus
inflating healthcare costs. In SSIs resulting from neurologic, cardiovascular, or gastrointestinal
surgical procedures, the LOS was increased by at least 10 days'. Additionally, the costs incurred
by the increased LOS averaged about $20,000 extra per patient in 2009, with the largest
increases in patients recovering from cardiovascular surgery'. Some of the greatest disparities in
cost burdens and LOS pertaining to post-surgical infections result from Staphylococcus aureus
and Enterococcus faecalis infections”®,

In order to prevent incidence of SSls, a variety of techniques are commonly used. There
is a strict policy of asepsis, where healthcare providers shave the patient’s surgical site and may
even bathe the patient in chlorhexidine®, commonly used as an antimicrobial mouthwash.
Additionally, healthcare providers themselves take precautions to be as sterile as possible prior to
entering the surgical area, as well as during the procedure itself. Some other factors that

surgeons and hospital staff try to control prior to performing surgery are the following: sterility



and ventilation of operating room air, surgical attire and drapes, and optimizing the use of
antibiotic prophylaxis prior to starting surgery>®®. Antimicrobial prophylaxis, in particular, has
been shown to be important in decreasing SSI and sepsis risk*®, though this may depend on the
type of surgery as some studies have shown that SSI risk and bacterial colonization of the
surgical site remain the same regardless of antimicrobial prophylaxis™*2.

In the case of ICU infections, patients most commonly contract pneumonia associated
with ventilator intubation ***> One third of patients worldwide are intubated™®, and the majority
of the patients are concurrently sedated, often with propofol*’. There were 3,525 cases of
ventilator acquired pneumonia reported to the CDC in 2010, resulting in up to 5.8 cases per 1000
ventilator days'®. Most infections result from S. aureus and Pseudomonas aeruginosa
contamination of the lung and intubation apparatus'®. Prophylactic measures include elevation
of the head, precautions against internal bleeding, deep vein thrombosis, and interestingly, a

daily assessment of sedation as pertaining to readiness to extubate patients'®, however, there

were few if any studies looking at how sedation directly affects infection rates.

1.2 Anesthetic mechanisms of action

Whereas significant effort has focused on preventing hospital-acquired infections by
reducing patient exposure to infectious agents during surgery as well as time spent in the ICU,
relatively little attention has been directed toward understanding how anesthetics may negatively
impact patient immunity to infection. Anesthetics generally used in a hospital setting consist of
two groups: inhalational anesthetics and intravenous anesthetics. Inhalational anesthetic drugs
include halothane, sevoflurane, and isoflurane, and these are commonly used to maintain

anesthesia in patients undergoing surgery?>*. The intravenous anesthetics include ketamine,



thiopental/pentobarbital, and propofol, and are mainly used to induce anesthesia prior to surgery.
Propofol is unique, however, in that it is administered to patients in the ICU as a sedative as well,
and patients are often under anesthesia for days when intubated” %%,

Though all anesthetic agents result in a loss of consciousness, the mechanisms by which
they mediate anesthesia are distinct. Anesthesia is defined as a physical state characterized by
the absence of pain and a loss of awareness®*. Of the three intravenous anesthetics mentioned
above, ketamine acts at the N-methyl-D-aspartate (NMDA) receptor, while thiopental and
propofol bind to the y-aminobutyric acid (GABA) receptor in the CNS®#’ (Figure 1.1). The
NMDA receptor binds the neurotransmitter glutamate and mediates excitatory synaptic
transmission in a calcium-dependent manner®, Ketamine acts by blocking NMDA receptor
activation through inhibiting calcium influx, thereby inducing a state of “dissociative
anesthesia”. This results in sensory loss, analgesia, and amnesia without actually resulting in a
full loss of consciousness, and is accomplished by the dissociation of communication between

the thalamus and the cortex®. Patients anesthetized with ketamine experience a state of

unconsciousness between general anesthesia and deep sedation?’.
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Figure 1.1 Schematic representation of GABA-A receptor with sites indicated for drug binding.
Adapted from Mohler et al, 2004.



Thiopental and propofol are both GABA-A receptor agonists. GABA is the primary
inhibitory neurotransmitter in the CNS, and is responsible for mediating the majority of fast
synaptic inhibition of signals between neurons®. One study estimated that approximately one-
third of all synapses in the CNS are responsive to GABA (GABAergic)*’, and thus GABA
receptor agonists and antagonists can have effects on multiple brain systems. Structural studies
using surrogate protein targets have shown that barbiturate anesthetics (such as thiopental,
pentobarbital, and phenobarbital) and propofol bind to the same site?’. However, the interactions
between barbiturate drug molecules and the receptor binding site are quantitatively different
from propofol’s interaction with the same site in that barbiturates utilize both polar and nonpolar
interactions to bind, whereas propofol’s binding relies solely on van der Waals interactions?’.
This may be because propofol is a simpler, strongly hydrophobic molecule compared to
barbiturates (Figure 1.2), and might indicate that propofol can be more promiscuous than
barbiturates in its activity by virtue of its high lipophilicity allowing it to easily cross cell
membranes. Regardless, both anesthetics mediate their sedative effects through potentiation of
the GABA-A receptor, allowing CI" ion influx into neurons and causing inhibition of action

potentials®’ 3.

1.3 Barbiturates and immunomodulation

Anesthetic agents have been associated with immunomodulation in a variety of studies®*
°2 Barbiturate anesthetics have been linked to impaired phagocytosis of S. aureus by monocytes
in vitro*. This study examined whole blood samples from healthy patients incubated with
thiopentone (a barbiturate anesthetic) or propofol and subsequently infected with S. aureus. It

was found that increasing concentrations of thiopentone in whole blood culture inhibited



phagocytosis of S. aureus, though incubation with propofol did not affect the phagocytic
capabilities of granulocytes®. Barbiturates have also been linked to decreased superoxide
generation in macrophages®®, inhibition of neutrophil activity®*, and reduction of T cell synthesis
of cytokines, T cell cytotoxicity, and responsiveness to antigens*®. Regarding neutrophil
immunomodulation, neutrophils isolated from human volunteers were assayed for chemotaxis,
phagocytosis, and superoxide production in cell culture in the presence of thiopentone.
Incubation with thiopentone decreased neutrophil chemotaxis toward the neutrophil
chemoattractant FMLP and decreased phagocytosis of opsonized oil droplets in a dose-
dependent manner>*. The study also showed that thiopentone abrogated superoxide production,
especially affecting H,0, and OH™ production in primary neutrophil culture.

Much work has been done examining how barbiturate anesthesia particularly affects T
cell function. In contrast to the studies mentioned above that indicate barbiturates can affect
innate immune parameters, one group postulated that the immunosuppressive potential of
thiopental was confined to antigen-specific responses®. This study examined whole blood from
patients anesthetized with thiopentone and sedated for approximately 1 hour. A portion of
patients had received the tetanus vaccine 30 days prior to surgery. T cell proliferation and
cytokine secretion was measured ex vivo. While thiopentone exposure did not alter mitogen-
induced T cell proliferation in unvaccinated volunteers, vaccinated volunteers showed decreased
tetanus toxoid-specific T cell proliferation®. IL-2 production in T cells was similarly abrogated
in vaccinated patients exposed to thiopentone, in an antigen-specific manner®. Another study
found that thiopental treatment of primary CD3" T cells from whole blood inhibited T cell
transcription factor AP-1 in a mitogen activated protein kinase (MAPK)-dependent manner™,

indicating that barbiturate anesthetics can not only affect gene transcription generally, but also



immune-related genes particularly. AP-1 activates the transcription of multiple genes involved
in the initiation of both innate and adaptive immune responses®®>’. The studies outlined above
suggest that barbiturate anesthetics are immunosuppressive with regards to T cell function as

well as neutrophil and macrophage function in vitro.
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Figure 1.2 Chemical structures of pentobarbital and propofol showing simplicity of propofol’s
molecular structure compared to a barbiturate agonist of the GABA-A receptor.
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1.4 Propofol and immunomodulation

Propofol is the most commonly used induction agent in surgeries performed in the
US®*°. Anesthesiologists prefer to use propofol due to its quick induction of anesthesia and

60-63

relatively low incidence of agitation upon patient recovery from sedation> . In spite of these

benefits, propofol also has been shown to adversely affect immune parameters in vitro. Many

34,50,52

studies have linked propofol exposure to impaired phagocytosis by macrophages , as well

as decreased iINOS production in macrophage cell lines®3*%,

One study conducted in murine
macrophages exposed to varying concentrations of propofol found that drug exposure
significantly reduced chemotaxis, oxidative burst, and interferon-y (IFN-y) production upon
contact with lipopolysaccharide (LPS)*. However, other in vitro studies have indicated that
IFN-y secretion increases when macrophages cocultured with NK cells are exposed to
propofol*. Various studies also have shown propofol to protect against LPS-induced cell death
in culture®, though the protective effect propofol has on cell survival has been shown to have
adverse effects in cancer progression®. Interestingly, the same study showed that exposure to
propofol in cell culture can alter gene expression patterns®®, suggesting that propofol may play a
downstream role in regulating transcription. Propofol is a potent antioxidant due to the presence

35,39,67-69

of a phenol ring in its chemical structure , and inhibition of reactive oxygen species is one

mechanism by which propofol decreases apoptosis in cell culture®.

1.5 Propofol and iNOS suppression

Though many reports have indicated the immunomodulatory potential of propofol,
studies have been inconclusive in cohesively defining how propofol sequentially affects the

immune response by altering first innate then adaptive immunity. One emerging point not in
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contention, however, is that propofol blocks inducible nitric oxide synthase (iNOS) expression in

cell culture®®°26467

. Initial host defense against invading bacterial pathogens is largely
dependent on iINOS for signaling and coordinating the different arms of innate immunity, as well
as direct action against intracellular bacteria’"*. For example, host clearance of LM depends on
INOS-driven production of reactive nitrogen species to kill bacteria trapped in the phagosomal
compartment and decrease intracellular replication, as well as NO-mediated immune
signaling””®. Pretreatment with propofol was found to significantly reduce LPS-induced iNOS
expression and generation of reactive NO in mouse macrophages®. Another study using LPS to
induce sterile inflammation in mice similarly found propofol to inhibit free radical generation
and thus decrease cell death®’. As NO is a potent mediator of inflammation’®, propofol treatment
was found to be protective to the host when septic shock was induced by a non-infectious
inflammatory stimulus.

The mechanism by which propofol suppresses iNOS activity is not fully known, but the
decrease in NO production mediated by propofol seems to be dependent on its antioxidant
properties®™’’. Studies using chemiluminescence and electron spin resonance spectroscopy
showed that propofol acted as a free radical scavenger of peroxynitrite, a free radical formed by

1”8, and formed phenoxyl radicals’.

the association of nitric oxide and the superoxide radica
These studies suggest that, by virtue of its lipophilicity and ability to easily cross cell
membranes®, propofol can enter cells and scavenge free radicals such as NO, thus acting as an
anti-inflammatory compound. While this phenomenon has been investigated in numerous model

systems in vitro and in vivo, the studies did not use infectious agents to induce inflammation in

hosts when examining the effects of propofol on immunomodulation. Thus, it is as yet unknown
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whether propofol anesthesia protects or increases adverse outcomes in a physiologically relevant
model system.

1.6 Propofol and NF-kB modulation

The observations in cell culture and in vivo that propofol can alter cytokine

41,45,63,80 35,39,64

secretion and iNOS expression indicate that exposure to the drug can affect nuclear
factor kappa B (NF-kB) activation and/or signaling, perhaps through direct modulation of NF-
kB. NF-«B consists of a family of seven related transcription factor subunits that can operate in
various combinations to activate gene transcription®* (Figure 1.3). NF-«B activation is induced
by a variety of environmental signals, including ultraviolet light, dSRNA, cytokines, vasoactive
peptides, and viral oncogenes®*®. NF-«B in its inactive form is normally localized in the
cytoplasm as a homo- or heterodimer®™®. DNA-binding and dimerization domains as well as a
nuclear localization signal (NLS) are located at the N-terminal region of NF-kB®*®°. Inactive
NF-«kB is retained in the cytoplasm through interaction with inhibitor of kappa-B (IkB) family
proteins®®. These proteins interfere with the NLS present on NF-kB proteins and prevent their
translocation to the nucleus, which is necessary for activation. Binding of tumor necrosis factor
alpha (TNF-a) to its cell-surface receptor and bacterial endotoxin or byproduct interaction with

some toll-like receptors (TLRs) are two signals that result in downstream activation of NF-xB

through degradation of IxB and dimerization of NF-xB%.
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Figure 1.3 NF-kB pathway activation by binding of TNF-a to its cell surface receptor, and
modulation by propfol. Adapted from Motifolio Biomedical Toolkit, 2012.
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Propofol has been shown to decrease TNF-a secretion and LPS-related proinflammatory

signals in vivo and in vitrg®%467.8087

, Indicating that exposure to the drug could decrease NF-«B
activation and thus be immunosuppressive. Studies conducted in murine macrophages showed
that when cells were stimulated with LPS, propofol reduced TNF-a and IL-6 secretion, and
concurrently inhibited NF-kB translocation to the nucleus®®. The same pattern was seen in an in
vivo polymicrobial sepsis model, where rats exposed to infectious stimuli via cecal ligation and
puncture in the presence of propofol displayed a decrease in serum levels of TNF-a and IL-6, as
well as lower NF-kB activation as determined by Western Blot®”. Propofol treatment also
reduced NF-kB activation in breast cancer cells®, downregulated NF-kB translocation to the
nucleus in macrophages stimulated with the TLR2 agonist lipoteichoic acid (LTA)* and the
TLR4 agonist LPS®, and attenuated granulocyte-macrophage colony stimulating factor (GM-
CSF) production in hepatocyte cell culture through preventing NF-kB translocation to the
nucleus®. Propofol also seemed to block NF-kB translocation through modulation of the pro-
survival MEK/ERK pathway, according to a study conducted in cardiomyocytes®. The above
studies indicate that propofol treatment suppresses inflammatory signaling from cytokines and
microbial byproducts at the cell surface, and subsequently interferes with the transcription of
pro-inflammatory genes regulated by NF-kB by preventing its translocation from the cytosol to
the nucleus. Propofol seems to have promiscuous activity in modifying cellular processes
relating to inflammation in that it not only acts as an antioxidant, but also as an agent that blocks

signaling and represses transcription.
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1.7 Anesthetics and immunomodulation in vivo

In spite of the multitude of reports indicating the immunomodulatory potential of
anesthetics, only a small number have been conducted in vivo®*%%, One study to address the
effects of anesthesia in mice has indicated that mice anesthetized intraperitoneally with the
barbiturate anesthetic pentobarbital displayed increased susceptibility to oral but not intravenous
infection with LM®", but the reported studies did not address mechanism. Studies have also
shown that colonization of the small intestine of mice by Vibrio cholera was greatly enhanced by
intravenous ketamine anesthesia®. In contrast, another study indicated propofol anesthesia was
protective against polymicrobial sepsis in a cecal ligation and puncture (CLP) model of sepsis in
rats through suppression of NF-kB®’. These in vivo studies raise many questions about how
anesthetics modulate immunity mechanistically, and in what context they are
immunosuppressive. There are numerous conflicting reports in the literature describing propofol
as both proinflammatory and anti-inflammatory. In vivo data has shown intriguing correlates
between anesthesia and increasing infection susceptibility®” % but studies have mostly been
phenomenological without delving into underlying mechanism. In order to fully understand how
anesthetics may impact immunity, further studies need to be conducted in animal models in the
context of infection. The work in this thesis attempts to more fully understand the role of
anesthesia in the progression of infection and immunity by examining how propofol alters the
host response to infection by a well-characterized model pathogen, Listeria monocytogenes.

1.8 L. monocytogenes: model pathogen for the study of host immunity.

LM is a gram-positive intracellular pathogen commonly found in the environment in soil

and decaying plant matter®®. Infection in human hosts is commonly contracted through the
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ingestion of contaminated food products®®®’

, and in immunocompetent people is limited to mild
gastroenteritis®. Susceptible individuals can contract systemic listeriosis which can manifest in
meningoencephalitis and septicemia, in its most serious form®***° (Figure 1.4).

LM has been used as a model pathogen to study the host immune response to intracellular
microbes for decades, and both innate and adaptive immune responses to LM have been
extensively characterized. In order to establish infection, LM first invades or is phagocytosed by
host cells (often macrophages) and is temporarily trapped in the phagosome®. Upon escape to
the cytosol, the bacteria replicate and spread from cell to cell using actin-based motility®” .
Intracellular bacteria are rapidly transported to the liver and spleen, where innate immune
defenses are activated.

Innate immunity against LM is comprised of a series of complex but interrelated
signaling and effector phenomena. Phagocytosis of LM and degradation of microbial products
activates NF-«xB (as well as AP-1) and causes the release of inflammatory stimuli, such as the
chemokine MCP-1, which induces inflammatory monocyte recruitment to the spleen'®%,
Though bacteria are taken up by multiple types of immune cells, their fate following engulfment
can vary.

Some immune cells directly kill LM (NK cells)*®

, While others are involved in antigen
presentation to T cells (conventional dendritic cells, CDCs)™"*®, Still other cell types are
involved in both immune signaling/coordination and direct killing of intracellular LM.
Macrophages are crucial to host defense against LM and perform a number of microbicidal and
signaling functions (Figure 1.5). They phagocytose and digest invading bacteria, produce and

secrete cytokines important for immune signaling, and occasionally present antigens to T

cells'®*%. Once LM is taken up by macrophages into the phagosome, the nicotinamide adenine
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dinucleotide phosphate (NADPH) oxidase complex is recruited and begins to produce
superoxide radicals™*®. This luminal superoxide decays to form reactive oxygen intermediates, or
RO, that act to break down intraphagosomal components and facilitate microbial killing'®. In
order to trigger NF-«kB or produce superoxide, infected macrophages must first become activated
by exposure to IFN-y®°. Resting macrophages containing phagocytosed bacteria secrete 1L-12
and stimulate T cells to produce IFN-y, which then goes on to activate macrophages and other

immune cells at sites of infection and inflammation***.
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Figure 1.4 LM infection and spread to target organs. From Vazquez-Boland et al, Clin.
Microbiol. Rev., 2001.
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Circulating myelomonocytic cell populations are also crucial to clearance of systemic
LM infection. In mice, a number of distinct monocytic subsets exist that have been defined by
chemokine receptor expression™'?. Monocytes that traffic to sites of infection and inflammation
are termed “inflammatory monocytes” and are characterized by high expression of Ly-6C, a

GPIl-anchored monocyte differentiation marker™"’

and expression of chemokine receptor 2
(CCR?2) at the cell surface’®® (Figure 1.5). Monocyte recruitment depends on the secretion of the
chemokines CCL2 and CCL7, or MCP-1 and MCP-3, from activated macrophages at sites of LM
infection****>. Once they reach sites of infection, Ly-6C™ CCR2* inflammatory monocytes
differentiate into discrete effector populations, including mature F4/80" macrophages and TNF-a
and iNOS-producing dendritic cells (TipDCs) (Figure 1.5)**2. TipDCs are crucial for LM
clearance as they produce and secrete cytokines as signaling molecules to coordinate immune
responses. Once they reach foci of infection, inflammatory monocytes differentiate into TipDCs

and migrate to lymph nodes where they promote T cell expansion**?

, thus giving them the name
“dendritic cell”. TipDCs are dendritic cells of myeloid origin that can bridge the innate and

adaptive immune response to LM infection.
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Figure 1.5 Phagocytosis and degradation of LM by macrophages induces a number of innate
immune responses, including NF-kB-dependent gene transcription, recruitment of inflammatory
monocytes, and activation/differentiation of monocytes into effector cells. Adapted from Pamer
et al, 2004.
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1.9 Goals of thesis.

