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Abstract
Establishing a Lipid Model of Host-Pathogen Interaction Using Multimodal Mass
Spectrometry Imaging in a Francisella Infection

Alison J. Scott, Doctor of Philosophy, 2015

Dissertation Directed By: Robert K. Ernst, Ph.D., Associate Professor, Department of
Microbial Pathogenesis
Host membranes are intimately involved in the immune response to any infection,
including formation of lipid docking sites for proteins, organization of immune signaling
complexes in lipid rafts, and maintaining a reservoir of fatty acids that contribute to acute
inflammation. Francisella species maintain several host immune evasion strategies, one
of which involves induction of the immunomodulatory lipid prostaglandin E2 (PGE2).
The source of PGE2 is arachidonic acid (AA), a structural component of membrane
phospholipids. Mass spectrometry imaging (MSI) was used to map and characterize both
host- and pathogen-borne lipids using Francisella infected spleens in a murine model.
Here, we identified and mapped the unique bacterial molecule, lipid A within infected
mouse spleens by MALDI-MSI, confirming the in vivo structure (m/z 1665.1) in a
mammalian infection. Francisella lipid A mapped primarily to the red pulp of the spleen,
with signal first appearing between 24 and 36 hours post-infection, corresponding to the
onset of bacteremia. Numerous changes in host lipid levels were correlated with
progression of the infection. A phosphatidylinositol species, 1-stearoyl, 2-arachidonyl
phosphatidylinositol (SAPI) was identified in the periphery of the splenic white pulp,

	
  

suggesting a cell-specific origin. SAPI abundance peaks at 24 hours and is depleted in the
timepoints preceding lethality (48 to 60 hours). In vitro reports demonstrate that SAPI is
the earliest source of AA in activated macrophages. We have subsequently linked
importation of SAPI into the spleen by monocytic infiltrates, which increases the total
SAPI load. Additionally, accumulation of cholesterol was observed by SIMS-Imaging in
the infected spleens and may be another indicator of immune infiltration. These data
highlight a role for newly immigrant cells in contributing to the pool of total
inflammatory lipids. Here, MSI is presented as a new approach to studying lipid-level
host-pathogen interactions, facilitating targeted and untargeted discovery.
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Preface
Prior to the work presented herein only three relevant studies existed using MALDI-MSI
to characterize an infection model. This work represents a number of advances in
MALDI-MSI applied to infection and immunity, including in situ bacterial identification
and mapping by diagnostic lipids.
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CHAPTER 1
FRANCISELLA INFECTION & IMMUNITY
Francisella Background & Natural History
Francisella tularensis is the causative agent of the human disease tularemia. Due to the
low infectious dose, high potential mortality if left untreated, ease of access in the
environment, and the capacity for dissemination by aerosol route, this pathogen has been
classified as a Tier 1 Select Agent by the Centers for Disease Control (CDC).
Weaponization and potential malicious release of Francisella pose a serious concern for
national security obviating the need to further understand both Francisella and the host
response to discover and instruct research in vaccine design and antimicrobial therapies.
The genus Francisella consists of nine unique organisms in two clades with the
clinically relevant human pathogenic strains comprising the Francisella tularensis
species cluster in Clade 1 along with Francisella tularensis subspecies mediastica,
Francisella novicida, and Francisella hispaniensis.(1) Francisella tularensis subspecies
tularensis (Ftt) and Francisella tularensis subspecies holarctica (Fth) are highly virulent
species that cause tularemia disease in humans. Ftt (Type A) is responsible for most
human Francisella deaths, and Fth (Type B) is associated with lower mortality. These
pathogens are handled under biosafety level three laboratory (BSL3) environments to
minimize exposure to laboratory workers and to maintain the high security necessary for
a Tier 1 pathogen source. For ease of use, most Francisella researchers use model
organisms, nonpathogenic to humans that can be used safely in a biosafety level two
laboratory (BSL2) and still cause a tularemia-like disease in an animal model. Fth Live
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Vaccine Strain (Fth LVS) and Francisella novicida (Fn) are the two most commonly
used BSL2 model organisms in mouse studies, additionally; Francisella marinum is a
BSL2 model organism for zebrafish infection.(2) Taken together, all of the human
pathogenic and model species have unique properties and must not be considered
interchangeable with respect to developing antibiotic treatments and vaccine targets.
Ftt and Fth have extremely low infectious and lethal doses (~10 CFU), accessibility in
the environment, and the potential for malicious dissemination. In the United States, an
average of 130 Francisella infection cases each year are reported, centered primarily in
the central West, the Mississippi River valley and in the coastal northeast (New England),
demonstrated in Figure 1.1.(3, 4) Presentation of tularemia disease reflects not only the
pathogenic properties of the infecting strain, but also the route of infection. (5-7) The
clinical presentations of tularemia are pneumonic (or pulmonary), glandular,
ulceroglandular, oculoglandular, oropharyngeal, and typhoidal. These different
presentations result from several different routes of infection that include inhalation,
cutaneous, ocular, and oral. If left untreated these infections can be fatal at a range from
five to sixty percent, depending on route and severity. Typically a tularemia case starts
with a fever and early lymphadenopathy. In any of the glandular forms the lymph nodes
will enlarge and become painful. The ulceroglandular form is distinguished by the
formation of a pus-filled ulcer at the inoculation site that may contain live Francisella
long after the infection has seemingly resolved. Eventually, if untreated, these cases will
progress to septicemia.(4, 8, 9)
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Figure 1.1: Incidences of Francisella infection, United States 2004-2013. One
yellow dot placed randomly within county of residence for each reported case of
tularemia, years 2004 through 2013. Tularemia cases are centered in the southern
central United States.
Reprinted, unmodified, under the creative commons license version 3.0 from the
Centers for Disease Control (CDC) website
(www.cdc.gov/tularemia/statistics/map.html); accessed Dec 31, 2014).
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Currently, there is no approved vaccine to protect against Ftt or Fth. Tularemia can be
treated effectively if clinical care is initiated early, generally by the use of intravenous
antibiotics resulting in little lasting effect for the patient, however antibiotic resistant
strains have been identified.(10, 11) Francisella vaccine studies have focused on live
attenuated strains and protein-adjuvant formulations with limited positive results,
additionally; identification of novel antibiotic targets remains an active field.(12, 13)
Historically, Francisella was weaponized by the Japanese during World War II and was
controversially tested in humans in the course of this program.(14) Both the Soviet Union
and United States of America were developing biological warfare agents, some including
Francisella.(11) Partially substantiated claims have also suggested that the Soviets
intentionally released Francisella during World War II and that their bioweaponization
program continued to the 1990s.(15) In analyzing the potential of Francisella as a
bioweapon, the World Health Organization (WHO) concluded that malicious release of
Ft could result in widespread public health disruption, including 10% of infected
individuals requiring extensive treatment and 1% fatality rate. These assumptions were
based on a model city, population of 5 million, with a release of 50 kilograms of dried Ft
causing 250,000 cases of tularemia.(16) Importantly, this model did not consider the
likelihood of basic strain engineering to render the bacteria resistant to first line antibiotic
treatments. Given the relative ease of access to Francisella from zoonotic and
environmental reservoirs, the low infectious dose, and high potential for public
disruption, there is a pressing need to develop effective treatment and prevention
strategies.

	
  

4

	
  
Challenges still remain in Francisella tularensis vaccine development, including
difficulties such as the lack of diverse immunogenic proteins in the Francisella
membrane and the inability of those antigens to induce protective and durable
immunity.(10, 17) Alternative approaches to addressing a Francisella infection such as
passive antibody transfer and combinatorial chemotherapy are under investigation and in
vitro data have shown success in these studies.(18) However, with every successful
report, critical questions remain unanswered, highlighting the need for improved
understanding of the acute and lasting systemic effects of Francisella infection. Novel
discovery approaches, including advanced mass spectrometry techniques, can provide
insight into the Francisella infection and immunity profile from a new perspective.

Francisella Maintains a Complex and Varied Lifestyle
As described above, Francisella tularensis subspecies fall into two categories, Type A
strains and Type B strains. The Type A species lifecycle is fairly straightforward, in
which a reservoir is maintained in infected mammals, usually rabbits and voles, and is
passed from animal to animal via arthropod vectors, illustrated in Figure 1.2.(19) Humans
are an accidental host of Francisella and having not coevolved with the bacteria for
thousands of years, we are ill equipped to detect and respond to this infection.
Type B species, however, have a slightly more complex lifestyle. Not only do these
strains grow in host and vectors, but they can also be found free-existing in the
environment.(20) American Dog Ticks, Dermacentor variabilis (Dv) are a common
arthropod vector for Type A and B strains and are commonly used as a model
system.(21-23) Typically, the Type B strains can be isolated from freshwater lakes in
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Figure 1.2: Francisella tularemia Type A and B strains infection cycles. (Left)
Type A strain Francisella tularensis ssp. tularemia is maintained in a small
mammalian reservoir, including rabbits, and can be carried by arthropods in a blood
meal. Both a blood meal and direct contact with infectious tissue can transmit the
bacteria to humans, an accidental host of Francisella. (Right) Type B strain
Francisella tularensis ssp. holarctica is also found in environmental reservoirs
including fresh water lakes and can be hosted by a wider variety of mammals and
arthropods.
Reprinted with permission from Macmillan Publishers Ltd: [Nature Reviews
Microbiology] Keim and Wagner. v7:11, copyright 2009.
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Northern Europe.(20) In order to grow in such diverse conditions, freshwater, insects, and
mammals, many different environmental accommodation mechanisms exist.