The work in this thesis aims to characterize and understand the mechanisms by which
propofol anesthesia modifies the host immune response to infection. Studies conducted by
Czuprynski et al in 2003 indicated that anesthesia with the GABA-A receptor barbiturate
anesthetic sodium pentobarbital increased murine susceptibility to oral infection with LM by up
to 100,000-fold*’. As pentobarbital is not commonly used in adult surgeries or in the ICU, most
of our studies were performed using propofol. A number of questions were proposed: Does brief
anesthesia with propofol increase host susceptibility to infection? If so, does the route of
infection matter? How much of the decrease in host resistance to infection is due to barrier
disruption vs. direct modulation of the immune response by anesthesia? Does
immunomodulation by propofol persist after sedation has worn off? Is immune suppression
specific to propofol, or is it a side effect of anesthesia in general? How does propofol act to
specifically disrupt the innate immune response in the context of listeriosis? And finally, is the
immunomodulatory effect of propofol specific to LM infection, or does it globally regulate
immunity and increase host susceptibility to infection with other pathogens?

The work contained in this thesis serves as a foundation upon which to build a larger
narrative on how propofol anesthesia may modify immune responses to make hosts more
susceptible to infection. By elucidating the mechanisms behind a previously unknown but
serious side effect to propofol sedation, better practice can be implemented at hospitals, and

further attention paid to unforeseen side effects of drugs previously thought to be safe.



CHAPTER TWO
Materials and Methods
Bacterial strains, media, and culture conditions.
All LM strains in this study were derived from the 1/2a serotype 10403S strain, a streptomycin
resistant derivative of strain 10403''°. Mouse intravenous infections were carried out with wild
type 10403S (WT) or an in-frame actA deletion mutant (dact4)™’. Mouse intragastric infections
were carried out with a derivative of strain 10403S containing a copy of inlA (inlAM)*® that has
been optimized for the binding of the murine receptor E-cadherin, and with strains containing in-
frame deletions of inlA and inIB (4inl4B). All strains were grown in brain heart infusion (BHI)
medium (Difco Laboratories, Detroit, MI) overnight with agitation at 37°C prior to both in vitro
and in vivo assays. BHI medium consists of 7.7g calf brains, 9.8g beef heart, 10g protease
peptone, 5g NaCl, and 2.5g disodium phosphate per liter.
All intravenous Salmonella enterica serovar Typhimurium infections were carried out using the
DW273 strain containing a kanamycin resistance cassette (courtesy of Dr. Linda Kenney). S.
Typhimurium was struck out onto LB agar plates containing 20ug/mL kanamycin two days prior
to infection. One colony from this plate was used to inoculate LB broth (Invitrogen, Carlsbad,
CA) and was grown overnight at 37°C with agitation prior to infection. LB broth consists of 10g
SELECT Peptone 140, 59 SELECT yeast extract, and 5g NaCl.
All intravenous Staphylococcus aureus infections were performed using the USA300
strain of methicillin resistant S. aureus (courtesy of Dr. Victor Torres). USA300 was derived
from the parent strain USA500, also a methicillin resistant strain''®. USA300 was grown

overnight in

22
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TSA broth (MP Biomedicals, Solon, OH) at 37°C with agitation prior to infection. TSA
broth consists of 17g casein digest peptone, 3g papaic digest of soybean meal, 2.5g disodium
phosphate, 2.5g dextrose, and 5g NaCl.

Streptococcus pyogenes was also used in IV infections of mice. S. pyogenes strain
MGAS5005 (a gift from Dr. Michael Federle), a strain shown to be virulent in animals'?, was
struck out on Todd-Hewitt Yeast agar (THY - Oxoid, Hampshire, England) plates two nights
prior to infection. One colony was then inoculated into THY broth and grown statically at 37°C,
5% CO,overnight. THY broth consists of 10g minced meat, 20g tryptone, 2g glucose, 29
sodium bicarbonate, 2g NaCl, 0.4g disodium phosphate, and 6.25% yeast extract.

Drug types and formulations.

Purified muscimol, topiramate, and picrotoxin (Sigma-Aldrich, St. Louis, MO) were diluted in
sterile PBS prior to intravenous injection of mice at the following concentrations: muscimol
(1.141mg/kg), topiramate (30mg/kg), and picrotoxin (2.0mg/kg). The empirical formula for
muscimol is C4HgN20, with molecular weight 114.1 g/mol. Its active ingredient is 3-Hydroxy-
5-aminomethyl-isoxazole, and is in alcohol hydrate form. Muscimol is hydrophilic and
formulated as a white powder, and acts as GABA-A receptor specific agonist. Topiramate has
the empirical formula C1,H21NOgS with a molecular weight of 339.36 g/mol. The active
chemical compound in topiramate is 2,3:4,5-Bis-O-(1-methylethylidene)-36-D-fructo-pyranose
sulfamate. Topiramate comes as a white solid hydrophilic powder, and acts as a GABA-A
receptor agonist. Topiramate is also commercially available as Topamax®, a drug used to treat
epilepsy. The commercial formulation was not used in experimentation. Picrotoxin has the
empirical formula C15H1507 - C15H1606 and a molecular weight of 602.58 g/mol. Picrotoxin is

supplied as a white crystalline powder, and is a GABA-A receptor-specific antagonist. Propofol
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(propofol suspension, 10 mg/mL, Abbot Labs, North Chicago, IL) was diluted in 5% dextrose
and used at a concentration of 18.75 mg/kg for intravenous tail vein injections. Propofol’s active
chemical compound is 2,6-Diisopropylphenol. Propofol (Propoflo®, Abbot Laboratories, North
Chicago, IL) is supplied as a lipophilic suspension consisting of 2,6-Diisopropylphenol 1%, H,O
85-86%, soybean oil 10%, glycerol 2-3%, and egg phosphatide 1-2%. Propofol is a GABA-A
receptor agonist used to induce anesthesia in humans and animals*?!. For in vitro experiments,
propofol was diluted in dimethylsulfoxide (DMSO, molecular biology grade: Sigma Aldrich, St.
Louis, MO) to a concentration of 50 mM and a final concentration of 50 uM was used for tissue
culture experiments. For in vivo experiments, propofol suspension was diluted in a filter
sterilized solution of 5% dextrose dissolved in sterile H,O. Vehicle solutions for non-drug-
treated animals consisted of Intralipid® (Sigma Aldrich, St. Louis, MO), which is comprised of
the same components as Propoflo® suspension, without the active chemical compound 2,6
diisopropyl phenol. Ketamine (brand name Ketalar; NDC 42023-113-10) is supplied as
Ketamine HCI, 10mg/mL (JHP pharmaceuticals, Parsippany, NJ). The empirical formula of
ketamine is C13H;6CINO *HCI. Ketamine is dissolved in aqueous solution and is hydrophilic
with a final pH of 3.5-5.5. Ketamine is a N-methyl-D-aspartate receptor antagonist used to
anesthetize humans and animals'??. Xylazine (brand name AnaSed, Lloyd Laboratories,
Shenandoah, lowa) is supplied as a sterile solution containing 20mg/mL xylazine, methylparaben
0.9mg, propylparaben 0.1mg, and H,O. Xylazine is an ay-adrenergic receptor agonist, and is a
central nervous system depressant used for anesthesia in dogs*?®. Ketamine and xylazine are
used in combination to induce anesthesia in animals'?*. Sodium pentobarbital (brand name
Nembutal, Akorn Pharmaceuticals, Lake Forest, IL) is supplied as a sterile solution containing

pentobarbital sodium 50mg/mL, propylene glycol 40%, alcohol, and 10% H,0O. Sodium
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pentobarbital is a short-acting barbiturate anesthetic that is a GABA-A receptor specific
agonist'®. Ketamine/xylazine and sodium pentobarbital were used at concentrations of 25
mg/kg ketamine and 4 mg/kg xylazine, and 50 mg/kg pentobarbital and administered by
intravenous tail vein injection. Both ketamine/xylazine and pentobarbital were diluted in sterile
PBS to reach desired concentrations.

Intravenous infections of mice.

Animal procedures were IACUC approved by the UIC Animal Care Committee and performed
in the Biological Resources Laboratory (BRL) at the University of Illinois at Chicago. LM
10403s grown overnight in BHI broth at 37°C with agitation was diluted 1:20 into fresh BHI
broth and grown to an ODgq 0f 0.6 (~3-4 hours). Bacteria recovered by centrifugation (3 min
@ 13,200 rpm on a tabletop centrifuge) were washed, suspended, and diluted in PBS to reach a
final concentration of 2x10® CFU/100pL or 2x10* CFU/100uL. Immediately prior to infection,
100 uL of bacterial suspension was mixed with 100 uL of vehicle solution [Intralipid [Sigma
Aldrich, St. Louis, MO) + 5% dextrose] or the indicated drug. 6-8 week old female ND4 Swiss
Webster mice (Charles River Laboratories, Chicago, IL or Harlan Laboratories, Madison, WI)
were used for all experiments because they are outbred mice with dissimilar genetic
backgrounds. This allowed us to use an in vivo model that most closely mimicked human
infection. Swiss Webster mice were infected via tail vein injection with 200 uL of the bacterial
suspensions for an infectious dose (ID) of 2x10% CFU or 2x10* CFU as indicated. For IV
infections using ketamine/xylazine as the sedative, mice were tail vein injected with
ketamine/xylazine 24h prior to tail vein infection with 2x10° CFU LM, as the low pH of
ketamine solution (pH 3.5-5.5) proved to be bactericidal when bacteria were in contact with the

solution for even brief periods (data not shown). 6, 24, 72, and/or 96 hours after infection, the
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livers, spleens, and occasionally brains of infected animals were harvested. Each organ was
placed in 5 mL of sterile Milli-Q water and homogenized with a Tissue Master-125 Watt Lab
Homogenizer (Omni International, Marietta, GA). Homogenized tissues were diluted and plated
on BHI agar containing streptomycin 200 ug/mL to determine bacterial burdens as CFU/organ.
Dilutions were determined experimentally, and 20uL of homogenate was diluted into 180uL of
H,0 in 96 well plates to achieve the initial 10x dilution. Homogenates were then serially diluted
up to 10°-fold. In total, dilutions plated ranged from neat (50uL of straight homogenate) to 10°-
fold (50uL of 10*-fold dilution). All dilutions were plated on BHI-agar plates (37g BHI + 15g
granulated agar/liter [Difco Laboratories, Detroit, MI]) containing 200ug/mL streptomycin.

For experiments examining whether propofol influenced host immunity following infection at
increasing time periods post-sedation, mice were injected IV via the tail vein with 18.75mg/kg
propofol suspension (approximately 10 minutes of sedation) or Intralipid suspension, allowed to
recover, and then intravenously infected with 2x10° CFU LM at 24h, 96h, or 7 days post-
anesthesia. At 96h post-infection, animals were euthanized and livers and spleens were isolated,
homogenized, and plated for viable CFU as described in the preceding paragraph.

Intravenous experiments with Salmonella enterica serovar Typhimurium were performed
as follows. S. Typhimurium overnight cultures were diluted 1:50 into fresh LB broth and were
grown for ~2 hours to OD 0.4-0.6 at 37°C with shaking. Bacteria were washed once in sterile
PBS and resuspended in fresh PBS to a concentration of 1x10* CFU/mL, of which 100uL was
injected into the animal. Immediately prior to infection, bacteria were mixed 1:1 with vehicle or
propofol solution. 6 days post-infection, livers and spleens were harvested and organs were

homogenized and plated for bacterial burden enumeration, as described above for LM infections.
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S. aureus USA300 overnight cultures were diluted 1:100 into 2 tubes containing 5 mL
each of fresh TSA broth and grown for ~3 hours at 37°C with agitation. Cultures were combined
and centrifuged for 6 minutes at 4000 rpm in a tabletop centrifuge. They were then washed 1x
with sterile PBS, and resuspended in fresh PBS. 2mL of the combined culture was added to 8mL
of sterile PBS and the OD600 was measured using 1mL of culture. 1mL of PBS was again
added to the original culture and the OD was again measured, this cycle repeated until the
measured OD was near 0.32+0.02, corresponding to 1x10” CFU/100uL. This was then diluted
1:10 to reach the infectious dose of 1x10° CFU/100uL. Immediately prior to infection, bacteria
were mixed 1:1 with vehicle or propofol solution, as above. 7 days post-infection, livers,
spleens, hearts, and kidneys were harvested, homogenized, and plated for viable bacterial CFU.
Spot plating was used to enumerate bacterial burdens in target organs of S. aureus infected
animals. Dilutions were made in sterile 96-well plates and 10uL of each dilution was plated in a
spot on TSA agar plates containing 2pug/mL erythromycin. Dilutions ranged from plating
straight homogenate (liver, spleen, heart samples) to up to 10*-fold dilutions (kidney).

S. pyogenes intravenous infections were carried out as follows. Overnight cultures were
diluted 1:15 into 10 mL of THY broth. Bacteria were grown statically at 37°C, 5% CO; in a
14mL round-bottom sterile tube for 4.5 hours, at which point they were at an OD600 of 0.386.
1.295mL of the culture was centrifuged for 3 minutes at 13,200 rpm in a tabletop centrifuge,
resuspended in sterile PBS, spun down again, and resuspended in 5mL of 5% dextrose (the same
solution used to dilute propofol and Intralipid suspensions). This corresponded to 10’
CFU/100uL, which was the target infectious dose used in IV experiments. Bacteria were plated

prior to and after returning from mouse infections. Mice were sacrificed 16h post-infection, and
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livers, spleens, and lungs were isolated. Organs were homogenized and plated for viable CFU.

Dilutions ranged from straight homogenate to 100-fold dilutions.

Oral infections of mice.

Overnight cultures of LM 10403S, inlA™, or AinlAB grown in BHI broth were diluted 1:20 in
BHI broth and grown to mid-log phase (ODgy ~0.6). Bacteria were washed and resuspended in
sterile PBS + 100 mg/mL CaCO3 (Sigma-Aldrich, St Louis, MO) to reach a final concentration
of 5x10° CFU/mL. 6-8 week old female ND4 Swiss Webster mice were given 200 uL of vehicle
solution (Intralipid + 5% dextrose) or drug solutions (propofol or GABA-A receptor agonists/
antagonists) via tail vein injection 5-10 minutes prior to infection. They were then infected via
oral gavage with 200 uL of the bacterial suspensions for an infectious dose of 1x10® CFU/mouse.
Animals were euthanized at the indicated time points post-infection and livers, spleens, and
intestines of infected animals were harvested, homogenized and bacterial CFUs were determined
via plating with glass beads.

Cell culture infection assays.

Caco-2 intestinal epithelial cells (ATCC HTB-37) were maintained following ATCC
guidelines in DMEM high glucose medium supplemented with 10% fetal calf serum, 5000U of
penicillin/ streptomycin, and 2.5g HEPES. Caco-2 medium was adjusted to pH 7.4. 2x10°
Caco-2 cells were seeded onto glass coverslips in tissue culture dishes on the night prior to
infection. Overnight cultures of LM statically grown in BHI broth at 37°C were used to infect
cells at a multiplicity of infection of 30:1 bacteria to Caco-2 cells. After 1 hour, the cells were
washed with warm PBS and fresh 37°C media containing gentamicin (10 ug/mL) to kill

extracellular bacteria was added. At the indicated time points, coverslips were removed and
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lysed in 5 ml sterile H2O with vigorous vortexing and bacterial CFU were determined through
plating with glass beads on LB agar plates.

In order to differentiate into bone marrow-derived macrophages, bone marrow cells must
first be exposed to L-cell conditioned medium, a potent source of macrophage colony stimulating
factor (M-CSF)™?. This is derived from the supernatant of L-cells, a fibroblast cell line. One
1mL aliquot of L-cells was thawed and cultured in a sterile 25mm? tissue culture flask in L-cell
conditioned medium containing MEM (Minimal Essential Medium, Cellgro, Manassas, VA),
10% FBS, 1% glutamine, 1% nonessential amino acids, 10,000U pen/strep, and 1% pyruvate (all
from Cellgro, Manassas, VA). Cells were grown to confluency, and diluted back to 1.25x10°
cells/25mL to seed 7 larger, 75mm? flask. Supernatants were collected, filter sterilized, and
frozen at -20°C. Bone marrow-derived macrophages (BMMs) and peritoneal macrophages were
obtained from female Swiss Webster mice as previously described™?"*?. Briefly, 8-10 week old
mice were sacrificed via CO, asphyxiation from a bottled source and cervical dislocation.
Femurs were dissected out and placed in dishes of cold DMEM cell culture medium containing
10,000U penicillin/streptomycin and 10% FBS (Hyclone, Logan, UT). Bone marrow was eluted
first by filling a 10mL sterile syringe attached to a 26G sterile needle with DMEM medium.
Marrow was eluted by slowly passing 5mL of DMEM through the open end of the bone. The
femur was then flipped over and the same procedure was applied. This was repeated for both
femurs isolated. Cells were counted using a hemacytometer, and then centrifuged for 1 minute at
500rpm on a tabletop centrifuge. The supernatant was transferred to a 15mL sterile conical tube.
This supernatant was further centrifuged for 10 minutes at 1000 rpm, after which the supernatant
was aspirated and the resultant cell pellet suspended in 10mL of fresh DMEM. After one more

centrifugation step (10 minutes, 1000 rpm), the cell pellet was resuspended in 10mL of Bone
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Marrow Medium (BMM) containing 50mL DMEM, 20mL FBS, 30mL L-cell colony stimulating
factor (obtained as described above), 1mL 0.2M glutamine, 1mL 0.1M pyruvate (both from
Cellgro, Manassas,VA). Cells were counted and 10’ cells were added into 50mL of BMM in a
125x50 sterilized Pyrex glass petri dish. The dish was placed at 37°C, 5% CO., and the
remaining BMM was refrigerated. At day 3, cells were fed by the addition of 20mL of BMM
directly into the dish. At day 6, a semi-confluent monolayer was observed with adherent cells
exhibiting membranous processes characteristic of mature macrophages*?. The medium was
aspirated from the dish, and 20mL of cold PBS carefully added, the dish rocked gently, and the
PBS aspirated off. Another 20mL of cold PBS was added and the dish was refrigerated for 10
minutes on a completely flat surface. The cells were then scraped from the bottom of the dish
with a cell scraper and pipetted up and down to dislodge any remaining adherent cells. Cells
were then transferred to a 50mL conical tube and counted. Cells were then centrifuged for 10
minutes at 1000rpm, 4°C, and resuspended in DMEM + 10% FBS without antibiotics at a
concentration of 2x10° cells per 6mL medium. 2x10° macrophage cells were placed onto glass
coverslips in a sterile 60 mm x15 mm sterile petri dish on the night before infection. For
propofol, lipopolysaccharide (LPS), and gamma interferon (IFN-y)-treated BMMSs, the medium
was supplemented with 50uM propofol and/or 25 ng/mL of LPS for 2 hours and/or 1 ng/ml of
IFN-y (Biosource, Carlsbad, CA) for 18 hours prior to infection. Infections and bacterial CFU
quantifications were performed as described'*°. 1mL of a statically grown overnight culture of
LM (ODggo of 0.8) was centrifuged for 3 minutes at 13,200 rpm, washed with PBS and spun
again, and resuspended in DMEM without antibiotics. Macrophages were infected at an MOI of
0.1 for 30 minutes, after which medium was aspirated off and coverslips were washed 4x with

SmL of warm, sterile PBS. DMEM + 10pg/mL of gentamicin was added to kill extracellular
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bacteria. At the indicated time points, 3 coverslips were taken out and put into 3 individual
15mL conical tubes containing 5mL each of sterile H,O. Tubes were vortexed to lyse
macrophages and release bacteria, and dilutions were plated on LB agar to enumerate CFU at
various time points.

Measurement of transepithelial resistance in Caco-2 cell monolayers.

Caco-2 cells were grown to confluency in DMEM with 2.5g/500 mL HEPES (Fisher Chemical,
Pittsburgh, PA), 5000U penicillin/streptomycin (Cellgro, Herndon, VA), and 20% FBS
(Hyclone, Logan, UT) (Caco-2 medium) in a 75mm? tissue culture flask. For the
electrophysiological studies cells were grown to confluence on 33 cm? collagen coated
permeable supports (Transwell; Costar/Corning, Wilkes Barre, PA) and allowed to differentiate
for 1 week to allow tight junction formation prior to conducting experiments; the procedure is
outlined as follows. Collagen solution was made as 4% Type | collagen (from rat tail, Sigma-
Aldrich, St. Louis, MO) in 95% EtOH and stored at 4°C. On the night prior to seeding cells in
transwells, 50uL of the collagen solution was used to coat each transwell in its apical chamber
and allowed to dry overnight in the tissue culture hood. To seed cells on the next day, 700uL of
warm Caco-2 medium without antibiotics was added to the basal chamber of each transwell.
Caco-2 cells were trypsinized with 3mL Trypsin/EDTA (Cellgro, Herndon, VA). Once cells
were dissociated, the total volume was brought up to 25mL with warm Caco-2 medium without
antibiotics. 280uL of the 25mL cell suspension was added to the apical layer of each transwell,
and cells were allowed to polarize and form tight junctions for 1 week in 37°C, 5% CO..
Medium was changed weekly for up to 3 weeks if not performing experiments within one week
of seeding cells. For LM infection, cell medium was removed and all transwell monolayers were

washed 4x with warm PBS by pipetting ImL gently onto cells in the apical layer and allowing
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the solution to overflow. PBS was pipetted out first from the basal chamber and then from the
apical chamber, with the pipette tip never touching the cell monolayer at the apical chamber’s
bottom. LM 10403S was struck out onto BHI agar containing 200ug/mL streptomycin 2 days
prior to infection. On the night before infection, one colony was used to inoculate 4mL of sterile
BHI broth and allowed to statically incubate overnight at 37°C. Bacteria were prepared for
infection as described in Cell culture infection assays. Caco-2 cells were infected with an MOI
of 50:1 LM per Caco-2 cell. The indicated monolayers were exposed to a propofol concentration
of 50uM for the duration of the experiment, which is the approximate blood serum level reached
by the drug at steady state concentrations®®. Transepithelial electrical resistance (TER) was
measured before infection and at 2 h intervals during infection using an epithelial VVoltohmmeter
(World Precision Instruments) by inserting the dual pronged electrode into the apical and basal
chambers simultaneously. The electrode was sterilized between measurements by dipping in
70% EtOH followed by submersion in sterile PBS. Values were calculated to reflect Ohms x
cm?. All experiments were done in 12-well transwell plates with 3 wells per treatment group per
experiment.

Bioplex cytokine and chemokine assays.

3-5 mice were used per treatment group per time point for all assays in two independent
experiments. Serum cytokine levels were measured in uninfected mice or in mice infected
intravenously with LM in the presence and absence of drug treatment. Mice were sacrificed at O,
24, 48, and 72h post-infection and whole blood was drawn via cardiac puncture. Serum was
isolated by allowing whole blood to clot for between 15-20 minutes and spun down for 15
minutes at 1000g at 4°C in a tabletop centrifuge. Serum was isolated as supernatant and stored

at -80°C. Thawed serum was diluted 1:4 (12.5uL into 37.5uL of the provided Bio-plex sample
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buffer) and used in custom 96-well plate Bioplex assays (Bio-Rad Laboratories, Hercules, CA)
containing the following targets: IL-1p, IL-6, IL-10, IL-12p40, MCP-1, TNF-a, IFN-y, TGF-f,
KC, TGF-B and Eotaxin. Assays were performed according to instructions provided (Bio-Rad
Laboratories). Plates were read using the Bioplex 200 plate reader and analyzed with Bio-Plex
Manager 5.0 software.

Histological examination of infected tissues.

Mice infected via the tail vein with 2x10* CFU or orally with 1x10® CFU of LM in the
presence of propofol or Intralipid were euthanized at 0, 24, 48, and 72h post-infection and
spleens were isolated. Spleens were resuspended in 10% PBS-buffered formalin (Sigma-
Aldrich, St. Louis, MO) overnight, then prepared for histological analysis by slicing each organ
into smaller portions using a sterile scalpel. Organ blocks were placed in plastic histology
cassettes and labeled with pencil. The organ blocks were then prepared and processed by the
UIC Research Resource Center Histology Core and stained with hematoxylin and eosin (H&E).
Flow cytometry

Mice were infected via tail vein with 2x10* CFU of LM and euthanized at the indicated time
points. Spleens were isolated and processed for flow cytometry as described in Pamer et al**!
and as follows. Dissected spleens were placed in 5SmL of sterile PBS. They were then
disaggregated into single cell suspensions by mashing each spleen between the frosted ends of 2
microscope slides, followed by straining through a 70uM sterile cell strainer (BD Biosciences,
San Jose, CA). Single cell suspensions were then incubated for 5 minutes in ice cold 0.16M
NH4CI (9 mL, sterile filtered, pH 7.4 in sterile H,O) and 0.17M Tris (1 mL, sterile filtered, pH
7.4 in sterile H,O) in order to lyse erythrocytes. The solutions were added individually to each

tube. The reaction was quenched by adding 10mL of ice cold DMEM without antibiotics to each
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tube after the 5 minute incubation. Cells were then spun down at 1000rpm for 5 minutes at 4°C
in a tabletop centrifuge, and supernatant was aspirated off. Cells were washed 2x with FACS
wash buffer (1% FBS, 0.09% NaNj3 in sterile PBS) and resuspended in FACS buffer. The
remaining cells were then counted and 2x10° cells were seeded per well in 96-well round-bottom
plates. There were 3 treatment groups (naive, Intralipid/LM infected, and propofol/LM
infected), and splenocytes from one mouse from each treatment group was used for single color
stains and isotype controls. The following fluorescent and non-fluorescent primary antibodies
were used: anti-Ly-6C (AL-21), TGF-B1, Mac-3, CD11c (BD Pharmingen, San Diego, CA);
anti-CCR2 (Abcam, Cambridge, MA), anti-NOS2 (C-11 epitope) (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-F4/80, 33D1, Ly-6G, CD-11b (Ebioscience, San Diego, CA), anti-TNF-a
(clone MP6-XT22) (Biolegend, San Diego, CA). FACS was performed with a Cyan ADP flow

cytometer, and data were analyzed with Summit software.

Statistical analysis. All statistical analyses for in vivo infection assays were performed using an
F test to measure variance. All statistical analyses for flow cytometry were performed using

two-way ANOVA with a Bonferroni posttest.



CHAPTER THREE
Characterization of the effects of propofol on mouse models of both oral and intravenous listeria
infection

3.1 Summary

Microbial infection is a major complication for surgical patients in the US, occurring in
the aftermath of approximately 2% of all surgeries. Propofol is the most commonly used general
anesthetic in surgery and has been demonstrated to have immunomodulatory effects in vitro.
Propofol exposure has been linked with decreased secretion of pro-inflammatory immune
signaling molecules such as TNF-a with decreased expression of inducible nitric oxide
synthetase (iNOS) gene expression (a potent mediator of antimicrobial defenses), and with
decreased macrophage phagocytosis in cell culture. However, the in vivo mechanisms by which
anesthetic agents influence host susceptibility to microbial infection remain poorly defined. In
this study, we show that propofol treatment increases host susceptibility to infection with LM
(LM) in both oral and intravenous infection models by up to 100,000-fold. Propofol treatment
increased persistence of LM in intestines of mice after oral infection and inhibited host clearance
of bacteria from target organs following intravenous challenge. While treatment with other
anesthetics (ketamine, pentobarbital) also decreased host resistance to LM during oral infection,
only propofol treatment resulted in the reduced ability of the host to clear the bacteria following
intravenous (V) challenge. Histological analyses indicated propofol treatment in conjunction

with LM infection resulted in gross loss of organ structure in the intestines of mice. In contrast
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to the in vivo data indicating propofol’s effects on barrier function and immunity in the context
of LM infection, propofol had no effect on LM invasion, intracellular growth, or barrier
disruption in tissue culture models of infection.

3.2 Introduction

Microbial infection is a major complication for surgical patients in the US, occurring in
the aftermath of approximately 2% of all surgeries™**. While over 99% of surgery patients
receive prophylactic antibiotics, the incidence of post-operative infections remains high,
negatively impacting patient health outcomes and increasing health care costs by $1-$10 billion
dollars per year*®. Whereas significant effort has focused on preventing surgical infection by
reducing patient exposure to infectious agents during surgery, relatively little attention has been
directed towards understanding how anesthetics may negatively impact patient immunity to
infection.

Propofol is the most commonly used general anesthetic in surgery and has been demonstrated
to have immunomodulatory effects in vitro**°%*%. Propofol exposure has been linked with
decreased secretion of pro-inflammatory immune signaling molecules such as TNF-a, with
decreased expression of inducible nitric oxide synthetase (iINOS) gene expression (a potent
mediator of antimicrobial defenses), and with decreased macrophage phagocytosis in cell
culture®3>!\While high concentrations of propofol caused cell death of human macrophages in
culture, clinically relevant doses reduced macrophage chemotaxis and oxidative burst®*; these
effects were reversed 24 hours after removal of propofol. Propofol has been reported to decrease
the membrane potential of mitochondria®*, as well as abrogate cell death induced by the
production of large amounts of iNOS* in murine Raw 264.7 macrophages. This inhibition of

iNOS production has been linked to propofol treatment inhibiting NFkB translocation from the
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cytosol to the nucleus in murine macrophage culture*’®. Propofol also has been shown to
decrease phagocytosis via binding to its cognate GABA-A receptor on human primary
macrophages™, but this has been refuted in other studies*®. All of these in vitro studies have
attempted to understand how propofol administration affects immunity, however these
approaches carry important caveats. For example, by definition all of the in vitro studies were
conducted in the absence of an integrated, multicellular immune response normally found within
an animal, and none of the studies were performed in the actual context of pathogen infection.
The studies outlined in this section seek to characterize at the whole organism level how
propofol affects immunity in the presence of a pathogenic challenge to the host.

Using the facultative intracellular bacterium Listeria monocytogenes as a model pathogen, we
here provide evidence that even brief periods of anesthetization with propofol dramatically
increase host susceptibility to microbial infection. Sub-lethal infections in non-drug treated
animals were observed to become lethal following anesthetic exposure. Propofol enhanced
bacterial translocation across both the intestinal and blood-brain barriers while impeding host
immune clearance of LM from infected tissues. In spite of the increased susceptibility of the
host to infection, propofol treatment did not affect LM entry into host cells in cell culture assays,
nor did it affect tight junction integrity in trans-epithelial electrical resistance assays. These
results demonstrate that propofol treatment increases host susceptibility to infection through
increasing bacterial translocation across physiological barriers as well as preventing host

clearance of LM from infected tissues.

3.3 Results

Propofol exposure increases host susceptibility to oral infection with LM
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Czuprynski et al previously reported that exposure of mice to the anesthetic sodium pentobarbital
prior to oral inoculation with LM increased host susceptibility to infection by up to 100,000-fold
via an unknown mechanism®’. This effect was observed only following oral inoculation with
LM, not following intravenous injection, and only when sodium pentobarbital was injected
intraperitoneally, not intravenously. Sodium pentobarbital targets gamma amino-butyric acid A
(GABA-A) receptors™*®, to which many anesthetics bind*®*, but the drug is not commonly used in
adult surgeries®®. We therefore investigated whether propofol, a commonly used anesthetic that

also targets the GABA-A receptor®>%1%®

, similarly increases host susceptibility to microbial
infection following intravenous drug delivery, thereby mimicking anesthetic induction in
surgery. Female Swiss-Webster mice were orally infected with 10® CFU of wild type LM in the
presence or absence of brief (approximately 5 minutes) intravenous propofol sedation. The
amount of propofol given (18.75 mg/kg body weight) was comparable to the clinical doses used
for the induction of anesthesia in human surgery, wherein patients become sedated quickly and
recover quickly in the absence of continuous anesthetic infusion™*®. At 6 hours post-infection,
propofol-treated animals exhibited on average a 100-fold increase in the numbers of bacteria
recovered from the intestine in comparison to vehicle treated controls (Figure 3.1), and these
higher intestinal numbers were maintained across all time points examined in comparison to the
intestines of control animals. By 72 hours post-infection, propofol-treated animals had 100 to
10,000-fold more bacteria recovered from the livers and spleens in comparison to non-drug
treated animals (Figure 3.2). The propofol-dependent increase in host susceptibility to infection
was strikingly apparent in animals intragastrically infected with a low dose (10° CFU) of LM, in

which nearly 90% of the propofol treated animals had significant bacterial burdens in the liver

and spleen in comparison to only 50% of control animals (Figure 3.3). Persistence of LM in the



intestine also led to increased intestinal pathology, as evidenced by the large areas of necrosis

and dissolution of organ structure in propofol-treated mice at 72h post infection (Figure 3.4).
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Figure 3.1. Propofol increases host susceptibility to oral infection with 102 CFU of LM
across 72h of infection. 6-8 week old female Swiss Webster mice (Charles River Laboratories)
were infected intragastrically with 108 CFU of WT LM in the presence and absence of propofol
anesthesia. Intestines were harvested, homogenized, and plated at 6, 24, and 72h post-infection.
“X” below line of detection represents undetectable bacterial burdens, closed triangles: intestines
from infected controls, open triangles: intestines from animals exposed to propofol. ***

p<0.0005.
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Figure 3.2. Propofol increases host susceptibility to oral infection with 102 CFU of LM
across 72h of infection. Mice were infected and organs assessed for bacterial burden as
described in Figure 1. Propofol treatment resulted in increased bacterial burdens in livers and
spleens at early timepoints during infection (24h), indicating barrier disruption. *** p<0.0005.
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Figure 3.3: Propofol increases host susceptibility to sub-infectious intragastric doses of LM.
Mice were intravenously injected with either propofol or vehicle solution followed by
intragastric infection with 10° CFU of LM. At three days post-infection the animals were
euthanized and bacterial burdens were determined in liver and spleen. Data shown is from two
independent experiments. ** p<0.005, *** p<0.0005.
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Figure 3.4: Propofol anesthesia increases intestinal necrosis and dissolution of organ
structure in an oral model of listeriosis. Animals were infected intragastrically with 10® CFU
of LM and sacrificed 72h post-infection. Intestines were isolated, fixed, sectioned, paraffin-
embedded, and stained with hematoxylin and eosin (H&E). Images representative of 5 animals
per group. Arrows: immune cell infiltrates to intestinal lamina and villi. Arrowheads: necrosis
and dissolution of laminar and villus structure.
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With respect to bacterial invasion of host tissues, the LM surface protein InlA contributes
to bacterial translocation across the intestinal epithelium whereas the surface protein InIB
mediates bacterial invasion into hepatocytes and other cell types**"**®, InIA mediates LM
crossing of the intestinal epithelium through binding to the mammalian intestinal epithelial cell
surface adhesion protein E-cadherin'*®. To determine if propofol-enhanced bacterial replication
within the liver and spleen was dependent upon InlA or InIB-mediated host cell invasion of
intestinal epithelial tissue, mice were orally infected with 10° CFU of a LM AinlA AinlB mutant
strain in which both surface proteins have been deleted. Although overall bacterial burdens in
the livers and spleens were slightly reduced at 72 hours post-infection in comparison to mice
infected with wild type LM, animals exposed to propofol still exhibited increased bacterial
burdens in all organs examined in comparison to controls (Figure 3.5). It has been shown that
wild type LM InlA proteins do not bind with high affinity to murine E-cadherin; to correct for
this, a “murinized” version of InlA (InIA™) was engineered that binds with higher efficiency to
mouse E-cadherin™®. Mice were infected IV with the inlA™ strain of LM with or without
propofol anesthesia, and bacterial burdens were assessed at 24h and 72h post infection. In
comparison to infection with the 4in/4B strain, the infection of mice with the inlA™ mutant strain
of LM resulted in greater bacterial burdens of LM in infected organs after 24h (Figure 3.6) and
72h post-infection and increased mortality in animals exposed to propofol (Figure 3.7).
However, the relative increase in bacterial burdens in drug-treated versus non-drug treated
animals remained similar for animals infected with either wild type LM or the inlA™ mutant
(Figures 3.6 and 3.7). These results indicate that propofol exposure enhances bacterial infection
through a mechanism that is largely independent of either InlA or InIB-mediated bacterial

invasion.
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Figure 3.5: Propofol increases host susceptibility to oral infection with LM strain unable to
translocate across intestinal epithelial cells. Oral infection with 108 CFU of LM lacking host

cell invasion proteins InlA and InIB (AinlA/B) results in increased bacterial burdens at 72h post-
infection in animals treated with propofol. Data shown is from two independent experiments.

** p<0.005, *** p<0.0005.
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Figure 3.6: Oral infection with the InlA™ strain of LM results in increased bacterial
burdens after 24h. Propofol treatment exacerbates bacterial burdens in mice orally infected
with 10® CFU of LM strains containing the inlAM mutation that enhances bacterial translocation

across the intestinal epithelium. Data shown is from two independent experiments. ** p<0.005,
*** n<0.0005.
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Figure 3.7: Oral infection with InIA™ results in high mortality after 72h. Animals were
infected with 108 CFU of LM and sacrificed after 72h. Propofol treated animals exhibited higher
bacterial burdens in all target organs, as well as a significantly higher mortality rate.

*#% p<0.0005; i indicates dead animal.
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Propofol treatment does not affect LM infection of host cells in vitro.

Based on the studies indicating propofol treatment significantly increased the number of
LM in the intestine at early time points after oral infection (Figure 3.1), in vitro assays were
performed to determine if propofol treatment affected LM invasion and/or intracellular growth
within host cells. Additional experiments examined the effect of LM infection and propofol
exposure on tight junction integrity in cell culture. Initial experiments investigated the efficacy
of LM invasion into Caco-2 human intestinal epithelial cells or J774 murine macrophage-like
cells plated in a monolayer on glass coverslips. Propofol did not appear to influence bacterial
invasion of or replication within monolayers of Caco-2 (Figure 3.8) or J774 tissue culture cells
(Figure 3.9). Transepithelial electrical resistance (TER) measurements were also performed to
assess tight junction integrity. TER uses a voltmeter to assess changes in resistance due to
infection, drug treatment, or both. Caco-2 cells were plated in the inner chambers of transwell
plates, with the outer chambers containing medium alone. After ~1 week, the cells differentiated
into a monolayer containing cell-to-cell contacts in the form of tight junctions, effectively
forming a model of the intestinal epithelial barrier in vivo. Cells were infected in the presence or
absence of both wild-type LM and/or propofol solution, and resistance measurements were
taken. Neither propofol treatment nor LM infection resulted in appreciable changes in tight

junction integrity (Figure 3.10).

Mice exposed to propofol fail to clear bacteria from target organs.