Francisella Pathogenesis from Macrophage Invasion to Sepsis and Death
Francisella pathogenesis is complex and highly dependent on the inoculation site. As
described above, the two major clinical presentations of tularemia are pulmonary and
ulceroglandular resulting from inhalation or direct cutaneous inoculation, respectively.
Ulceroglandular tularemia resulting from either direct infection (contact at broken skin or
arthropod bite) typically follows a predictable route, Figure 1.3. First, local phagocytic
cells (reticuloendothelial system, RES, typically macrophages) are invaded by the
Francisella bacteria and either remain in place or migrate to the local draining lymph
node.(24, 25) Francisella bacteria escape the phagolysosome and replicate in the cytosol
of the infected cells.(26-28) This early cellular phase of the infection is interesting for
several reasons, including the ability of the bacteria to replicate in the cytosol without
detection and manipulation of the host cell to prevent killing of the bacteria. These and
other features will be covered in the Francisella host evasion mechanisms section vide
infra. Following replication in the cytosol the bacteria are released into the extracellular
space in an apoptosis-mediated cell death event. Nearby RES cells are infected in the
same manner and bacterial numbers in the host climb.
Eventually, the infected phagocytic cells and extracellular bacteria access the central
lymph nodes and thereby the blood via lymph drainage into the bloodstream at the
thoracic duct. This event marks the transition to the systemic phase of the infection noted
by the onset of bacteremia and eventually a disseminated infection. Once the bacteria
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Cellular Phase