The increased bacterial burdens in target organs observed for orally infected mice sedated with
propofol could reflect enhanced rates of bacterial translocation across the intestinal epithelium,

the inhibition of host innate immune defenses designed to limit bacterial replication, or both. To
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Figure 3.8: Propofol treatment does not increase LM invasion of or replication within

Caco-2 cells. Caco-2 cells were plated onto glass coverslips and allowed to form a monolayer
overnight. They were then infected with wild-type LM in the presence of propofol or Intralipid
vehicle control, and coverslips were removed at the indicated timepoints. Cells were lysed and
lysates were plated on LB agar plates for viable bacteria. Data representative of 3 independent

experiments.
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Figure 3.9: Propofol treatment does not significantly affect invasion or intracellular growth
within J774 macrophage-like cells. J774 macrophage-like cells were plated on glass coverslips
and allowed to form a monolayer overnight. Cells were infected in the presence or absence of
propofol, and coverslips were removed at the indicated timepoints. Bacterial burdens were
enumerated as described in Materials and Methods. Data representative of 3 independent

experiments.
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Figure 3.10: Neither propofol treatment nor LM infection result in changes in tight
junction integrity. Caco-2 cells were plated in transwells for 1 week to allow for tight junction
formation. Cells were infected +/- propofol and/or LM and measurements were taken at the
indicated timepoints. Data representative of 4 independent experiments.
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determine if propofol reduces host clearance of bacteria, 2 x 10* CFU of LM were inoculated
directly into the blood stream of drug and vehicle treated animals, thus bypassing the intestinal
barrier and proceeding immediately to systemic infection. At early time points post-infection,
bacterial burdens in drug treated and non-drug treated animals were similar (Figure 3.11).
However, as the infection progressed to 72 hours, propofol-treated animals showed significant
increases in the numbers of bacteria associated with the liver and spleen, a phenotype that
became even more pronounced at 96 hours post-infection when bacterial numbers began to
decrease in vehicle treated control mice (Figure 3.11). Propofol sedated infected animals were
visibly more ill than the vehicle treated controls (data not shown), with 3 out of 10 animals
succumbing to infection by 96 hours. Propofol did not impair the ability of mice to control
infection when exposed to attenuated LM strains, as no difference was observed in bacterial
burdens in the organs of mice intravenously infected with an in-frame actA deletion mutant

which is defective for cell-to-cell spread**

and more than 1000-fold less virulent than wild type
LM (Figure 3.12). Propofol treatment also did not enhance the ability of wild-type LM to
replicate in isolated primary bone marrow-derived (Figure 3.13) or peritoneal (Figure 3.14)
macrophages in vitro. Propofol thus appears to increase host susceptibility to microbial infection
via bacterial persistence within the intestine and increased bacterial translocation across the
intestinal barrier, but additionally is able to directly inhibit host immune responses that limit

bacterial replication within tissues, irrespective of barrier-mediated effects.

Propofol enhances bacterial translocation to the brain

One manifestation of systemic LM infections is bacterial crossing of the blood-brain barrier'*'.
Given that propofol exposure appeared to enhance bacterial translocation across the intestinal

barrier, infected mice were examined for LM translocation across the blood-brain
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Figure 3.11: Propofol inhibits host clearance of LM 72-96h post-intravenous challenge.
Mice were infected intravenously with 2x10* CFU of wild-type LM with or without propofol
anesthesia. Animals were sacrificed and organs harvested at the indicated timepoints. Though
control animals were largely able to clear the infection after 96h, propofol-treated animals were

not, with a significant proportion of drug-treated animals succumbing to infection. ***

p<0.0005; } indicates dead animal.
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Figure 3.12: Cell-to-cell spread is required for LM to cause productive infection, regardless
of propofol treatment. Animals were intravenously infected with 2x10* CFU of the AactA
strain of LM which is defective for the ability to polymerize actin to spread from cell to cell.
Animals were sacrificed after 72h and organs harvested and processed for bacterial burden
enumeration.
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Figure 3.13: Propofol treatment does not increase killing of LM in bone marrow-derived
macrophages. Primary bone marrow-derived were isolated from female Swiss-Webster mice.
Macrophages were cultured in tissue culture dishes containing glass coverslips and infected with
LM in the presence or absence of SOuM propofol. Coverslips were removed at the indicated
time point, macrophages were lysed, and dilutions of the cell lysates were plated for viable CFU.
Data shown is representative of 3-4 independent experiments
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Figure 3.14: Propofol does not affect efficiency of LM killing by peritoneal macrophages.

Data representative of 2 independent experiments.
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barrier. Propofol exposure was found to significantly increase both the percentage of animals
exhibiting brain infections as well as the bacterial burdens within the brains (Figure 3.15). The
infection of drug-treated animals with a 10-fold lower dose of LM resulted in the recovery of
bacteria from the brains of 50% of the sedated animals, in comparison with no evidence of brain

infection for animals infected in the absence of drug (Figure 3.16).

Propofol exposure increases host susceptibility to infection up to 96 hours after recovery from

sedation

Propofol is the preferred anesthetic induction agent for many invasive procedures
because it is fast-acting with a very brief duration of anesthesia and presents few severe side-
effects upon recovery®®#21%3 - our previous studies indicated that brief induction of anesthesia
with propofol in immunocompetent mice impacted their ability to clear infection, but it was
unclear if this effect was only present when animals were exposed to infectious agents while
sedated. To determine if the influence of propofol on host immunity extends beyond periods of
sedation, mice were briefly anesthetized for 5 minutes with propofol and allowed to recover for
24 or 96 hours before intravenous infection with a sublethal dose (2x10° CFU) of LM. Animals
intravenously infected 24 hours after recovery from sedation still exhibited significantly
increased bacterial burdens in the livers and spleens 96 hours after LM infection in comparison
to vehicle treated controls (Figure 3.17, left panel). Differences in bacterial burdens were still
detectable in animals infected 96 hours after propofol exposure (Figure 3.17, right panel), and
continued up to 7 days post-drug exposure (Figure 3.18), however the magnitude of the

difference observed after 7 days of recovery was much reduced. These results show that
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Figure 3.15: Propofol treatment increases LM translocation to the brain. Mice were
intravenously infected with 2 x 10 CFU LM in the presence and absence of propofol exposure.
Graph depicts bacterial burdens present in the brain at the indicated time points post-infection.
Data shown is from two independent experiments.
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Figure 3.16: : Propofol increases the efficiency of LM translocation across the blood-brain
barrier even at low infectious doses. Mice were intravenously infected via tail vein with a low
dose (2x10° CFU) of LM in the presence or absence of propofol. At three days post-infection the
animals were euthanized, and bacterial burdens determined in the brain. Data shown is
representative of two independent experiments.
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Figure 3.17: Propofol decreases host clearance of LM from tissues for up to four days post-
sedation. Animals were anesthetized with propofol and allowed to recover from sedation for
24h (left panel) or 96h (right panel). They were then infected intravenously with 2x10° CFU of
LM and sacrificed 96h post-infection. X: burdens undetectable; §: dead animal. ** p<0.005,

**% n<0,0005.
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Figure 3.18: Propofol does not significantly alter host clearance of LM from target tissues 7
days post-sedation. Mice were briefly anesthetized with 18.75 mg/kg propofol (approximately
five minutes of sedation) and allowed to recover for 7 days before intravenous infection with
2x10% CFU of LM. Animals were euthanized at three days post-infection and bacterial burdens
were determined in the liver and spleen. Data shown is representative of two experiments.
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although the sedative effects of propofol are short-acting, the effects of the drug on host infection

susceptibility continue for several days after drug exposure.

Alternate anesthetics and drugs targeting the GABA-A receptor do not recapitulate the effects of

propofol on host innate immunity

Pentobarbital, similar to propofol, is an anesthetic that targets the GABA-A receptor’®,
whereas the anesthetic ketamine binds to the N-methyl-D-aspartate (NMDA) receptor™** and
induces anesthesia via an alternate mechanism. All three anesthetics have been evaluated for
their effects on immune modulation in vitro and in vivo®***%. However, none of them have been
evaluated directly for immunomodulation in vivo in the context of an infection. To determine
whether sedation in general influenced host susceptibility to microbial infection, mice were
orally inoculated with LM following exposure to pentobarbital or ketamine. Both pentobarbital
and ketamine sedation were found to increase bacterial burdens in livers and spleens by an
average of 100- to 10,000-fold at 72 hours post-infection compared to vehicle treated controls
(Figure 3.19). While a number of control animals had no detectable bacteria recovered from
either liver or spleen, both pentobarbital and ketamine treatment groups had mice that
succumbed to infection (Figure 3.19). These results indicated that anesthesia with both
pentobarbital and ketamine may alter barrier permeability, a known side effect of these two
drugs when referring to physiological parameters such as gut motility in anesthetized
patients?*!%.

To determine if pentobarbital and ketamine exposure influenced immune clearance of LM

from target organs, animals were intravenously infected with a sub-lethal dose of LM in the

presence or absence of drug exposure. After 72 hours of infection, there was no significant
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difference in bacterial burdens recovered from livers and spleens of pentobarbital or ketamine
treated animals in comparison with vehicle-treated controls (Figure 3.20). This was in contrast
to animals exposed to propofol, who exhibited significant increases in bacterial burdens in both
liver and spleen (Figure 3.20). Mice exposed to the GABA-A receptor-selective agonists
muscimol and topiramate or the receptor antagonists securinine and picrotoxin exhibited no
consistent differences in bacterial burdens in target organs following either oral or intravenous
inoculation, although statistically significant differences were observed for some drugs in some
organs (Figures 3.21 & 3.22.). Thus, although propofol targets GABA-A receptors, the drug’s
inhibition of host immune clearance of bacteria from infected tissues is not replicated by other
drugs that target GABA-A receptors or by alternative anesthetics such as pentobarbital or

ketamine.
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Figure 3.19: The anesthetics sodium pentobarbital and ketamine increase host
susceptibility to oral infection. Mice were orally infected with 10® CFU of LM following
intravenous injection of vehicle solution, pentobarbital (left), or ketamine (right). Graphs depict
bacterial burdens in liver, spleen, and intestine at three days post-infection. Data shown is from
two independent experiments. X: undetectable bacterial burden; I: dead animal; *** p<0.0005.
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Figure 3.20: Sedation with the sodium pentobarbital and ketamine does not increase host
susceptibility to intravenous infection, whereas propofol does. Mice were intravenously
infected with 2x10° CFU of LM following intravenous injection of vehicle solution, propofol,
pentobarbital, or ketamine. Graph depicts bacterial burdens in the liver at three days post-
infection. Data shown is from two independent experiments. *** p<0.0005.
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Figure 3.21: GABA-A receptor-specific agonists and antagonists do not increase host
susceptibility to oral infection with LM. Animals were intravenously administered the GABA-
A receptor agonists muscimol or topiramate, PBS vehicle, or the GABA-A receptor antagonists
securinine and picrotoxin via tail vein injection. Mice were subsequently infected with 108 CFU
intragastrically. Animals were euthanized at three days post-infection and bacterial burdens
were determined for the liver, spleen, and intestine. Data is representative of two independent
experiments. * p<0.05, ** p<0.005, *** p<0.0005. X: burden undetectable.
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Figure 3.22: GABA-A receptor-specific drugs do not exacerbate LM infection in an IV
model of listeriosis. Animals were infected with 2x10* CFU of LM in the presence or absence

of the IV injected GABA-A agonists and antagonists shown above. Animals were sacrificed at
72h days post-infection. ** p<0.005, *** p<0.0005.
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3.4 Discussion
Previous studies showed that propofol as well as other anesthetics can be

333437535  However, the studies described in this

immunomodulatory in vivo and in vitro
chapter are the first to characterize the effects of propofol anesthesia in a physiologically relevant
infection model. We have provided evidence that the commonly used anesthetic propofol
significantly increased the risk and severity of microbial infection, through both oral and
intravenous routes. Propofol treatment increased LM translocation across the intestinal barrier in
an InlA-independent manner, and allowed for bacterial persistence within the intestine (Figures
3.1, 3.2, and 3.4). Anesthetized animals were additionally unable to efficiently clear infection
when LM was administered intravenously (Figure 3.11). These results indicate that propofol
affects host susceptibility through multiple mechanisms, including an increase in barrier
permeability as well as by directly preventing host clearance of infection.

Studies published by Czuprynski et al indicated that the efficiency of LM oral infection in
mice was increased significantly by sodium pentobarbital anesthesia®’. Sodium pentobarbital is

a commonly used veterinary anesthetic agent'*®

, and is occasionally used to sedate animals prior
to oral inoculation with infectious agents'*®. Czuprynski observed that, though oral infection of
mice with wild type LM was not very efficient, intraperitoneal anesthesia with sodium
pentobarbital greatly increased the efficiency and reproducibility of infection'*"**. Studies
assessing the reduction of gut acidity or motility, two known side effects of pentobarbital in
vivo'®, could not recapitulate the decrease in host resistance seen in anesthetized mice orally
infected with LM®". Additionally, mice infected IV with LM did not display any alterations in

resistance to infection, regardless of pentobarbital administration. This led Czuprynski’s group

to conclude that pentobarbital anesthesia possibly altered the environment of the gut to be more
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favorable to bacterial translocation, but did not directly affect immunity®’, contrary to many
published reports®*°**>, These studies warranted further characterization of the links between
anesthetics and host infection susceptibility.

Sodium pentobarbital and other barbiturate anesthetics are no longer commonly used in
hospitals due to the large number of side effects, especially regarding their addictive potential'®.
Propofol, in contrast, is the drug of choice to induce anesthesia before surgery and in intensive
care units (ICUs) throughout the US*®°214%1%0 for many reasons including its lack of addictive
properties™. Though propofol and sodium pentobarbital both bind to the GABA-A receptor to
induce anesthesia, propofol represented a more clinically relevant alternative to study the
interactions between anesthesia and infection. Preliminary studies showed that propofol
increased host susceptibility to oral infection with LM similar to the reported effect of sodium
pentobarbital (Figures 3.1, 3.2), and the disparity in numbers of bacteria in the intestine at early
times post-infection (Figure 3.1) indicated that propofol increased bacterial translocation across
the intestinal barrier. Additionally, mice infected with the AinlA AinlB strain of LM showed
large amounts of bacteria in the intestine at 72h post infection, despite the fact that LM was
unable to invade intestinal epithelial cells through interaction with E-cadherin, which represents

a classical portal of entry for LM into the intestine'*’

(Figure 3.5). This was surprising, as
propofol is not known to increase intestinal permeability or gut motility as does sodium
pentobarbital™", and the InlA-E-cadherin interaction is thought to be important for LM to
successfully penetrate the intestinal barrier*®. These results imply that the increased presence of

LM in the intestines of propofol-treated mice cannot be explained by alteration of gut physiology

or by enhanced translocation across intestinal epithelial cells dependent on E-cadherin-InlA
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M cells are antigen-sampling cells of the mucosal associated lymphoid tissue (MALT)
that represent a first line of defense against pathogens invading the intestinal barrier>?. M cells
differentiate from intestinal epithelial cells located in intestinal crypts when exposed to lymphoid
stimulation, such as association with macrophages, T cells, and B cells in the intestinal lumen*®*
155 Microbes and microbial antigens are phagocytosed by M cells and are transcytosed through
associated macrophages deeper into the MALT**. LM is able to breach the intestinal barrier
through various interactions, including transcytosis through M cells'****° (Figure 3.23).
Although the interaction of LM with intestinal epithelial cells requires InlA-E-cadherin binding,
at least one group has shown that InlA is not required for LM transcytosis across M cells™.
While most non drug-treated animals did not display bacteria in the livers and intestines when
orally infected with the AinlA AinlB strain of LM, the same strain was able to cause much more
productive infection in anesthetized animals (Figure 3.5). This phenomenon may be caused by
propofol interacting with M cells to increase LM transcytosis and/or survival within
macrophages after crossing the intestinal barrier. Although propofol is not thought to affect

barrier permeability*>*

, the increased presence of LM in the intestines and brains (Figure 3.15) of
anesthetized animals suggests that propofol somehow promotes bacterial translocation across
distinct physiological barriers. Propofol has also been shown to sequester reactive oxygen and

395278 as well as prevent NF-kB translocation to the nucleus®. Both of these

nitrogen species
effects could increase LM survival in the host.

Propofol treatment resulted in the decreased ability of the host to clear infection when
bacteria were delivered intravenously (Figure 3.11), which will be discussed in further detail in

Chapter 4. Interestingly, this effect was not duplicated in primary macrophage culture (Figures

3.12, 3.13), suggesting that macrophages are not the only cell type affected by propofol
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Figure 3.23: Diagram of how LM translocates across M cells. Propofol may increase LM
translocation across the intestinal epithelium through M cells by potentially increasing invasion
or by blocking macrophage killing.
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treatment. This implies that communication between multiple cell types may be important for
propofol-dependent immunomodulation.

Although the sedative effects of propofol are short acting, even brief exposures to the
drug were sufficient to increase host susceptibility to both oral and intravenous LM infection for
up to 96 hours post sedation (Figure 3.17). In spite of its short half-life, the metabolites of
propofol can persist in tissues for long periods of time**. Propofol is a highly lipophilic drug,
and once introduced into the bloodstream is rapidly distributed into tissues**®. The drug is then
rapidly perfused out and metabolically modified in the liver by the Cytochrome P450 2A6
enzyme’®’. The 4 main metabolic species excreted in the urine are shown in Figure 3.28; most
undergo glucuronidation to become water soluble, and 72% of the drug is excreted as
metabolites with only 0.3% excreted as unmodified propofol within 24 hours'®®, However, some
quantity of the drug may remain in slowly perfused tissues with high fat content™>"**°, though it
is unknown if the species that remain in these tissues are active propofol or its metabolites.
Within 5 days of administration, 88% of propofol is excreted in the urine'®®. Our results
indicated that animals remain more susceptible to systemic LM infection from 24h to 96h after
recovery from sedation (Figure 3.16), with this effect essentially disappearing when infected 7
days post-recovery (Figure 3.17). This corresponds with the tissue elimination rate of propofol.
It may be that the amount of propofol remaining in tissues after 24h (28%) is enough to affect the
immune response and skew the host towards being immunocompromised. However, there would
appear to be a threshold to this effect: the quantity of propofol or its metabolites remaining in
tissues may need to be somewhere between 12% and 28% in order to affect immunity, which is

why there was no effect seen in anesthetized animals 7 days post-recovery (Figure 3.18). Further



studies must be undertaken to gauge whether propofol or its metabolites persist in the liver or
other tissues, and if they are active in modulating immune responses.

The alternative anesthetics pentobarbital and ketamine were examined with regards to
their potential to exacerbate LM infection in hosts. While both anesthetics increased host
susceptibility to oral infection with LM (Figure 3.19), only propofol additionally reduced host
immune clearance of bacteria from sites of infection (Figure 3.20). This implies that
pentobarbital and ketamine both decrease resistance to infection by increasing barrier

29,145

permeability, a known side effect of both drugs , @s opposed to acting directly on host

immunity. Interestingly, while both propofol and pentobarbital bind to GABA-A receptors to
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mediate anesthesia, only propofol decreased clearance of bacteria from target organs. Additional

experiments using the GABA-A receptor agonists mucimol and topiramate or the antagonists
securinine and picrotoxin showed no effect on host susceptibility to oral or intravenous LM
infection (Figures 3.21, 3.22). GABA-A receptors are expressed on a variety of immune cells,

including macrophages and T cells*®**%?

, and changes in receptor expression or activation
patterns have been associated with immunomodulation®®. However, the effect of propofol on

immune clearance may potentially be mediated through an alternate receptor recognized by

propofol but not by the other GABA-A receptor agonists and antagonists examined in this study.

These findings indicate that drugs that target the central nervous system may have additional,
distinct influences on host immune function, with implications for successful host clearance of

infection



CHAPTER FOUR-
Propofol treatment and immunomodulation: effect of drug exposure on host serum cytokine
profiles immune cell recruitment and differentiation in target organs
4.1 Summary
In the previous chapter, it was shown that propofol treatment inhibited host clearance of

LM from target organs, thus raising the possibility that the drug influences host immunity. In
this chapter, studies were carried out to probe this mechanistically by examining organ
pathology, serum cytokine secretion patterns, and by immunophenotyping the spleens of
anesthetized vs. control animals. Propofol anesthesia induced gross pathological alterations in
the livers and spleens of infected animals. Anesthetized animals displayed more areas of
necrosis, fibrosis, and inflammation compared with infected controls. Propofol treatment was
also found to alter serum cytokine and chemokine levels throughout infection. While propofol
did not impair CCR2" inflammatory monocyte recruitment to target sites of infection, significant
reductions in the numbers of differentiated macrophages and TNF and iNOS-producing dendritic
cells (TipDCs) were observed in drug exposed animals. Interestingly, both differentiated F4/80"
macrophages and TipDCs derive from the same CCR2" inflammatory monocyte progenitor
population circulating in the bloodstream, indicating that propofol may affect immune cell

differentiation at target sites of infection.

73



74

4.2 Introduction

LM has been used as a model pathogen by immunologists for decades, and the host
immune response against this pathogen is very well characterized'*%.112116.131.140,164-172
Adaptive immunity is required to fully clear LM infection, and is primarily mediated by CD8+
cytotoxic T-cells'%1%1%  However, without an effective innate immune response, animals
rapidly succumb to infection'®*3173174  proper macrophage function is critically important for
mediating uptake of LM in tissues or in the blood™®**", killing intracellular bacteria as they

attempt to escape the phagosome to replicate in the cytosol‘*'%%1*2

, and for antigen presentation
to effectively prime T-cells'®*"®*"" Another cell type, the TNF- and iNOS-producing dendritic
cell (TipDC) also has been shown to be crucial in protective host immunity against
listeriosis'%+10>112178-180 " Both cell types are derived from monocyte precursor populations
circulating in the bloodstream, termed inflammatory monocytes and characterized by the
presence of chemokine receptor 2 (CCR2) on their cell surface!0410>112131.172.178

The intracellular infectious cycle of LM can be divided into various stages, including
invasion into host cells, escape from the phagolysosome, and cytosolic replication

phaselel,lO&lOQ,117,127,171

. LM occupies different intracellular niches throughout its virulence
lifecycle, and at each phase activates various arms of innate immune defenses. Particularly
important for our studies are innate immune effector functions performed by macrophages during
intracellular invasion and replication of LM within the host cell cytosol. LM that enters the
bloodstream directly are taken up within minutes by cells of myeloid lineage in the spleen,

including dendritic cells, F4/80* macrophages, and to a lesser extent, neutrophils'®. While

neutrophils have been shown to be dispensable for clearing LM infection in the spleen®®,
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macrophages and dendritic cells are essential'®*%**3!Initial infection of splenic myeloid cells
by LM causes cytokine and chemokine secretion into the bloodstream0310°112164165175 ‘9 the
recruitment of CCR2" inflammatory monocytes into target organs'%*11211513L178.179 thrggh the
chemokine monocyte chemoattractant protein-1 (MCP-1). Once inflammatory monocytes reach
sites of infection in the spleen, a variety of inflammatory signals induce their differentiation into
effector cells such as activated F4/80" macrophages or TipDCs™***"%!8! (Figure 1.5).

Our studies have shown that propofol treatment decreased the ability of the host to clear
infection from target organs in an 1\ model of listeriosis (chapter 3). The current studies seek to
further define how propofol modifies initial immune responses to LM infection through serum
cytokine assays as well as flow cytometric analysis of splenic tissue. It was found that propofol
caused massive dysregulation of Ty1 cytokines important for clearance of LM infection. We also

found that propofol significantly reduced the numbers of differentiated macrophages and TNF

and iINOS-producing dendritic cells (TipDCs) in drug-exposed animals.

4.3 Results

Exposure to propofol during LM infection results in pathological alterations in organ structure

LM primarily colonizes and replicates in the liver and spleen during systemic

103,165

infection Systemic infection induces large amounts of proinflammatory immune cell

recru itment103,105,112,166

, Which, if compensatory anti-inflammatory mechanisms are not activated,
could lead to large unresolving foci of inflammation as well as areas of necrosis in target organs.
In order to assess if propofol anesthesia led to alterations in the histopathology of the intestine,
liver and spleen after oral or IV inoculation of LM, hemotoxylin and eosin (H&E) stains were

performed on a number of organ samples taken from animals infected in the presence and
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absence of propofol, animals given propofol alone, and uninfected, non-sedated animals. Liver
sections from animals infected IV with LM showed gross pathological differences depending on
if the animal was anesthetized. Infected animals displayed some inflammatory foci in the
absence of propofol, but hepatocytes were regularly spaced and no necrosis was observed
(Figure 4.1, left). However, anesthetized animals had larger and more numerous inflammatory
foci, as well as anucleated areas characteristic of liver necrosis (Figure 4.1, right and bottom).
Additionally, the presence of fatty vacuoles in animals infected with LM in the presence of
propofol was suggestive of metabolic disruption in the liver (Figure 4.1, bottom panel).

The spleen is a compartmentalized organ that is organized into red pulp, consisting primarily of

erythrocytes, and white pulp, consisting primarily of lymphocytes'®?

. While this organization
was maintained in animals infected with LM in the absence of propofol (Figure 4.2, left panel)
and in animals exposed to propofol in the absence of infection (Figure 4.3), the spleens of
animals infected and exposed to propofol exhibited significant levels of fibrosis as well as a loss
of compartmentalization and dissolution of spleen structure (Figure 4.2, right panel). The

spleens of these animals were also significantly smaller in size (~40% smaller on average) with

evident areas of cell necrosis (Figure 4.4).



77

(-) propofol (+) propofol

Inflammatory foci 3.8+7.95 19.5 + 13.38
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Figure 4.1: Propofol treatment in conjunction with systemic LM infection results in
increased foci of inflammation and areas of necrosis in the liver. Mice were infected with
2x10* CFU of WT LM via tail vein. Livers were harvested at 72h, fixed, and processed for
histology. Arrowhead: necrotic section; arrow: focus of inflammation. Though hepatocytes are
regularly spaced and nuclei readily visible in the top panel, propofol treatment resulted in a
number of anucleated, necrotic areas (arrowhead, bottom panel). Additionally, anesthetized
animals exhibited numerous fatty vacuoles (bottom panel, area around arrow) indicative of
metabolic disruption. Chart represents average numbers of inflammatory foci and necrotic
lesions in the presence or absence of drug treatment. Representative images from 5
animals/group.
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Figure 4.2: Propofol treatment results in splenic necrosis, fibrosis, and loss of architecture
in an 1V model of LM infection. Mice were intravenously infected with 2x10* CFU of LM in
the presence or absence of propofol. Spleens were isolated at 72 h post-infection, formalin
fixed, and stained with hematoxylin and eosin (3 spleens per treatment group). Arrowheads, left
panel: compartmentalization of red pulp and white pulp. Arrowhead, right panel: fibroid deposit;
arrow: splenic necrosis.
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Figure 4.3: Propofol treatment alone does not affect splenic architecture. Mice were
anesthetized with propofol and allowed to recover from sedation. They were euthanized after
72h, spleens were isolated, fixed, and processed for H&E staining. Representative image from 3

animals.
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Figure 4.4: Propofol treated animals have smaller, discolored spleens 3 days after IV
challenge with LM. Spleens isolated from infected animals exposed to propofol weighed
approximately 40% less than the spleens obtained from animals infected in the absence of drug,
and exhibited gross signs of necrosis (arrows). Left: naive mouse, middle: LM infected control
mouse, right: propofol-treated, LM infected mouse.
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Propofol alters the expression of host cytokines and chemokines in response to LM infection.

Given that propofol sedation increased host susceptibility to LM infection, we examined
the expression patterns of key serum cytokines and chemokines associated with immunity to
LM (Figure 4.5). Lipoteichoic acid, a LM cell-wall component shed by extracellular bacteria,
is recognized by TLR-2 at the cell surface'®**%*. TLR-2 activation induces transcription and
ultimately secretion of the proinflammatory cytokines TNF-a, IL-1p, IL-6, and IL-12, as well as
the chemokines KC (neutrophil chemoattractant in mice) and MCP-1 (monocyte
chemoattractant)****%*. The production of the IL-10 anti-inflammatory cytokine is also increased

in response to inflammation'®

. IFN-y, a proinflammatory cytokine critical for priming the Thl
inflammatory response, is produced by NK cells, T cells, and splenic macrophages in response to
systemic LM infection as well'®®. Following intravenous infection, serum cytokine levels of IL-
1b, IL-6, IL-12, and TNF-a and of the anti-inflammatory cytokine IL-10 appeared similar in
anesthetized and control animals during the first 48 hours of infection (Figures 4.6-4.8). Levels
of IL-1b, IL-6, and TNF-a increased by 72 hours post-infection in drug treated animals (Figures
4.6 & 4.7) even though overall bacterial burdens were similar at this time point to those observed
for vehicle treated controls (Figure 3.11). Interestingly, the chemokine MCP-1, which
contributes to monocyte recruitment to sites of infection, was significantly higher at all time
points in the propofol-treated groups, as were the eosinophil chemoattractant eotaxin and the
neutrophil chemoattractant KC (Figure 4.9). IFN-y was elevated in propofol-treated groups in
comparison to control animals at 24 hours post-infection, but then steadily decreased to the
levels observed for control animals at 48 and 72 hours post-infection (Figure 4.10). As infection

progressed in the host, propofol treatment seemed to be detrimental to keeping IFN-y levels high

enough to aid the host in effective bacterial clearance (Figure 4.10). In contrast to IFN-y, levels
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of IL-10 increased significantly at 72 hours post-infection in drug treated animals (Figure 4.8).
As IL-10 is anti-inflammatory and its production directly antagonizes the action of IFN-y **’  this
may reflect a mechanism by which propofol increases susceptibility to infection. Additionally,
TGF-p levels in the presence of propofol were moderately lower at later time points compared
with control animals, indicating a potential inability in anesthetized animals to control
inflammation (Figure 4.11). Propofol thus modifies host immune signaling in response to LM

infection as indicated by the altered patterns of expression of multiple cytokines and chemokines.
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Figure 4.5: Model of LM-induced cytokine secretion by macrophages (NF-kB-dependent
pathway). Lipoteichoic acid binding to TLR-2 induces NF-xB-dependent pro-inflammatory
cytokine transcription. Initial responses include secretion of the cytokines listed above, with IL-
10 secretion occurring as a delayed second step to dampen down inflammation.
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Figure 4.6: Propofol treatment causes increases in serum cytokine levels of IL-1, IL-6 at
late times in infection. Mice were intravenously infected with 2x10* CFU of LM in the
presence and absence of propofol sedation. Serum samples were collected via cardiac puncture
and run on Bioplex (Bio-Rad Laboratories, St. Louis, MO) magnetic bead assays. Data points
represent 3-5 animals per treatment group per time point. Propofol treatment caused no changes
in serum levels of IL-1p throughout infection, in contrast to control infected animals that started

with higher levels
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Figure 4.7: Propofol causes alterations in serum IL-12 levels, changes in pattern of TNF-a
expression late in infection. While IL-12 levels were moderately higher in propofol-treated
animals compared to infected controls, they returned to serum concentrations equal to controls at
72h post-infection. In contrast, TNF-a started out at relatively equivalent serum concentrations
between control infected and propofol-treated animals, but remained at the same levels
throughout infection, whereas control infected animals exhibited lower levels at later times in
infection. Circle: naive animals, triangle: propofol-only treatment, closed square: vehicle
treated, LM-infected treatment, open square: propofol-treated, LM-infected treatment.
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Figure 4.8: Propofol treatment induces spike in serum levels of the anti-inflammatory
cytokine IL-10 at late times in infection. 1L-10 levels remained low in both control and
experimental groups through the first 48h of infection. However, while in control infected
groups IL-10 stayed low at all timepoints assayed, propofol treatment caused IL-10 levels to
spike late in infection, potentially indicating a role for IL-10 in attempting to resolve excessive
inflammation. Circle: naive animals, triangle: propofol-only treatment, closed square: vehicle
treated, LM-infected treatment, open square: propofol-treated, LM-infected treatment.
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Figure 4.9: Propofol increases serum chemokine levels through both early and late
timepoints in infection. Circle: naive animals, triangle: propofol-only treatment, closed square:
vehicle treated, LM-infected treatment, open square: propofol-treated, LM-infected treatment.
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Figure 4.10: Propofol treatment changes the pattern of IFN-y expression. In the absence of
propofol, IFN-y expression peaks at 48h post-infection. In contrast, propofol treatment induces
high IFN-y production at early times post-infection, but serum levels steadily decrease as the
infection progresses. Circle: naive animals, triangle: propofol-only treatment, closed square:
vehicle treated, LM-infected treatment, open square: propofol-treated, LM-infected treatment.
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Figure 4.11: Propofol moderately decreases TGF-p levels at later times in LM infection.
Though TGF-p levels started out moderately higher at early times post-infection compared to
control animals, propofol treatment resulted in lower levels of TGF-B as the infection progressed.
Circle: naive animals, triangle: propofol-only treatment, closed square: vehicle treated, LM-
infected treatment, open square: propofol-treated, LM-infected treatment.
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Propofol exposure alters splenocyte populations following LM infection

Macrophages, dendritic cells, and neutrophils are three immune cell types known to be
important in controlling LM infection 104109.112114.13L174.179,180,184-186 188,189 " \1acrophages in
particular contribute to clearance of LM infection through phagocytosis, antigen presentation,
and direct killing of bacteria in infected cells'®. Macrophages present at sites of LM infection
within the spleen are of two types: resident macrophages present in the marginal zone of the
spleen’® and macrophages that differentiate after recruitment of CCR2" inflammatory
monocytes'?>H121311731%0 - pecryitment of inflammatory monocytes can make the spleen
larger'®2, which can be seen visually without a microscope. Spleens from infected animals not
exposed to propofol were significantly larger than both naive animals as well as propofol-treated
infected animals, suggesting differences in inflammatory cell composition of the spleen.

Flow cytometry was used to examine the numbers of immune effector cells including
neutrophils, dendritic cells, macrophages, inflammatory monocytes, and TGF-B-positive cells in
the spleens of infected mice in the presence and absence of drug treatment. One published report
indicated high levels of the monocyte chemoattractant MCP-1 could be detrimental to host
immunity to LM by abolishing chemokine gradients and decreasing inflammatory monocyte
recruitment to sites of infection'™® Based on this, initial experiments focused on whether
propofol affected inflammatory monocyte recruitment to the spleen. As we observed
exponentially elevated levels of MCP-1 in sera of propofol-treated infected animals compared
with infected controls (Figure 4.9), it was logical to investigate whether too much MCP-1
abrogated inflammatory monocyte recruitment to the spleen. At early times in LM infection,
there appeared to be no difference between control and anesthetized animals in inflammatory

monocyte (CCR2*/ Ly-6C™) recruitment to the spleen (Figure 4.12). There was also no
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Figure 4.12: Propofol treatment does not alter inflammatory monocyte recruitment to the
spleen at early times after LM infection. Mice were left uninfected or infected intravenously
with 2x10* CFU of LM in the presence or absence of propofol and sacrificed after 24h. Spleens
were isolated and processed for FACS analysis. No significant difference was observed between
control infected and propofol-treated infected mice in levels of CCR2*/Ly-6C™ inflammatory
monocytes recruited to the spleen, nor in numbers of differentiated F4/80" macrophages.
Representative data from 2 independent experiments with 4 animals per treatment group per
experiment. *** p<0.0005, ns: not significant.
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difference observed in levels of differentiated F4/80" macrophages between treatment groups.
However, as the infection progressed to 72h, while inflammatory monocyte recruitment
remained similar between controls and anesthetized animals, propofol-treated animals displayed
2 to 3-fold fewer differentiated macrophages compared with infected control animals (Figure
4.13). Neutrophil and dendritic cell numbers were comparable in the spleens of uninfected and
LM infected mice in the presence or absence of propofol treatment (Figure 4.14). In contrast,
significant reductions were again seen in the numbers of differentiated macrophages at 72 hours
post-infection as well as in the number of TGF-B" cells in the spleens of drug treated animals
(Figure 4.14). Overall, mice sedated with propofol exhibited approximately 3-fold fewer
differentiated macrophages and 10-fold fewer TGF-B" cells within the spleen (Figure 4.14).
Interestingly, the majority of TGF-B* cells were not macrophages (Figure 4.15), neutrophils, or
DCs (data not shown), indicating that propofol influences TGF-B production in other

lymphocytes.
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Figure 4.13: Propofol treatment does not alter inflammatory monocyte recruitment to the
spleen at late times in LM infection, but significantly decreases numbers of F4/80" mature
macrophages. Mice were infected as described in Figure 7 and animals were sacrificed at 72h.
Spleens were isolated and processed for FACS analysis. While no significant difference in
inflammatory monocyte recruitment was apparant between control and propofol-treated groups
at 72h, anesthetized animals exhibited less than half the number of differentiated F4/80"
macrophages compared to controls. Representative data from 2 independent experiments with 3-
4 animals per treatment group per experiment. *** p<0.0005, ns: not significant.
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Figure 4.14: While exposure to propofol does not significantly alter levels of dendritic cells
or neutrophils, anesthetized animals display fewer mature macrophages and TGF-B* cells
in the spleen. Animals were infected as described in Figure 7 and sacrificed 72h post-infection.
Spleens were isolated and processed for flow cytometry. While no significant differences were
observed in neutrophil or classical dendritic cell levels, propofol treatment resulted in fewer than
half the number of differentiated macrophages and 10-fold fewer TGF-B* cells. * p<0.05, ***
p<0.0005.
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Figure 4.15: Propofol treatment reduces the number of TGF-B* splenocytes by 10-fold, and
these cells are not macrophages. Animals were infected as described in Figure 7 and animals
were sacrificed 72h post-infection. Spleens were isolated and processed for flow cytometry.
Intracellular TGF-B staining indicated that most TGF-B* cells were not macrophages (above),
neutrophils or DCs (data not shown). Left: naive mice, middle: vehicle-treated infected mice,
right: propofol-treated infected mice. Data shown representative of 2 independent experiments
with 3-4 animals per treatment group per experiment.
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In order to further understand how propofol affects immune cell populations at sites of
LM infection, flow cytometry was used to assess for presence of TipDCs. Immunophenotyping
of TipDCs requires analysis of the following markers indicating a functional TipDC: presence of
CD11b, CD11c, Mac3 (extracellular), TNF-a, and iNOS (intracellular)'®. Pamer et al identified
3 splenocyte populations present in the spleens of LM-infected mice with different levels of the
cell surface markers Cd11b and CD11c. CD11b"CD11c"" cells are monocytes/macrophages,
granulocytes, and NK cells*®*. CD11b""CD11c" cells represent classical plasmacytoid dendritic
cells'®*%2. The population shown by various functional assays to be TipDCs was initially
characterized as CD11b™CD11c™. These cells were further confirmed as TipDCs through
staining with the marker Mac3, indicating cells of CCR2* monocytic lineage'®. Anesthetized
mice displayed half the number of CD11b™ CD11c™ splenocytes compared with controls 48h
post-infection with LM (Figure 4.16). This trend was also shown in Mac-3" CD11b™ cells
(Figure 4.17). At late times post-infection, propofol treatment results in a massive loss of the
differentiated TipDC population, represented by CD11b"CD11c” cells which also stain positive
for TNF-a and NOS2 (marker of iNOS production) (Figures 4.18 & 4.19). Propofol thus
increases host susceptibility to infection by altering both immune signaling and the populations
of immune effector cells present at foci of infection. The flow cytometry data presented indicate
that propofol may block differentiation of CCR2" inflammatory monocytes into discrete effector
populations, including F4/80" mature macrophages and functional TNF-a and iNOS producing

dendritic cells important for clearing LM infection.
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Figure 4.16: Propofol decreases CD11b™CD11¢™ TipDC splenocyte population in the
context of LM infection. Mice were left uninfected or infected IV with 2x10* CFU of LM in
the presence or absence of propofol anesthesia. Mice were sacrificed at 48h post infection and

spleens were isolated and processed for flow cytometry. CD11b™CD11c

int

splenocytes have

been shown to be TipDCs (Pamer et al, 2003), and propofol treatment significantly decreased
presence of this group. Yellow: CD11b"CD11¢"", purple: CD11b™CD11¢"", blue: CD11b™,
CD11c". Left: naive mice, middle: vehicle-treated LM infected mice, right: propofol-treated,