Cutaneous Inoculation

RES/Macrophage Entry

Cytosolic Replication

Escape and Dissemination

Systemic Phase

Bacteremia

Fulminant Infection
& Cytokine Storm
Necrotic Foci in Tissues

Succumb to Infection
Figure 1.3: Cellular and systemic phases of cutaneous Francisella infection.
Infection begins with cutaneous exposure after which the bacteria invade local cells of
the reticuloendothelial system (RES), primarily macrophages. The phagocytized
bacteria then escape the phagolysosome and replicate in the cytosol of infected cells.
In an apoptosis-mediated event infected cells die and release bacteria into the
extracellular space. During this time, phagocytes can migrate to lymph nodes and
other distal sites, transitioning from the cellular phase to the systemic phase. In the
systemic phase bacteria have replicated and disseminated to central organs through the
blood or by phagocyte migration. Following dissemination the immune system
attempts to mount a response, resulting in a tissue-damaging cytokine storm. The
combination of dead cells and potent cytokines results in organ failure and death.
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disseminate, the total bacterial load in tissues increases, and absent a successful immune
response, the tissue is destroyed by both apoptotic and necrotic events. The resulting
tissue pathology leads to death by gross organ failure. (29, 30)
Pulmonary (also, pneumonic) tularemia presents a unique set of challenges due to the
tendency of Francisella to cause airway macrophages to polarize toward alternatively
activated macrophages (AAMs) resulting in aggravated localized tissue damage. Cole et
al associated alternative activation of airway macrophages in a mouse model with
infection by Francisella LVS. (31, 32) The presence and promotion of AAMs in the lung
complicates the initial understanding and reaction to a Francisella infection.(32)
However, if left untreated, pneumonic tularemia will disseminate as described above and
result in global tissue damage, organ failure, and death.
Immune Response to Francisella Infection and Immune Evasion Strategies
Innate immune response to and evasion mechanisms of Francisella infection have been
reviewed extensively and are covered here only briefly. (33, 34) Upon infection of a
mammalian host, Francisella enters phagocytic cells via binding to the mannose,
complement, or Fc receptor (FcR) by a looping phagocytosis mechanism.(35) Typically,
phagocytic cells of the RES are the primary target, however Francisella has been shown
to directly infect hepatocytes, epithelial cells, and even neutrophils. (25, 36) During the
course of invasion, replication, and egress, the infected cells have numerous opportunities
to detect and respond to the infection. Briefly, following invasion of the cell, Francisella
bacteria rapidly neutralize the acidified phagolysosome and escape into the cytosol where
they will replicate.(37) In an apoptosis-mediated event, the bacteria are released
extracellularly to begin a second round of infection. Late in the infection, the bacteria can
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also persist in a Francisella-containing vacuole (FCV) – an autophagy-triggered
event.(38) This bacterial lifestyle presents a number of points during which the innate
immune system would normally detect an infection.
Toll-like receptor 4 (TLR4) is typically the innate immune receptor associated with
detection of Gram-negative bacteria due to the presence of LPS on their surface. (39, 40)
However, the discrete structure of Francisella lipid A does not stimulate TLR4(41-44),
thus demonstrating the first of many immune avoidance or immune evasion mechanisms
employed by Francisella. Toll-like receptor 2 (TLR2) signaling is triggered by
Francisella lipoproteins, resulting in production of type 1 interferon, interferon-beta
(IFN-β).(45) Ultimately, the sensing of IFN-β and presence of bacterial products in the
cytosol activates the absent in melanoma 2 (AIM2) inflammasome.(46, 47) The
downstream result of inflammasome activation is secretion of pro-inflammatory
cytokines interleukin-1 beta (IL-1β) and pro-interleukin-18 (IL-18).(48) A recent report
also indicated activation of the NLR-family, pyrin domain containing 3 (NLRP3)
inflammasome in human cells.(49) Triggering these pathways results in a robust proinflammatory and antibacterial environment. Since Francisella is capable of persisting in
spite of these conditions, complex immune evasion mechanisms must be involved for
Francisella to avoid clearance, for example, controlling the outcome of lipid-mediated
inflammation via prostaglandin production.
Cell-mediated immunity is an important component of the response to Francisella. The
specific role of T cell subsets in a Francisella response is still being defined. While many
of the roles for T cells are still up for debate, one thing is clear: they are important for
generating a protective and durable response. (50-54) In both mouse and human systems,
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much of the antibody produced in a Francisella infection is directed to LPS.(55) LPS
elicits protective antibodies in a primary exposure in the presence of a full repertoire of T
cells – cluster of differentiation (CD)8+ and CD4+ T cells.(56) However, when LPSelicited serum is passively transferred to mice depleted of CD8+ and CD4+ T cells, the
antibodies are not protective.(57) These and other results reveal the complicated and
poorly defined roles for cell mediated and humoral immunity to Francisella. To further
convolute our understanding of T cells in response to a Francisella infection, Francisella
infected cells produce cytokines and lipids that are known to interfere with the normal
development and polarization of T cells. (58, 59)
Recently, the role of neutrophils in response to a Francisella infection has come into
focus. Neutrophils are one component of the polymorphonuclear (PMN) cell response to
infection.(60) These cells are characterized by a short lifespan and their role in infection
is to infiltrate an infected site and attempt to kill bacteria by phagocytosis and
bombarding them with reactive oxygen species (ROS), release of cytotoxic granules, and
antimicrobial peptides, as well as releasing inflammatory cytokines.(61) Curiously,
neutrophils responding to a Francisella infection have an abnormally long lifespan linked
to avoiding an apoptotic fate from both the intrinsic and extrinsic pathways. Schwartz et
al demonstrated that eighty percent of neutrophils infected with Fth LVS were alive at
forty-eight hours post infection versus forty percent of control neutrophils that opsonized
zymosan.(62) Tissue damage and extensive necrosis are associated with prolonged or
dysregulated neutrophil responses, both of which are noted in late stage tissues from
tularemia cases.(63) The aggressive neutrophil response coupled with new understanding
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of the extended lifespan of these cells may provide new directions in understanding
Francisella pathogenesis.

Role of Normal Splenic Function in Francisella Infection
The role of the spleen in a normal, uninfected mammalian system is two-fold: filtration of
red blood cells and maintain a ready-state to address infection. These two functions
happen in histologically distinct compartments, the red and white pulp of the spleen,
respectively. The spleen is well vascularized and is serviced by an efferent lymph duct.
During the course of an infection the spleen will swell with cell infiltrate (mostly PMNs)
resulting in splenomegaly. The white pulp of the spleen consists of a diverse array of
cells: T cells, B cells, resident and specialized macrophages, and specialized T follicular
cells.(64) White pulp is further organized into follicles (B cell rich) and periarteriolar
lymphoid sheaths (PALS) (T cell dense).(65)
The splenic response to a Francisella infection is apparent from the earliest phases of
infection. Within 12 hours of infection, there is notable cellular infiltration of the spleen.
The cells infiltrating the spleen at this time point are predominantly immature monocytes
and the rate of influx varies depending on the strain.(66) In a sublethal infection model
with Fth LVS, this influx does not peak until day 10 post infection, however, in a Fn
infection the reaction time peaks between twenty-four and thirty-six hours post infection.
Shortly after this cellular influx, but before bacterial dissemination, the white pulp of the
spleen expands with follicle development and increased cellular influx. At this stage,
approximately twenty-four to thirty-six hours post infection with Fn, pro-inflammatory
cytokine production is abundant. In an intranasal model of Fn sepsis, hypercytokinemia
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(also known as a “cytokine storm”) was demonstrated three days post infection, with
lethality between four and six days post-infection.(67) Following bacterial dissemination
at thirty-six hours post infection (a function of the many Francisella host immune
evasion tactics) there are viable bacteria present in the spleen and the first stages of a
failed immune response are noted. Cellular debris can be seen in the tissue and from this
point the spleen deteriorates by both necrosis (frustrated immune response, chronic but
insufficient activation) and apoptosis (directly infected cells). The normal architecture of
the spleen is lost by sixty hours post infection and the tissue is almost entirely
hemorrhagic at the lethal endpoint of seventy-two hours.
Several studies have noted the role of immature monocytic cells (IMCs) in the response
to Francisella.(61, 66) The presence of a subset of IMCs with a more monocytic
character has been linked to suppression of the polyclonal T cell response in a subacute
Fth LVS infection (105 colony forming units, CFU). Suppression of the adaptive T cell
response in a subacute infection model is interesting in the context of generating
protective immunity with a live, attenuated vaccine strain.(68) Woolard et al
demonstrated in 2007 that the T cell blocking mechanism was due to production of
prostaglandin E2 (PGE2) by macrophages.(58) However, it cannot explain the inability of
the immune system to mount a successful response in the acute timeline of a Fn infection.
Neutrophils are also a major component of the cell infiltrate in the spleen at early time
points.(30) Given recent reports and the ability of Francisella to directly infect these cells
and delay cell death makes them another interesting cell type in considering the
inadequate immune response.(62) Though the timeline of cell infiltration of the spleen is
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different between Fth LVS and Fn infections, the parallel results of tissue damage due to
inflammatory cell infiltrates is common in the final stages of both infections.