LM infected mice.
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Figure 4.17: Propofol anesthesia decreases Mac-3"/CD11b™ cells by 3-fold. Animals were
infected and spleens harvested as described in Figure 4.16. Representative data from 2
independent experiments with 4 animals per treatment group per experiment.
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Figure 4.18: Propofol treatment significantly decreases presence of differentiated TipDCs
at late times post-infection. Mice were left uninfected or intravenously infected with 2x10*
CFU of LM in the presence or absence of propofol and sacrificed 64h post-infection. Spleens
were harvested and processed for flow cytometry. Cells were gated on the CD11b"CD11c"
population, and subsequently gated on TNF-a"Nos2" cells. Left: naive mice, middle: vehicle
treated, LM infected mice, right: propofol-treated, LM infected mice.
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Figure 4.19: Propofol decreases the presence of TipDCs early and late in LM infection.
Mice were infected and sacrificed as described in Figure 4.18. Propofol decreased TipDC
precursor populations 48h post-infection (left), and significantly lowered functional TipDCs 64h

post-infection (right). * p<0.05, *** p<0.0005, ns: not significant.
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4.4 Discussion

There have been a number of in vitro studies focused on how anesthesia in general and
propofol in particular may affect various aspects of immunity, including macrophage
phagocytosis and generation of an oxidative burst 23384447 - Reports have often been
conflicting as to whether propofol treatment was protective or detrimental to immune

functi0n38,42,52,193

Our in vivo results (chapter 3) showed that propofol dramatically increased
host susceptibility to systemic LM infection, but the mechanism was unclear. Here, it was
shown that propofol treatment in conjuction with LM infection causes a number of alterations in
innate immune signaling and effector functions. Propofol treatment induced necrosis and
fibrosis in livers and spleens of LM infected animals, which was significantly lessened in control
animals. Anesthetized animals also displayed altered patterns of serum cytokine and chemokine
expression throughout the course of infection. Particularly striking were the differences in pro-
and anti-inflammatory cytokine levels late in infection in control animals and propofol-treated
hosts (Figures 4.6-4.11). Though exposure to propofol did not prevent inflammatory CCR2*
monocyte recruitment to the spleen (4.12 & 4.13), anesthetized animals displayed fewer
differentiated macrophages, TGF-B* cells, and TipDCs in the spleen compared to infected
controls (4.14, 4.16-4.19). These studies show that brief anesthesia with propofol in conjunction
with LM infection increases host susceptibility to infection through altering cytokine and
chemokine expression patterns, as well as potentially affecting immune cell differentiation.
Organ Pathology

Hematoxylin and eosin (H&E) staining of liver and spleen specimens from infected

animals showed that propofol treatment greatly increased the severity of organ pathology

(Figures 4.1 & 4.2). Liver sections from anesthetized animals contained significantly larger
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numbers of inflammatory foci and areas of necrosis, where no cell nuclei were visible, compared
with LM infected controls (Figure 4.1). As LM replication increases in the liver, inflammatory
cells such as monocytes and granulocytes are recruited in large numbers and form inflammatory
foci'®. Propofol treatment resulted in ~4-fold greater numbers of inflammatory foci in the liver
compared with infected control animals (Figure 4.1), which corresponded with higher average
bacterial burdens (Figure 3.11). The increased bacterial replication also resulted in large areas of
necrosis (Figure 4.1). Interestingly, anesthetized animals also accumulated fatty vacuoles
interspersed in the inflammatory foci (Figure 4.1, right panel), which is indicative of hepatic
metabolic disruption and is a symptom of very severe listeriosis'®. This pathological
manifestation was absent in control animals (Figure 4.1, right), as well as in animals exposed to
propofol alone (Figure 4.3).

The spleen is another target organ for LM, and bacteria are localized in the spleen shortly
after 1V infection'®. Following infection, inflammatory monocytes and neutrophils are rapidly
recruited to the spleen'®®. Though inflammatory cells were readily apparent in spleens of control
infected animals, the separation between red pulp and white pulp was maintained (Figure 4.2,
left panel). In contrast, propofol anesthesia in conjunction with LM infection caused dissolution
of spleen structure (Figure 4.2, right panel): boundaries between red pulp and white pulp were
not maintained, and additionally there were large areas of necrosis and fibrosis. The increase in
necrosis could have been a function of increased bacterial replication in propofol-treated
animals. However, the observed increases in fibrosis are less easily explained. Elevated TGF-p
levels are associated with generation of fibroid deposits in organs following chronic

inflammatory stimulation®, but propofol-treated animals actually had lower levels of TGF-p in
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the serum as well as the spleen (Figure 4.15). It may be that other as yet unidentified alterations
in growth factor signaling are responsible for the increase in fibroids.
Serum cytokine analysis

Quantitation of serum levels of cytokines and chemokines in infected animals allows for
characterization of the immune status of the host. Proinflammatory cytokines IL-1p, IL-6, tumor
necrosis factor-o (TNF-a), and interferon-y (IFN-y) were examined in this study and are crucial
for host clearance of LM'®. IL-1 is responsible for proinflammatory cellular responses such as
increasing cell-surface expression of adhesion molecules and elevating NO synthesis, along with
physiological manifestations of infection such as fever, vasodilation, and lowered pain
threshold™®’. Together with the induction of chemokine expression, the upregulation of cell-
surface adhesins allows for the extravasation of inflammatory cells from circulation into infected
tissues™’. Propofol treatment caused serum levels of IL-1pB to become elevated compared to
infected controls at late times post-infection, but IL-1p levels in anesthetized mice were slightly
lower than controls at 24h after LM infection (Figure 4.6). It is possible that the early disparity
in IL-1p levels in drug-treated animals could affect the generation of a productive inflammatory
response later in infection.

IL-6 is produced by macrophages upon LM infection and is important for generating the
oxidative burst in neutrophils, among other functions'®®. Studies using mice deficient for IL-6
have shown that in order to effectively control bacterial replication at early times in LM
infection, 1L-6 dependent stimulation of neutrophils is essential'*®. Though some studies have
proposed that neutrophils are nonessential for controlling LM infection®®, other studies have
shown that neutrophils are crucial for immune defense against LM in the liver, but not the

spleen’®?®_ propofol treatment causes IL-6 levels to spike at 72h post-infection, while IL-6
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levels in control animals are relatively stable throughout infection (Figure 4.6). Additionally,
propofol caused elevation of the neutrophil chemoattractant KC (or CXCL1) at all time points
examined (Figure 4.9). It could be that propofol together with LM infection causes IL-6 levels to
increase late in infection in an attempt to stimulate additional proinflammatory responses, such
as increased neutrophil recruitment to sites of infection, in a terminal attempt to control infection.
TNF-a is a proinflammatory cytokine with pleiotropic effects on immune cell activation
and effector functions. This cytokine is crucial to host defense against listeriosis, as some
reports suggest the incidence of invasive LM infection increase significantly in patients receiving
anti-TNF-a antibody therapy®®* and in animal models of LM infection?”?. TNF-o. is produced by
macrophages and TipDCs in response to LM infection, and serves as a proinflammatory
signaling molecule that primes NK cells to release IFN-y, a key cytokine that induces
macrophage activation'®. TNF-a together with NO produced by TipDCs also serves to activate

alloreactive T cells and prime T1-type immune responses**®

. Interestingly, propofol treatment
actually increased levels of TNF-a in sera of mice between 48 and 72h post-infection in
comparison to controls (Figure 4.7), but this was not enough to increase host resistance to
bacterial replication. This may be because serum titers of TNF-a were actually slightly lower in
anesthetized animals than in infected controls at early times post-infection (Figure 4.7), perhaps
suggesting that high TNF-a levels are necessary early during infection to effectively control LM
replication.

IFN-y secreted by NK cells and T cells is crucial for activating antilisterial macrophage

effector functions'®*1416918819  After | M invades resting macrophages, TNF-a is secreted and

activates resting T cells and NK cells to produce and secrete IFN-y*®®. IFN-y in turn activates



105

resting macrophages to produce iNOS, increase antigen presentation on MHC molecules, and

escalate cytokine and chemokine secretion that attract inflammatory cells to sites of
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Figure 4.20: IFN-y- induced macrophage activation during LM infection.
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infection'®%203:204

(Figure 4.20). Some in vitro studies have indicated that propofol exposure
induces IFN-y production in NK cell culture in the absence of infection*. This may be
responsible for the elevated levels of IFN-y in the sera of propofol-treated animals at 24h post-
infection with LM (Figure 4.10). However, drug treatment reduced IFN-y levels rapidly between
24h and 72h post-infection, in spite of the fact that LM replication in target organs steadily
increased in that time (Figure 3.11). Propofol also altered the pattern of expression of IFN-y in
control mice, IFN-y levels peaked at 48h before returning to baseline at 72h, in contrast to drug-
treated animals where IFN-y peaked at 24h. It is possible that propofol inhibits IFN-y secretion
from T cells and NK cells at later times in infection, thus increasing host susceptibility to LM.
Monocyte recruitment/differentiation

Macrophages play a pivotal role in limiting LM infections**#1%>43

, and high serum
expression of the monocyte chemoattractant protein MCP-1 has been associated with defects in
the recruitment of monocytes to sites of infection, and increased host susceptibility to LM
10511213L170 " This is because chemokines operate by establishing a gradient for inflammatory
cells to follow in order to migrate to sites of infection”®®, and when chemokine levels become too
elevated in the blood, this gradient is abolished. While propofol exposure was found to increase
serum titers of MCP-1 to levels similar to those associated with monocyte recruitment defects
(Figure 4.9), there was no appreciable difference in the numbers of monocytes recruited to the
spleen at either 24 or 72 hours following LM infection in the presence or absence of drug
treatment (Figures 4.12 & 4.13). Instead, propofol exposure significantly reduced the number of
differentiated F4/80" macrophages at sites of infection (Figures 4.13 & 4.14). Additionally,

some studies have shown that mice lacking the receptor for MCP-1 (CCR2) on monocytes are

highly susceptible to LM because inflammatory monocytes are unable to reach sites of
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infection!®

. Interestingly, propofol treatment recapitulated this phenotype in spite of intact
trafficking of CCR2" monocytes, perhaps indicating that exposure to propofol blocks
macrophage cell differentiation and/or induces cell death.

Another effector cell population critical in host resistance to L.monocytogenes infection is
the TNF and iNOS producing dendritic cell (TipDC). Only described fairly
recently'®*10>10817%2% ‘TinDCs are important in signaling: they prime T cells for proliferation
and IFN-y production in a TNF-a and iNOS-dependent manner®®’, and are thus crucial for
macrophage activation. Classical dendritic cells (DCs) display their effector functions (including
antigen presentation) and morphology at all times, in both the steady state as well as during
inflammation®®’. In contrast, TipDCs only differentiate in response to inflammation, and are
derived from CCR2" inflammatory monocytes recruited to sites of infection'®"?%. While
conventional dendritic cells can be derived from both lymphoid and myeloid precursors, TipDCs
can only be derived from inflammatory monocytes whose immediate precursors are only stem
cells of myeloid origin®®®. Exposure to propfol caused a precipitous drop in TipDC maturation
(Figures 4.16-4.19). Interestingly, differentiation of monocytes into TipDCs is dependent on the

presence of IFN-y?®’

, which propofol caused to drop significantly from 24h to 72h post-infection
with LM (Figure 4.10). Propofol thus may block differentiation of CCR2" inflammatory
monocytes into two types of mature effector cells crucial to controlling LM infection:
macrophages and TipDCs. In the case of TipDC differentiation, propofol may disrupt this
process in an IFN-y-dependent manner.

IL-10 and TGF-g

Another notable effect of propofol exposure was the reduction in TGF- B* cells

associated with infected spleens (Figure 4.15), as well as a reduction in serum cytokine levels of
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active TGF-p late in infection (Figure 4.11). High levels of TGF-P have been suggested to be
beneficial for LM immune clearance®®®, and recent findings have indicated that, far from being
purely anti-inflammatory, TGF-B can skew the inflammatory response based on local signals®®
212 The 10-fold reduction in TGF-B*cells observed in spleens of propofol-treated animals may
further exacerbate immune defects associated with the reduction in mature macrophages and
TipDC3209,212_

Intriguingly, though levels of TGF-B were lower in the presence of propofol at 72h
(Figures 4.11 & 4.15), IL-10 serum levels spiked between 48h and 72h post-infection in
anesthetized animals (Figure 4.8). 1L-10 acts on many different immune cell types to suppress
inflammation, and deficiencies in IL-10 have been associated with unregulated inflammatory
responses®. Many studies have shown that activation of the TGF-p pathway leads to
transcriptional upregulation of many genes required for anti-inflammatory responses, including
IL-10%?** However, IL-10 is also known to be produced by endogenous T regulatory cells

(Treg)™*®, and this is not always dependent on induction of TGF-p*"?8

. Itis possible that the
elevated IL-10 in the sera of propofol-treated mice is produced by endogenous T regs.
Alternatively, toll-like receptor ligands such as LTA from gram-positive bacteria have been
shown to induce non-classical activation of macrophages into regulatory macrophages that
secrete I1L-10 in response to inflammation?'®. Perhaps propofol induces increased differentiation
of regulatory macrophages, preventing a productive proinflammatory response.

Our studies suggest that propofol treatment may skew the immune response to induce an
immunocompromised state in the host during infection. It is evident that the proinflammatory

responses necessary for successful host clearance of LM infection are altered through propofol

administration. Serum cytokine levels indicate altered patterns of secretion in the presence of
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propofol, and far fewer inflammatory cells crucial for immune defense against LM are present at
sites of infection. Together, these results suggest that propofol alters immune signaling through
a variety of mechanisms, and further studies must be conducted to fully understand the complex

molecular crosstalk behind these phenomena.



CHAPTER FIVE
Effects of propofol treatment on infections caused by additional pathogens: Streptococcus

pyogenes, Salmonella enterica serovar Typhimurium, and Staphylococcus aureus
5.1 Summary

Thus far, propofol has been shown to suppress host immunity in the context of infection
with LM. This chapter aims to characterize the effect of propofol on other pathogens, occupying
both intracellular and extracellular host replication niches, that activate different arms of the
immune response. Brief anesthesia with propofol was found to increase the susceptibility of mice
to systemic infection with methicillin-resistant Staphylococcus aureus (MRSA). Propofol-
treated animals infected with S. aureus via the tail vein were more likely to exhibit gross
inflammation of skin at the base of the tail, had greater numbers of abscesses and larger areas of
inflammation in the kidney, and exhibited higher bacterial burdens in the liver, spleen, and
kidney than non-drug treated animals. Preliminary studies also indicated that propofol-treated
animals were more susceptible to infection with Streptococcus pyogenes and Salmonella enterica
serovar Typhimurium, as indicated by increased frequency of tail vein lesions with S. pyogenes
and by significantly increased bacterial burdens in the livers and spleens of S. Typhimurium
infected animals. These studies indicate that propofol increases host susceptibility to a variety
of infectious agents with replication niches extending from outside host cells to intracellular
vacuoles as well as the cytosol. These findings suggest that propofol affects host immunity in

ways that are broadly relevant to a variety of infectious agents.
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5.2 Introduction

Propofol has been shown to increase susceptibility of hosts to systemic infection with LM
(Chapter 3) and to decrease the number of macrophages and TipDCs present at sites of infection
(Chapter 4). However, in order to determine if propofol predisposes hosts to infection in general
or only to infection with LM, infection with alternate human pathogens was examined. The
three pathogens examined in the studies below occupy different replication niches in infected
hosts and allow for further study on how propofol affects host susceptibility to infection.

Salmonella enterica serovar Typhimurium is an intracellular gram-negative pathogen that
can cause severe systemic infection in mice similar to typhoid fevers caused by Salmonella
enterica serovoar Typhi in humans®®?!, Animal models for S. Typhimurium infection include
intragastric inoculation as well as intraperitoneal injection to establish systemic infection?222,
Infectious doses vary greatly in each model, with oral infection usually requiring between 10’
and 10° CFU of S. Typhimurium to establish infection”#??*. However, S. Typhimurium is
highly virulent in mice when inoculated systemically and doses required to establish infection
intraperitoneally are commonly around 1-500 CFU?**?®_ Interestingly, in published studies
mice are rarely infected intravenously with S. Typhimurium when examining systemic infection.
This may be because intraperitoneal injection is inherently easier to perform on a mouse due to
the larger surface area of the peritoneum compared with the tail vein, but it does not represent a
physiologically relevant mode of entry for the pathogen.

S. Typhimurium uses secreted effectors to form a Salmonella-containing vacuole as a
replication niche within infected host cells, including macrophages. As S. Typhimurium is an
intracellular pathogen, it is subject to a number of the same immune defense mechanisms as LM,

226,227

including iINOS-mediated intraphagosomal killing and activation of Ty1-type immune
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responses induced by IFN-y and TNF-a signaling?®. However, upstream TLR-dependent
immune activation differs between the two pathogens; LM as a gram-positive pathogen mostly
activates TLR-2%%°, while the gram-negative S. Typhimurium primarily activates TLR-4%*°. In
spite of the fact that LM and S. Typhimurium occupy different intracellular niches, they activate

similar NF-kB-dependent transcriptional profiles during infection’**32%

, and require different
components of the immune response to effectively clear infection.

Streptococcus pyogenes is an extracellular gram-positive pathogen that is commonly
found colonizing the skin and oropharynx®*, but can cause infection in immunocompromised
hosts. Infections can range from mild (impetigo) to more serious invasive manifestations (toxic
shock syndrome, necrotizing fasciitis)**2. Necrotizing fasciitis in particular is rare, and is
characterized by skin necrosis caused by invasive S. pyogenes®**. Animal models for S.
pyogenes infection vary between establishing skin infections and more systemic infection
through different inoculation routes. Skin infections are induced in hairless mice or by removing
fur at the area of inoculation, and 10-10® CFU of S. pyogenes are injected subdermally.
Infection is allowed to progress for a number of weeks, and lesion size is measured at various
time intervals®*?®. Systemic infection is established through subcutaneous, intraperitoneal and
intravenous routes of inoculation. Infectious doses commonly range from 107-10® CFU per
mouse, and animals are sacrificed 2-4 days after infection, due to the induction of a strong
cytokine response leading to early lethality™2%236:2%",

Invasive disease is accomplished by the coordinated action of many virulence factors.
Transcriptional upregulation of multiple toxins allow S. pyogenes to transition from local to

systemic infection, and a number of these toxins interfere with neutrophil-mediated killing?®.

As S. pyogenes is an extracellular pathogen, neutrophils and the corresponding chemokine
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associated with neutrophil recruitment (I1L-8) are critical for clearance of infection®%%%,

Additionally, increased production of TGF- leading to induction of T regulatory cells and the
induction of Ty17 immune responses are important for preventing cytokine storm associated
with toxic shock syndrome caused by serious S. pyogenes infections®*%?*!,

Staphylococcus aureus is a gram positive coccus that is the causative agent of a broad
spectrum of diseases?”?. Methicillin-resistant Staphylococcus aureus (MRSA), a common
multidrug resistant variant of S. aureus, is a major nosocomial pathogen in hospitals around the
world'%2424  MRSA commonly presents as skin and soft tissue infections as well as invasive
systemic infections which result in more deaths annually than any other single infectious agent in
the US?*2% .S, aureus is resistant to many environmental stressors, including drying and high
salt concentrations, enabling it to successfully colonize the skin and nasal mucosa®**. In
susceptible hosts, however, S. aureus is very prone to causing infections, of which MRSA
infections are especially hard to treat due to their resistance to many antibiotics. Owing to their
place as common infectious agents in hospitals and in the community, significant effort has been
put into the development of animal models for S. aureus-related diseases. Similar to S.
pyogenes, animal models for S. aureus infection include those investigating skin infection,
systemic disease, and sepsis through the induction of toxic shock syndrome (TSS)**"?*°. Skin
infections are established through subcutaneous or subdermal injection of ~10” CFU per mouse,
while systemic infection commonly requires intraperitoneal or retro-orbital injection of 10°-10°
CFU?7"20 " The lethal dose for Balb/C mice, which are slightly more susceptible to infection
than the Swiss Webster mice used in the studies in this thesis, is 2x10® CFU per animal®®. S.

aureus frequently targets the kidney as a preferred site of replication, and in mouse models of

systemic infection, the measurement of abscess formation is a readout for the severity of
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infection®™®. Innate immune defense against S. aureus is primarily mediated by neutrophils that

242252 and dendritic cells that act to coordinate innate and

directly kill bacteria at sites of infection
adaptive immune responses®?,

We have used both intracellular and extracellular, gram-positive and gram-negative
pathogens in oral and intravenous infection models, and demonstrate that exposure to propofol

decreases host resistance to infection with multiple pathogens that occupy different host niches.

5.3 Results

Propofol treatment increases host susceptibility to MRSA infection

One of the most common strains causing infection outside hospitals is the community
acquired methicillin resistant S. aureus (CA-MRSA) strain USA300™°. This strain was used in
IV infections in mice and the effects of propofol anesthesia were examined. Mice were infected
with 1-3x10° CFU of USA300 in the presence or absence of propofol anesthesia, and sacrificed 7
days post-infection. Drug-treated mice were 100- to 1000-fold more susceptible to systemic
infection with USA300 (Figure 5.4). Interestingly, though the USA300 strain of S. aureus does
not usually target the liver or spleen as preferred replication niches (F. Alonzo, private
communication), propofol treatment significantly increased the number of viable bacteria
isolated from these organs (Figure 5.1). Additionally, although the preferred infectious dose for
reproducible systemic S. aureus infection in many studies is ~10” CFU inoculated intravenously

241,250 3 10-fold lower dose was sufficient to establish infection in anesthetized

per mouse
animals. Propofol-treated animals also displayed larger areas of inflammation and abscess
formation in the kidney and no distinct boundary between the kidney cortex and medulla

(Figures 5.2 & 5.3),
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Figure 5.1: Propofol treatment increases severity of MRSA infection. Mice were
intravenously infected with 1-3x10° CFU of the USA300 strain of MRSA. Animals were
euthanized at 7 days post-infection and organs were processed for enumeration of viable
bacteria. Percentages indicate proportion of infected animals within each group. ** p<0.005,
**** n<0.0001, X: undetectable bacterial burden.
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Figure 5.2: Propofol increases area of inflammation and abscess formation in the kidneys
of MRSA-infected mice. Animals were intravenously infected 1-3x10° CFU of the USA300
strain of S. aureus. Animals were sacrificed 7 days post-infection, and kidneys were isolated,
fixed, and processed for hematoxylin and eosin (H&E) staining. Propofol treatment induced
more severe inflammation, loss of kidney compartmentalization between the cortex and medulla,
and abscess formation. Left: images mouse infected with MRSA without propofol. Right:
images from 2 mice infected with MRSA and anesthetized with propofol. Top: 2x
magnification; bottom: 20x magnification.
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Treatment Avg. area of Avg. % inflammation +
inflammation necrosis/ section
(um?2) / section

(-) Propofol 6.4x10° 8.416.9

(+) Propofol 2.0x107 35.6+12.33

Figure 5.3: Propofol anesthesia increases areas of kidney inflammation and abscess
formation in MRSA-infected mice. Mice were infected and kidneys harvested and processed
as indicated in Figure 5.2. Areas of inflammation and abscess formation in the kidney were
quantitated. Propofol treatment significantly increased the percentage of the kidney section with
inflammatory lesions or abscess formation. Levels of inflammation expressed as percentage of
section + std. error. Average taken from 5-6 animals per group.
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indicating that propofol treatment makes the environment of various organs more conducive to
bacterial replication.

Propofol anesthesia increases severity of systemic salmonellosis

S. Typhimurium is an enteric pathogen, and patients often contract infection through
ingestion of contaminated food products®*. For this reason, as well as to compare the effects of
oral infection with S. Typhimurium with LM, mice were orally infected with 5x10° CFU of wild-
type S. Typhimurium in the presence or absence of propofol anesthesia and sacrificed 72h post-
infection.  Anesthetized mice were found to have significantly higher numbers of S.
Typhimurium in their livers, spleens, and intestines, and all of the animals were infected
compared with only ~20% of infected controls (Figure 5.4). This experiment has only been
performed once, however, and must be repeated to verify these results.

Oral infection with S. Typhimurium indicated that propofol increased the severity of infection,
but, similar to the experiments with LM, it was unclear if this was due to effects of propofol on
intestinal barrier permeability or on host immune responses. To determine if propofol anesthesia
increases host susceptibility to systemic infection with S.Typhimurium, 6-8 week old female
Swiss Webster mice were intravenously infected with 1000 CFU of S. Typhimurium and
sacrificed 6 days post-infection. This timepoint was chosen because prior to this, the animals did

222 therefore

not appear very ill. Salmonellosis progresses more slowly than listeriosis in mice
sacrificing animals at 72h or 96h post-infection was not informative. Preliminary results
indicated that propofol increased host susceptibility to infection by approximately 100-fold in the
livers and spleens of drug-treated animals in comparison to Intralipid-treated controls (Figure

5.5). Interestingly, one animal in the drug-treated group succumbed to infection by the 6™ day

after infection, while there were no fatalities in the vehicle- treated group.
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Figure 5.4: Propofol anesthesia increases host susceptibility to oral infection with S.
Typhimurium. Animals were infected with 5x10° CFU of S. Typhimurium and sacrificed 6
days post-infection. Livers and intestines were harvested, homogenized, and plated for viable
CFU. *** p<0.0005, * p<0.05.
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Figure 5.5: Propofol anesthesia decreases host resistance to IV S. Typhimurium infection.
Mice were intravenously infected with 1000 CFU of a kanamycin-resistant strain of S.
Typhimurium. Animals were euthanized at 6 days post-infection, and livers and spleens isolated
and processed for isolation of viable bacteria. * p<0.05, ***p<0.0005, } dead animal.
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Additionally, there were sizeable variations in bacterial burdens among the individual animals
given propofol (Figure 5.5), suggesting that optimization of infectious dosing and/or time course
of infection is required.

Anesthetized animals display increased frequency of necrotic lesions in S. pyogenes infection

Our initial experiments with S. pyogenes attempted to isolate viable CFU from target
organs after intravenous infection to compare the effects of propofol anesthesia on disease
progression. However, S. pyogenes did not survive for very long in PBS solution (approximately
10 minutes), and although the intravenous infectious dose was intended to be 10’ CFU per
mouse, the actual dose was closer to 10* CFU. When organs were harvested, homogenized, and
plated, most did not contain any viable CFU of S. pyogenes regardless of propofol treatment.
This is probably due to the extremely low infectious dose that was actually used for inoculation.
The only differences that were visible between anesthetized and control infected animals were in
the presence of necrotic lesions at the tail vein injection site. One manifestation of severe S.
pyogenes infection is necrotizing fasciitis, which is characterized by skin inflammation and
tissue necrosis involving both skin and often underlying muscle tissue?®®. Systemic infection
with a clinical isolate of S. pyogenes led to increased presence of injection-site necrosis in
propofol-treated animals. Mice were intravenously infected with 10 CFU of S. pyogenes and
animals were sacrificed at 12 days post-infection. Pictures of infected animals were taken at
both 6 days and 9 days post-infection. 6 of 10 animals anesthetized with propofol displayed
necrosis-type symptoms at the injection site and/or the base of the tail, becoming progressively
worse as the infection proceeded (Figure 5.6). Inflammation and necrosis was present in 2 of 10
infected animals given vehicle, and most did not show overt signs of pathology in the tail (Figure

5.7).
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Figure 5.6: Propofol increases presence of necrotic lesions in S. pyogenes infected mice.
Adolescent female Swiss Webster mice were infected 1V with 10° CFU of the clinical isolate
MGAS5005. Images were taken 6 (left), 9 (middle) or 12 (right) days post-infection.
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Figure 5.7: In the absence of propofol, injection site necrosis is less frequent. Mice were
given Intralipid vehicle and infected with 10° CFU of MGAS5005. Animals were sacrificed at
12 days-post infection. Picture of representative animal at 9 days post-infection.
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5.4 Discussion

Previous experiments have shown that propofol treatment increases host susceptibility to
bloodstream infection with LM (Chapter 3), potentially through altering cytokine secretion
patterns and preventing differentiation of cells crucial to immune defense against microbes
(Chapter 4). However, questions remained as to whether propofol treatment ubiquitously
increased the severity of microbial infections in hosts, or if the effect was specific to LM. LM
represents one class of pathogen: gram-positive, intracytosolic pathogens that require
macrophages primarily for innate immune clearance’®. The experiments conducted in this
chapter aimed to investigate whether propofol anesthesia decreases host resistance to other
classes of pathogens, including common nosocomial pathogens.

S. aureus, S. pyogenes, and S. Typhimurium initiate infection in susceptible hosts through
the coordinated action of different virulence factors, and due to the fact they occupy different
host niches, they activate different innate immune pathways. The following is a discussion on
how propofol anesthesia may disrupt specific aspects of host immune defense against these
particular pathogens.

Staphylococcus aureus
Methicillin resistant Staphylococcus aureus is a common nosocomial pathogen

119

responsible for a spectrum of infections with different levels of invasivity S. aureus is a

gram-positive, extracellular pathogen that commonly establishes skin infections as well as more

invasive bloodstream infections and necrotizing pneumonia®*®>®

. In order to effectively combat
infection, mobilization of neutrophils and dendritic cells are crucial. Neutrophils are professional
phagocytes that are released into circulation from the bone marrow upon maturation, and migrate

to sites of infection in response to chemotactic factors such as IL-8 and KC, or CXCL-1%®.
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Once there, they phagocytose bacteria and expose them to a variety of microbicidal compounds,

242 The increase in bacterial burdens

including proteolytic enzymes, defensins, and ROI/RNIs
associated with MRSA-infected animals exposed to propofol indicates that drug treatment
enhances bacterial replication in target organs. Enhanced replication and increased efficiency of
organ colonization was observed even in organs not generally targeted by the USA300 strain of
S. aureus (F. Alonzo, private communication), such as the liver and spleen (Figure 5.1). A
number of explanations could account for the observed increases in organ-associated bacterial
burdens, based on the critical role of neutrophils in clearance of S. aureus infection. It was
previously shown that propofol treatment enhanced serum cytokine levels of CXCL-1 (Figure
4.4). As recruitment of immune cells to sites of infection and inflammation depend on signaling
via a chemokine gradient, it is possible that when levels of CXCL-1 reach a certain threshold, the
gradient is abolished and thus neutrophils may traffic less efficiently. This is especially possible
in the kidney, the primary replication niche for S. aureus once it enters the bloodstream.
Additionally, the antioxidant properties of propofol may come into play once again with regards
to neutrophil-mediated killing of S. aureus. Similar to S. pyogenes, it is possible that
sequestration of ROI/RNIs within the lysosomal compartment of neutrophils or a blockage in
NO-dependent immune signaling is partially responsible for the decreased host resistance to
systemic S. aureus infection.

Another possible mechanism through which propofol may increase host susceptibility to
S. aureus infection is through interference with neutrophil extracellular traps (NETs). NETSs are
extracellular structures derived from dying neutrophils made of chromatin with attached

256

neutrophilic granules that may contain microbicidal activity™”, though this is refuted by

some studies®’. NETs form a web-like structure surrounding their parent cells that can entrap
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extracellular bacteria®®, and their formation is dependent on IL-8 (or CXCL-8) signaling®®. S.
aureus, however, expresses a nuclease that enables it to degrade NETs that may entrap the
bacteria?®®. Propofol may impair the activity of NETs in two ways: first, propofol may block
neutrophil recruitment to sites of infection by altering CXCL-1 expression patterns, thus
impairing NET formation triggered by microbial products. Additionally, as propofol was shown
to increase bacterial replication in target organs (Figure 5.1), the elevated numbers of S. aureus
could potentially be producing larger amounts of the nuclease that degrades NETs than can be
handled by the host immune system. All of these hypotheses warrant further study to fully
appreciate the different means by which propofol may increase host susceptibility to S. aureus
bloodstream infections.
Salmonella Typhimurium

Salmonella enterica serovar Typhimurium causes infection in mice that resembles the
typhoid fever caused by severe S. Typhi infection in humans®?, and its ability to be virulent in

mice in extremely small doses®*®

attests to the efficacy of its many immune evasion mechanisms.
Upon infection of macrophages, S. Typhimurium increases transcription of genes that enable
delivery of a number of effector proteins that rearrange the host cell’s actin cytoskeleton to allow

formation of the Salmonella-containing vacuole (SCV)?*°

. By creating this special intracellular
niche, S. Typhimurium avoids the toxic environment of the mature endo-lysosome, which
contains high concentrations of reactive oxygen and nitrogen species, and evades microbial
killing. Additionally, once S. Typhimurium invades host cells, it secretes gene products that

prevent antigen presentation via MHC molecules on dendritic cells, thus disrupting coordination

between innate and adaptive immune responses®".
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In spite of the many methods employed by S. Typhimurium to evade immune defenses,
immunocompetent hosts readily clear infection?’!. One recently described mechanism by which
macrophages resist S. Typhimurium infection is through activation of a pro-inflammatory, non-
necrotic cell death pathway dependent on caspase-1, termed pyroptosis®®. Apoptosis, or
programmed cell death, is characterized by cytoplasmic and nuclear condensation and a
preservation of an intact cell membrane®®. Cellular contents are packaged in apoptotic bodies
that contain exposed receptors targeting the cell for phagocytosis, and thus apoptotic cells are not
inflammatory in vivo®™3. In contrast, due to the release of proinflammatory contents upon
pyroptotic cell death, immune cells are recruited to sites of infection and the innate immune
response is activated, allowing effective clearance of bacteria®®?. In the presence of propofol,
however, S. Typhimurium seems to be more capable of replicating in the target organs of the
liver and spleen. Though previous chapters have shown that propofol treatment does not affect
monocyte recruitment to the spleen, exposure to propofol might affect either differentiation of
macrophages or possibly their mode or frequency of cell death (Chapter 4), and these represent
an important cell type for clearance of S. Typhimurium®®.  This indicates that though
inflammatory precursor cells may be effectively recruited to sites of infection, they may not be
able to differentiate into effector cells. Thus the same mechanisms co-opted by LM to increase
the severity of infection in the presence of propofol could hold true in the case of systemic S.
Typhimurium infection as well.

Streptococcus pyogenes

Streptococcus pyogenes causes both mild diseases such as strep throat and impetigo, as

well as more serious clinical manifestations such as necrotizing fasciitis by transitioning from a

dormant state where it colonizes mucosal surfaces to invading tissues and causing disease’®. A
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number of transcriptional regulators that respond to environmental signals coordinate the
expression of virulence genes, enabling S. pyogenes to first colonize host tissues, persist within
those tissues, and finally spread to other organs®®. At each of these stages, S. pyogenes is
confronted by localized and then systemic host immune responses. S. pyogenes is an
extracellular pathogen, and in the case of skin infection, autophagy by non-immune cells exposes
S. pyogenes to intracellular immune defenses and aids in host clearance of infection?>®2%°.
Autophagy is the degradation of cytoplasmic components by eukaryotic cells, and is
accomplished by sequestering a portion of cytoplasm into an intracellular autophagosome, after
which autophagosomal contents are degraded through fusion with the lysosome®’. Once S.
pyogenes invades the cytosol of nonphagocytic cells, bacteria are rapidly trapped in
autophagosomes and killed through autophagosome-lysosome fusion by exposure to toxic
reactive oxygen and nitrogen species®®®. As autophagosomal machinery is commonly induced in
epithelial cells upon establishment of S. pyogenes skin infections®®®, it is possible that
intereference with autophagy or lysosomal degradation could exacerbate infection. Propofol has
been shown in a variety of studies to decrease transcription of iNOS and act as an antioxidant by

39,4664 Anesthesia with

sequestering reactive oxygen and nitrogen intermediates (ROIS/RNSs)
propofol may act to dampen down the effects of toxic ROl and RNI species through its
antioxidant functions, decrease autophagosomal killing of S. pyogenes, and thus exacerbate the
necrotizing faciitis seen in mice (Figure 5.3).

Additionally, NO is a potent immune signaling molecule, and propofol treatment
decreased the presence of TipDCs that produce iINOS in LM-infected animals (Figure 4.18).

TipDCs have mainly been examined in the context of LM and influenza infections'®"*?% both
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of which are intracellular pathogens. Further studies are needed to determine whether or not
TipDCs are important to clearance of extracellular microbes as well.

Finally, NETs formed by dying neutrophils are important for clearance of S. pyogenes as
well as S. aureus. However, similar to S. aureus, S. pyogenes produces a number of DNases that
help it evade killing by NETs. For example, SpnA, a cell wall-anchored DNase, promotes S.
pyogenes survival after subcutaneous inoculation of mice?” and in the whole blood samples

from humans?’*

through dissolution of NETs. Thus these virulence factors are expressed during
both cutaneous and systemic infection with S. pyogenes. Propofol may act to increase bacterial
replication at the injection site as evidenced by larger areas of skin necrosis (Figures 5.6 & 5.7),
which in turn would upregulate the expression of DNases and other proteins that quickly act to
dissolve NETs. Propofol may also again disrupt neutrophil recruitment to sites of infection,
effectively preventing sufficient NET formation.

The preliminary studies conducted within this chapter indicate that propfol’s effect on
increasing susceptibility of mice to infection is not limited to LM and thus has global
implications for modulating host immunity. S. Typhimurium, S. pyogenes, and S. aureus
represent pathogens that occupy very different replication niches and induce very different
immune responses from each other, yet infection with all three pathogens is aggravated in the
presence of propofol. The examination of cytokine and chemokine secretion patterns in the
context of infection with these pathogens may elucidate common immunomodulatory
mechanisms employed by propofol to decrease host resistance to infection. Further studies are

needed in order to precisely determine the mechanisms by which propofol aggravates the

phenotypes of these infections.