Membrane and Lipid Background
Membrane lipids have many roles in the cell. Life as we know it would not be possible
without lipids due to the formation of membranes and the subsequent
compartmentalization of biological processes. (69-72) Membranes are critical for such
things as maintenance of ion gradients for energy production, segregation of nuclear
material in eukaryotes, orchestration of immune signaling, and providing a pool of fatty
acids that are used by the cell for a myriad of functions. (73-78)
Lipids play a crucial role in the stress response of both hosts and pathogens, including
direct modulation of host response by bacterial-borne lipids, such as Francisella. (79, 80)
Lipids comprise a diverse class of molecules with a wide array of important cellular
functions. (81, 82) They are also an essential component of bacterial pathogenesis and the
subsequent host response.(83) Thus, a thorough understanding of any host-pathogen
interaction must include understanding the role of lipids in both systems. Overall lipid
complexity, both at spatial and temporal resolution, can be determined using a state of the
art mass spectrometry imaging (MSI) technique to identify dynamic lipid response to
cellular stress that should lead to new insights into the current understanding of hostpathogen relationships. (84, 85)
The composition of prokaryotic and eukaryotic membranes is strikingly different. (8688) The basic structures of Gram-negative and Gram-positive bacterial and eukaryotic
cell membrane (Fungi) systems are shown in Figure 1.4. (89, 90) Membranes and
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Figure 1.4: Schematic representation of differences between prokaryotic and
eukaryotic membranes. (Gram-negative and –positive bacterial membranes and
Fungi, from top to bottom.) Components extracted in a lipid fraction are listed as
general classes. Bacteria contain the characteristic lipids lipoteichoic acid and
lipopolysaccharide in Gram-positive and –negative membranes, respectively.
Eukaryotic membranes contain neither of these lipids, but do have a host of others
including sphingolipids and inositol-containing phospholipids.
All contain
phospholipids, though the general classes and distributions vary between prokaryotic
and eukaryotic membranes.
Reprinted, with minor modifications, under the creative commons license version 2.0.
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maintenance of membrane integrity are essential to both systems, minimally to define the
cellular unit, but ultimately the membrane response to stress or insult will play a major
role in determining the cell’s fate. The components of a membrane system include lipids
(glycerophospholipids, sphingolipipids, sterols) and proteins (integral and peripheral),
Figure 1.4.(91) Proper maintenance of lipid segregation on distinct membrane leaflets,
lipid ratios, protein incorporation, and protein orientation in the membrane is important
for normal cellular function. (86, 92) Dysregulation of these features can be a trigger for
or a marker of cellular catastrophe, for example, translocation of phosphatidylserine to
the outer leaflet of a mammalian cell is a marker of apoptotic cell death.(93, 94) Finally,
unique membrane components, such as bacterial lipopolysaccharide (LPS), can be
powerful stimulatory molecules.(39) These features underline the critical role of lipids in
infection and immunity.

LPS, Lipid A, and Temperature Regulation of Lipid in the Membrane
Lipopolysaccharide (LPS) is a major constituent of the outer leaflet of the outer
membrane in Gram-negative bacteria, illustrated in Figure 1.5.(95) Composed of three
distinct features, lipid A, core, and O-antigen, LPS structures are highly diverse among
bacterial species. Lipid A, the acylated membrane anchor of LPS is a unique lipid
structure with amide- and ester-linked fatty acid chains attached to a phosphorylated
diglucosamine backbone.(41) The canonical hexa-acylated structure of lipid A from
Escherichia coli (Ec) is a highly potent pathogen associated molecular pattern (PAMP)
when detected by the host pattern recognition receptor (PRR) toll-like receptor 4 (TLR4),
triggering a pro-inflammatory response.(41, 96-99)
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Figure 1.5: Components of Francisella lipopolysaccharide (LPS). (Bottom panel)
The lipid A moiety of LPS.
Francisella lipid A is tetra-acylated, singlyphosphorylated molecule. (Middle panel) A single Kdo sugar links lipid A to the core
sugars (mannoses). (Top panel) F. novicida and F. tularensis, holarctica O-antigen
structures linked to the core oligossaccharides, as shown. Previous page.
Reprinted with permission from John Wiley and Sons: [Annals of the New York
Academy of Sciences] Gunn and Ernst. v1105, copyright 2007.
doi: 10.1196/annals.1409.006
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Modifications of lipid A from this benchmark Ec structure can result in a range of
consequences from altered strength of stimulation to complete failure to stimulate
specific host PRRs.(100-102) Lipid A from Francisella novicida (Fn) is an example of
this intimate structure-function relationship in that the tetra-acylated lipid A structure
does not signal through the TLR4 receptor complex and does not result in downstream
nuclear factor-kappa B (NFκB)-mediated responses.(41, 43, 44) These findings highlight
the dependence of a proinflammatory reaction on a specific lipid A structure. The tetraacylated lipid A structure from Fn is shown in Figure 1.6 with a galactosamine sugar
attached to the 1-phosphate of the diglucosamine backbone, two amide linked fatty acids
(one acyl-oxo-acyl modified) and one ester linked fatty acid. As a deprotonated
molecular ion it can be analyzed in negative mode by mass spectrometry, observed as m/z
1665, Figure 1.6.(95) The lipid A population in the major peak is heterogeneous.(103)
Bacteria are widely known to alter the overall composition of their lipids when exposed
to cellular stress, such as temperature fluxuations, nutrient and mineral changes, and
exposure to host immune components.(104-107) Additionally, alteration to the overall
charge state of the bacterial outer membrane surface through changing the proportions of
glycerophospholipid classes, capping of the negative charges on lipid A terminal
phosphates and phospholipid head groups with amino acid additions functionally
modulate surface charge and therefore interaction with cationic antimicrobial peptides
(CAMPs) and signaling ions.(108) Temperature-driven changes to phospholipid acyl
chains have also been described in which decreased ambient growth temperatures lead to
increased appearance of cyclo-, mono-, and poly-unsaturated fatty acids.(109) Finally, the
quantity and quality of proteins incorporated into the membrane would be expected to
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Figure 1.6: Major ion detected from Francisella lipid A. Spectrum representing
detection of the negatively charged molecular ion by MALDI-TOF-MS analysis
(purified Francisella lipid A) at m/z 1665, [M-H] . Major structure shown. The m/z
peak contains eight different, known structures. Minor accompanying peak at m/z
1637, [M-H] representing the same structure with a loss of two methanediyl groups (2
CH2) at one of four possible acyl sites, not shown.
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change under the direction of temperature. The sum total of these alterations, in addition
to the temperature-driven lipid A changes, would be complete membrane remodeling. To
date, there is no complete description of the total temperature directed changes to the
Francisella membrane and little is known about the properties and functions of the newly
incorporated membrane components.