CHAPTER SIX

Conclusions and plans for future studies

Microbial infections are serious complications in hospital settings, and patients
undergoing surgery or who are in the ICU for extended periods of time are more likely to be
exposed to infectious agents. One overlooked variable in preventing infection risk in patients
may be the anesthetic drug used to sedate them. Propofol is a commonly used anesthetic in

surgery and the ICU22,58,150,159,272,273

, and is the primary drug investigated in the preceding
studies. The work presented in this thesis serves to provide an in-depth understanding of how
propofol anesthesia increases susceptibility to bacterial infection in immunocompetent hosts.
Through in vivo studies assessing bacterial burdens, serum cytokine levels, immunophenotyping
via flow cytometry, and histopathology of affected organs, it is shown that brief periods of
propofol anesthesia cause a transient immunocompromised state in the host.
Effects of propofol on oral LM infection

Studies by Czuprynski®’ showing that sodium pentobarbital anesthesia increased the
susceptibility of mice to oral infection with LM formed the basis for many of our original
experiments. Initial studies examined how propofol anesthesia, which is commonly used in

hospitals>®**

, iInfluenced the progression of listeriosis in the host. Using an oral model of LM
infection, it was shown that brief anesthesia with propfol increased host susceptibility to
infection by an average of 10,000-fold, similar to levels reported by Czuprynski for infections in

association with sodium pentobarbital®’

(Figures 3.1-3.4). Further experiments suggested that
propofol increased the severity of oral infection with LM in a manner independent of the

interaction of the LM internalin A protein interacting with E-cadherin on intestinal epithelial
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cells (3.5-3.8, 3.10). However, our studies utilizing an oral infection model of LM did not allow
us to differentiate between the effects of propofol on increasing intestinal barrier permeability
and directly influencing immune clearance of bacteria. In order to address this, further studies
were performed using an 1V model of infection where bacteria were injected directly into the
bloodstream, eliminating translocation across the intestinal barrier.
Effects of propofol on systemic LM infection

Upon establishment of systemic IV infection, propofol was found to prevent host
clearance of LM from target organs (Figure 3.11), although fully virulent strains were required
for propofol to increase the severity of infection (Figure 3.12). Propofol exacerbated LM
infection as determined 3-4 days after IV inoculation, even though sedation itself only lasted for
~5 minutes. Therefore, questions remained as to how long after administration propofol could
continue to affect host susceptibility to infection. Additional 1V infection studies confirmed that
propofol prevented host clearance of LM from target organs for infections initiated up to 4 days
post-sedation (Figure 3.17), indicating that propofol impairs the ability of the host to clear
infection long after recovery from sedation. This is particularly important in patients
anesthetized with propofol and recovering from surgery, as recovery can often last for days.
Throughout this time, patients are exposed to a variety of pathogens present in hospital settings,
and though no longer sedated, they may be more susceptible to contracting infection due to
exposure to propofol.
Alternate anesthetics and infection susceptibility

One interesting observation in Czuprynski’s studies on sodium pentobarbital anesthesia
was that he could not reproduce the increase in severity of infection observed in the presence of

pentobarbital after oral inoculation when he instead injected LM directly into the bloodstream®’.
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A caveat to this observation was that pentobarbital anesthesia was induced in mice through
intraperitoneal injection, which may not allow as many tissues to be exposed to the drug as
intravenous delivery?™®. For this reason, as well as to study the effects of pentobarbital using a
more physiologically relevant drug delivery system, 1V infection studies with LM in this thesis
were carried out in the presence of IV pentobarbital sedation. Surprisingly, pentobarbital did not
increase the susceptibility of mice to LM when inoculated 1V but did increase susceptibility
following intragastric infection (Figures 3.19 & 3.20), in agreement with Czuprynski’s results
and suggesting that pentobarbital acts to increase intestinal permeability to bacteria while not
affecting host clearance of bacteria from tissues. Furthermore, though they bind to the same
GABA-A receptor in the CNS, only propofol and not pentobarbital prevented host clearance of
bacteria from target organs in an IV model of LM infection (Figure 3.20). These studies
demonstrated two key results: the first being that pentobarbital mediates an increase in severity
of oral LM infection primarily through affecting intestinal barrier permeability, and second, that
propofol’s inhibition of LM clearance is not apparently mediated through the GABA-A receptor
(Figures 3.20-3.22) . Further studies are warranted to identify different host target(s) propofol
may be acting on to affect the host immune response.
Modification of immune responses by propofol

Histological analysis of LM target organs indicated greater inflammatory cell recruitment
as well as increased pathological alterations in organ structure when infected animals were
exposed to propofol (Figures 4.1-4.4). This led to studies examining whether propofol modifies
the expression patterns of key cytokines and chemokines in the sera of LM infected animals, and
it was shown that drug exposure did indeed alter serum levels of these immune signaling

molecules (Figures 4.6-4.11). An emerging pattern in these results was that many
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proinflammatory cytokines and chemokines were elevated in propofol-treated animals relative to
infected controls at later times post-infection. This suggested that propofol anesthesia allowed
the immunological environment of the host to be more amenable to bacterial replication, and the
elevated levels of proinflammatory mediators endeavored to compensate for this in a terminal
attempt to control infection. However, the elevated levels of proinflammatory signaling
molecules were accompanied by a simultaneous increase in serum levels of the anti-
inflammatory IL-10 (Figure 4.8), which may actually further prevent host clearance of LM from
target organs.
MCP-1 and inflammatory monocyte recruitment and differentiation

The monocyte chemoattractant MCP-1 was found to be elevated in the serum at all times
during infection in anesthetized animals when compared to infected controls (Figure 4.9).
Though some studies have suggested that high MCP-1 levels serve to decrease inflammatory
monocyte recruitment to sites of inflammation, thus worsening the progression of infection'™,
this was not the case in the presence of propofol (Figures 4.12 & 4.13). Instead, propofol
treatment decreased the presence of mature macrophages and TNF- and iNOS-producing
dendritic cells (TipDCs) at sites of infection (Figures 4.14, 4.16-4.18). Since some mature
macrophages and all TipDCs differentiate from inflammatory monocytes, and the spleens of
anesthetized animals infected with LM were ~40% smaller on average than infected controls
(Figure 4.4), it is possible that propofol treatment blocks differentiation of inflammatory
monocytes into effector cells important for clearance of LM from target organs. Additionally,
propofol may induce cell death of mature macrophages and TipDCs due to blockage of their

differentiation programs or due to an as yet unidentified mechanism. Further studies must be
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conducted to fully understand how propofol decreases the presence of inflammatory effector
cells present at sites of LM infection.
Propofol and infection with alternate pathogens

Studies conducted with LM suggested that propofol increased susceptibility to listeriosis
by interfering with productive immune responses (Chapters 3&4). However, LM is an
intracellular pathogen that activates a specific program of innate immune defense that relies
heavily on macrophages and TipDCs for effective clearance of infection'®'%*?"> To explore
whether propofol increased host susceptibility to bacterial infections other than with LM, it was
necessary to conduct experiments with alternate pathogens.
Staphylococcus aureus and Streptococcus pyogenes

When animals were anesthetized with propofol and infected with the methicillin-resistant
USA300 strain of S. aureus, it was found that drug exposure increased the severity of infection
(Figures 5.1-5.3). Anesthetized animals displayed higher bacterial burdens in livers, spleens, and
kidneys (Figure 5.1), and propofol treatment also resulted in more serious organ pathology in
infected kidneys (Figure 5.2 & 5.3). While control animals displayed discrete foci of
inflammation, the underlying structure of the kidney was preserved and there was a distinct
separation between the cortex and medulla of the kidney (Figure 5.2). In contrast, the kidneys of
propofol-treated animals had larger areas of inflammation, as well as necrotic abscess formation
in some cases (Figures 5.3 & 5.4). Additionally, the structural integrity of the kidney was
disrupted and there was no longer any separation between the cortex and medulla due to
spreading inflammation (Figure 5.3). These results, combined with findings using an S.
pyogenes infection model indicating larger areas of necrosis in propofol-treated animals (Figures

5.7 & 5.8), suggest that propofol can increase host susceptibility to gram-positive pathogens
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other than LM. Interestingly, S. aureus and S. pyogenes are both extracellular pathogens, and
clearance of these pathogens relies largely on neutrophil-mediated microbicidal

activity239,242,259,276

and not macrophages. This implies that propofol may modify neutrophil-
dependent immune responses in the context of infections that particularly depend on this cell
type for immune defense. Data showing that propofol interferes with expression patterns of the
neutrophil chemoattractant KC during LM infection (Figure 4.9) points toward a role for drug
exposure in impeding neutrophil trafficking to sites of inflammation.
Salmonella enterica serovar Typhimurium

S. Typhimurium shares many similarities with LM in that it is an intracellular pathogen,
and macrophages are an essential cell type for effective bacterial clearance’?®?. However, its
occupation of a slightly different intracellular replication niche (vacuole vs. cytosol for LM),
combined with the fact that it is a gram-negative pathogen offers the opportunity to study how
propofol may impede host clearance of S. Typhimurium in a slightly different manner than
during LM infection. Propofol anesthesia prior to S. Typhimurium infection resulted in
significantly increased bacterial burdens in vivo after both oral and 1V inoculation (Figures 5.5 &
5.6). This showed that, similar to LM infection, propofol affected both permeability of the
intestinal barrier to bacteria as well as directly interfered with host clearance of bacteria from
target organs during S. Typhimurium infection. These studies were preliminary, and must be
optimized and repeated. Further studies must be conducted to determine if, as is the case during
LM infection, propofol’s potential interference with the differentiation of macrophages and
TipDCs are involved in increasing host susceptibility to salmonellosis.

The studies in this thesis have shown that propofol influences the host immune response

in a manner that allows for uncontrolled bacterial replication in the case of LM infection (Figure
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6.1). Further, the ability of propofol to increase host susceptibility to infection is not confined to

infection with one pathogen, but are present during infection with various classes of pathogens
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Figure 6.1: Model. Model of the effects of propofol on host susceptibility to microbial
infection. Propofol binds to the GABA-A receptor on neurons to mediate anesthesia. Based on
the ability of propofol to modulate host immunity up to 7 days post-sedation, it is possible that
immunomodulatory metabolites persist within the liver. Upon infection, propofol increases
bacterial translocation across physiological barriers and inhibits bacterial clearance. Propofol
treatment does not inhibit the recruitment of inflammatory monocytes to sites of infection,
although drug exposure reduces differentiated macrophages and TipDCs present in spleens.
Thus, propofol may inhibit monocyte differentiation into macrophages and TipDCs and/or
induce cell death. While the receptor that induces anesthesia is known (GABA-A), the
receptor(s) that modulate immunity as a result of propofol exposure is not known but may act
independently of GABA-A receptors.
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that activate different arms of the innate immune response and occupy different replication
niches in the host. Future studies will focus on understanding how propofol increases
susceptibility to S. aureus, S. pyogenes, and S. Typhiumurium infections through affecting the
immune response. Additionally, further investigations must be conducted to probe how propofol
influences immunity at a molecular level. Does propofol act to disrupt differentiation programs
in inflammatory monocytes? If so, how is this accomplished? Descriptions of future

experiments to answer these questions will be discussed in the next section.

Future studies

This section will briefly describe experimental approaches to understanding how propofol
modifies immune responses in the context of infection, with both LM as well as other pathogens.
Studies with alternate pathogens

The preliminary studies outlined in Chapter 5 lead to many questions regarding the
specific mechanisms by which propofol increases host susceptibility to infection with S. aureus,
S. pyogenes, and S. Typhimurium. The next steps will be to characterize the effect of propofol
on the innate immune response to each of these three pathogens. In order to do this,
experimental approaches similar to those employed with LM will be used.

S. aureus

Future studies with S. aureus could assess how propofol modifies cytokine and
chemokine expression during infection through the use of Bioplex assays (described in Materials
and Methods, Chapter 2). Additional experiments may be undertaken to determine if there is a
defect in neutrophil recruitment to S. aureus-infected tissues, and if TipDCs are important in host

clearance of infection. To do this, flow cytometry will be performed on S. aureus-infected
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kidneys from animals given propofol or Intralipid vehicle solution. Innate immune cells of
lymphoid origin, such as NK cells and conventional dendritic cells, are also known to be
important in killing S. aureus directly and in priming adaptive immune responses®”’?°. Thus,
future experiments could also involve probing whether or not propofol affects the presence of
these cell types at sites of infection, as well as using flow cytometry to investigate the activation
states of NK cells present in the kidneys of infected animals given propofol.

S. pyogenes

Prior to moving forward with characterizing how propofol increases host susceptibility to
S. pyogenes infection, our animal model must be optimized to ensure reproducible systemic
infection of mice in the presence or absence of propofol anesthesia. Once animals are reliably
infected, S. pyogenes target organs of the liver, spleen, and lung can be harvested and processed
for bacterial burden enumeration. If, as anticipated, there is evidence of increased host
susceptibility to S. pyogenes infection in the presence of propofol, serum cytokine and
chemokine levels could be measured and flow cytometry performed to look at the same targets
as in S. aureus infection (described above).

S. pyogenes is often the etiologic agent of skin infections®®”, and based on previous
results indicating larger areas of injection site necrosis on the surface of the tails of anesthetized
mice, it would be informative to find out if propofol affects the severity of S. pyogenes skin
infections. These experiments could be carried out in hairless mice infected with a virulent
clinical isolate of S. pyogenes (courtesy of Dr. Michael Federle). If propofol does aggravate skin
infections with S. pyogenes, it may be an indicator that propofol increases host susceptibility to

local as well as systemic infections.
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S. Typhimurium

As mentioned in the discussion, S. Typhimurium has a virulence lifecycle with intriguing
similarities to and differences from LM in that though both are intracellular pathogens, they
occupy different intracellular host niches. Thus, many of the same experimental approaches
used in our studies with LM are pertinent here. Experiments with S. Typhimurium could be
conducted using both oral and 1V infection models. First, the preliminary experiments in
Chapter 5 (Figures 5.5 & 5.6) must be repeated to verify that propofol increases susceptibility to
both oral and IV S. Typhimurium infection. Pending those results, future investigations could
use Bioplex assays to assess whether propofol disrupts serum cytokine and chemokine
expression patterns during both oral and IV S. Typhimurium infection. Comparisons could be
made with the cytokine data obtained during LM infection to identify patterns in propofol-
dependent disruption of cytokine expression. Additional studies could investigate if propofol
interferes with immune cell recruitment to the intestinal epithelial barrier during oral S.
Typhimurium infection through fluorescence microscopy of intestinal tissue, allowing further
exploration into how propofol may increase barrier permeability. These experiments will be
carried out in collaboration with Dr. Leo Lefrancois at the University of Connecticut. 1V
infection studies will center on immunophenotyping cells present in the liver and spleen after
infection with S. Typhimurium in the presence or absence of propofol.
Mechanistic studies: propofol and immunomodulation

The studies presented in this thesis have broadly characterized how propofol modulates
immune responses to make host organisms more susceptible to microbial infection. Future
studies should be aimed at more deeply understanding the mechanisms by which propofol affects

immunity.
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Does propofol block cell differentiation or induce cell death?

Previous flow cytometry studies showed that propfol exposure decreased the presence of
mature macrophages in the spleens of LM-infected animals, in spite of not affecting
inflammatory monocyte recruitment (Figure 4.13). This led to the hypothesis that propofol may
block the differentiation of inflammatory monocytes into mature macrophages and/or lead to cell
death. In order to investigate the first part of the hypothesis, one potential experiment could
attempt to differentiate primary murine bone marrow cells into macrophages ex vivo in the
presence of propofol. If cells are incapable of differentiating into macrophages due to propofol
exposure, this experiment could inform more detailed studies looking at specific differentiation
markers through flow cytometry and western blotting techniques. To examine whether or not
propofol anesthesia leads to cell death in the presence of LM, spleens of LM-infected animals
will be isolated and stained with markers for apoptotic and necrotic cell death.

Does propofol decrease other immune cell populations during infection?

The flow cytometry studies conducted to this point have only looked at innate immune
cells of myeloid origin (monocytes, macrophages, TipDCs). In order to more fully characterize
the different populations of immune cells present at sites of infection upon propofol
administration, flow cytometry could again be used to look at natural killer (NK) cells, NKT
cells, and conventional dendritic cells that are derived from lymphoid progenitors. All of these
cell types are known to play important roles in immune clearance of LM*%®*8%% and it would
be interesting to see if propofol treatment alters the proportion of these cells at sites of
inflammation.

It was also observed that propofol caused a late spike in serum levels of 1L-10 (Figure

4.8), while simultaneously decreasing TGF-f in the serum (Figure 4.11) and the spleen (Figure
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4.15). One possible reason for this is that IL-10 could be produced by endogenous Tegs in &
TGF-p-independent manner®"#®, To test this, a timecourse study could be performed to assess
the kinetics of T,eg expansion and IL-10 secretion during infection, and if this persists even when
TGF-B levels decrease due to propofol exposure. Other studies could use mice with conditional
knockouts of the TGF-B receptor on Tyegs t0 see if activation by this cytokine is in fact essential
for expansion.

If not the GABA-A receptor, what is the immunological target of propofol?

One of the more interesting findings from the work presented in this thesis is that
propofol induces anesthesia through binding to the GABA-A receptor, but it does not appear to
be the receptor through which propofol influences host immunity (Figures 3.20-3.22).
Ultimately, pharamacological manipulation of the GABA-A receptor in the context of LM
infection is not sufficient to discount the role of GABA in mediating the phenotype seen during
propofol administration. To address this, studies must be conducted in transgenic mice that are
macrophage-specific GABA-A receptor knockouts. Through infection of these mice in the
presence or absence of propofol, it can be definitively determined whether or not modulation of
the GABA-A receptor is critical for propofol to increase host susceptibility to infection.

In the event that the GABA-A receptor is not involved in the propofol/infection
phenotype, other studies must be conducted to identify how propofol increases susceptibility to
infection on a molecular level. In order to identify host targets of propofol pertinent to immune
modulation, multiple questions need to be addressed. Once injected into the bloodstream,
propofol is quickly broken down into different metabolic species, many of which persist in fatty
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tissues for days . Initial studies could determine what metabolic species of propofol are in

the liver and other fatty tissues at 12h, 24h, and 96h post-sedation, and whether the proportion of
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metabolites changes with infection. These studies would require collaboration with experts in
pharmacokinetic studies. Depending on the localization of these primary metabolites in tissues,

the next step will be to narrow down targets in a tissue specific manner.

Concluding remarks

This dissertation contains many novel findings describing the unanticipated effects of
propofol anesthesia on increasing host susceptibility to infection. Patients in hospitals
worldwide are commonly sedated with propofol, and the work presented above could
significantly inform clinical practice. A deeper understanding of the consequences of
anesthetizing patients with propofol could substantially decrease the incidence of nosocomial
infections and patient mortality.

Propofol was found to perturb immune responses long after animals recover from
sedation, but not necessarily through activation of the GABA-A receptor. Most pharmacological
agents are thought to act through discrete receptor-ligand interactions, but the work in this
dissertation shows that at least for propofol, this is not the case. This leads to many questions
about the nature of how drugs actually work in the body- Are drug metabolites active at alternate
sites from where the original drug binds? What properties of various drug molecules lend
themselves to pleiotropic effects on different body systems? Is it possible to predict when the
action of a drug will be limited to its identified target and when other targets are also involved?
And finally, can studies be conducted that expose regulatory networks between drug metabolism
and immunity?

This thesis is also a foundation from which to further study links between the nervous

system and the immune system. The sedative state is limited to the nervous communication, but
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it is not fully known how drugs that act on the nervous system can influence immune responses
at disparate sites. Many neurotransmitters are known to influence immunity in artificial systems,
but the neuro-immunological axis is less studied in the context of infection in vivo. This
dissertation provides a model system and foundational studies upon which to build a larger

narrative regarding metabolism, immunity, and CNS communication.
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