Membrane Architecture Changes to Accommodate Diverse Growth Conditions
Environmental niches altering the growth of Francisella in ticks include temperature,
innate immune stimulation, and the presence of effective antimicrobial peptides obviating
the need for membrane changes at both the lipid and protein levels.(19) Previous work
from the Ernst Lab supports known alterations in the immunostimulatory lipids of the
outer membrane of Francisella.(110) In order to maintain membrane integrity at lower
growth temperatures in the tick (estimated at 25°C), several biosynthetic enzymes
controlling the acyl chain length of lipid A are engaged to effectively shorten the
molecule and change the phase potential of the lipid. These alterations to the lipid A
component of the membrane will be covered in greater detail in the following chapters.
Similar to the shortening of lipid A observed in Francisella grown at vector
temperatures are the alterations observed when the bacteria are grown at the predicted
environmental temperature, 18°C.(110) Essentially, the same acyl shortening events
occur at environmental temperature, but to a greater extent leading to lipid A that is
substituted with multiple shortened acyl chains. At these very low environmental growth
temperatures, dual terminal sugar modifications are observed to a greater degree, defined
as lipid A2. Lipid A1 has a galactosamine sugar residue on the reducing end of the
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diglucosamine backbone (1 carbon), lipid A2 has the reducing end sugar residue as well
as a mannose residue on the non-reducing end of the diglucosamine backbone (4’
carbon).(95) The presence of additional sugar modifications at the lower growth
temperatures is likely linked to decreased electronegativity at the membrane surface, but
the role in protection at lower growth temperatures is poorly understood.
The mechanisms that govern changes in membrane structure are largely undiscovered
and have been the focus of study throughout this thesis. Transcriptionally, we know that
several of the lipid A biosynthetic pathways are involved. At the level of protein/enzyme
function we have shown that these enzymes are also temperature sensitive with respect to
activity.(110) A central goal of these studies has been to better understand the global
regulation of the membrane changes associated with growth temperature at the
transcriptional, translational, and functional assembly regulation points.
We recently reported temperature as a trigger for virulence switching in Fn.(110) Two
orthologs of the N-acyltransferase gene lpxD (lpxD1 and lpxD2) were identified in the
Fn, Ftt, and Fth genomes and were found to be regulated by temperature both at the
transcriptional and enzymatic levels. LpxD is an early phase lipid A synthesis enzyme
responsible for adding N-linked acyl chains to the diglucosamine backbone.(98) LpxD1
adds 18-carbon chains and LpxD2 adds 16-carbon chains, Figure 1.7. Mutants were made
in the respective genes in Fn, mice were infected with the mutant strains, and virulence
was assessed. Infection with ΔlpxD1 did not result in lethality, however infection with
ΔlpxD2 resulted in lethality comparable to the wild type control strain.(110) The
differential lethality observed between the ΔlpxD1 and ΔlpxD2 mutants implies that
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Figure 1.7: Temperature-controlled structures of Francisella lipid A. A-C.
Heterogeneous wildtype Francisella lipid A spectra and major structures at relevant
model system growth temperatures, given. D. lpxD1 mutant spectrum with major
peak at m/z 1609, cold temperature locked structure shown in C. E. lpxD2 mutant
spectrum with major peak at m/z 1665, warm temperature locked structure shown in A.
Reprinted under authorship rights from the Proceedings of the National Academy of
Sciences. Li et al. v109(22). 2012. doi: 10.1073/pnas.1202908109
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control of lipid A structure, and resultant membrane alterations are responsible for this
virulence switch. Follow up investigation of membrane susceptibility to CAMPs led to
further suspicion of membrane involvement; ΔlpxD1 was more sensitive to CAMPs and
ΔlpxD2 was less sensitive than wild type Fn. Taken together, these results point to a
membrane reconstruction phenotype under the control of temperature. What remains
unknown is the extent to which the total membrane is altered, if changes under strict
control of temperature, and what direct contribution to membrane constituency (lipid and
protein quantity and quality) does lipid A structure dictate. Using the ΔlpxD1 and ΔlpxD2
mutants these questions can be addressed.

Phospholipid Structures and Head Group Characteristics
Phospholipids are the major constituent of membranes.(90) Many membrane lipids are
amphipathic molecules that have both a hydrophobic and hydrophilic region allowing for
the organization of membranes with internal hydrophobic ordering and external exposure
of the hydrophilic head groups.(75) The vast majority of membrane lipids consist of a
diacylglycerol (DAG) molecule with two acyl groups attached to the first two carbons of
a glycerol molecule, referred to as the sn1 and sn2 positions.(111) Commonly, the sn3
glycerol carbon is modified by a phosphate linking the DAG to a simple molecule, such
as choline or another glycerol, forming the head group. Examples of the common DAG
phospholipids are given in Figure 1.8. Other total membrane components (by total
population) are the lipids based on a sphingosine structure rather than DAG. These
sphingosine-based lipids include the ceramides and sphingomyelin. (112, 113) By
variation of the acyl groups (R groups) attached to the glycerol molecule and the
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Figure 1.8: Diversity of membrane lipids at the fatty acid and headgroup levels.
(Left) Head group structures of common glycerophospholipids and shingosine-based
lipids. (Right) Fatty acid diversity.
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phospho-head group attachments, hundreds of structural possibilities exist. Yet,
comparatively little (compared to proteins and nucleic acid) is known about the discrete
functions of particular structures and configurations, whether in the membrane or
involved in other processes.
The head group composition of bacterial membranes is different than eukaryotic (host)
membranes. With respect to phospholipids, eukaryotic membranes contain mostly
phosphatidylcholines and phosphatidylethanolamines rendering a net positive charge on
the surface of the membrane.(114) In contrast, bacterial membranes contain little (if any,
species dependent) phosphatidylcholine. Bacterial membranes instead contain a large
fraction of phosphatidylglycerols and phosphatidylethanolamines, though generalizations
about individual bacterial backgrounds is difficult since the unique lipid composition is
linked to taxonomy.(115) Bacterial membranes have a net negative surface charge, in part
due to the phospholipid composition as well as the phosphate content of lipid A (in
Gram-negative species). The dichotomy of net positive membrane surfaces in eukaryotes
versus net negative membranes in prokaryotes has a practical consequence. CAMPs
produced by an infected eukaryote will not be attracted to the host membranes, but will
attack the negatively charged membrane of bacteria.(105) The balance of surface charge
is therefore a priority for bacterial species. Net surface charge can be controlled by
phospholipid composition, lipid A and charge-masking modifications, as well as amino
acid capping of negatively charged phospholipids. The sum total of these mechanisms
modulates surface charge to decrease efficacy of CAMPs and other antibacterial host
innate immune functions.
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Unsaturation (presence of a double bond) levels of the phospholipid acyl chains have
several functional consequences. Straight chain, saturated fatty acids can be tightly
packed in a membrane, meaning the membrane will be more rigid and have a high gelphase transition temperature, the temperature at which a gel-like membrane becomes
fluid-like.(105) Unsaturations tend to prevent tight packing of the lipid membrane,
reducing the gel-phase transition. This is true for cis double bonds, placing a turn or kink
in the acyl chain, disrupting van-der-Waals interactions in membranes.(116) Alteration of
the gel-phase transition is less dramatic in the case of trans double bonds in which the
three-dimensional structure of the fatty acid remains cylindrical. Accumulation of
unsaturations in the phospholipids is one mechanism by which bacterial membranes can
maintain fluidity and membrane integrity at lower growth temperatures. Unsaturated fatty
acids also tend to be substrates for lipid processing enzymes that convert the fatty acid to
a receptor agonist as in case of the prostaglandins and the prostaglandin receptors
detailed in the following section. Finally, unsaturations in a fatty acid are points for
oxidative attack producing damage associated molecular pattern (DAMPs) that are then
detected by Toll-like receptors (TLRs). Oxidized phospholipids are generated in the lung
following Influenza infection and may be responsible, in part, for the tissue damage
associated with TLR4 agonism.(117, 118)
Apart from their structural roles as the basis for membranes, lipids can also be potent
signaling molecules in the context of inflammation and immunity.(112, 119) First, the
constituent parts of membrane phospholipids (fatty acids, lysophospholipids, head group
fragments, and DAG fragments) become secondary messengers when released and can
trigger intracellular signaling cascades and launch the earliest inflammatory
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processes.(120) Simple splitting of the DAG base molecule from the phospho-head group
of phosphatidylinositol (further processed by a kinase with the phosphorylated form
Inositol-1,4,5-Phosphate or IP3) can be the initiation step for downstream immune
activation by the central transcription factors nuclear factor kappa B (NF-kB) and
activator protein 1 (AP-1).(121) DAG remains in the membrane and serves to anchor
protein kinase C (PKC) to the membrane. PKC is activated by calcium flux from the
endoplasmic reticulum in an IP3-dependent manner.(121) One of the protein targets of
PKC is the Akt protein (also protein kinase B, PKB), which is central to numerous cell
cycle and apoptotic functions.(122) PKB localizes to the membrane via a plekstrin
homology (PH) domain that binds directly to tri-phosphorylated PI, keeping PKB in
proximity to PKC for phospho-activation.(90) This elegant system underlines the
intimate structure-function relationship of lipids and highlights their central role in
cellular function. The mechanism and activity of another such phospholipid-borne
immunomodulator, arachidonate, will be covered in the following section due to its
central role in lipid-mediated inflammation.
Apart from providing the source for intracellular signaling molecules such as DAG and
IP3, the acyl chain structures of phospholipids can also load into the non-classical major
histocompatibility complex (MHC) class 1B molecule cluster of differentiation 1d (CD1d). In this way, phospholipids can become antigens for immune receptor signaling.
Structural studies of acyl chain length and unsaturation levels demonstrate the difference
in immune function. Structurally different lipid antigen structure from Borrelia
burgdorferi, the causative agent of Lyme disease can load into CD1d in (at least) two
different orientations, resulting in differential recognition by natural killer T cells
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(NKT).(123) Functionally, this differential loading of bacterial membrane phospholipids
results in immune evasion or immune stimulation, depending on the loading into CD1d.
In this manner, phospholipids of bacterial membranes can be potent immune modulators.
Thus, a thorough understanding of the phospholipid components of bacterial membranes
is critical to understanding the systemic immune response.

Lipid Mediators of Inflammation, Pro-Inflammatory and Pro-Resolution
Bacterial and eukaryotic membrane lipids maintain a pool of fatty acids that, upon
stimulation can be liberated from parent phospholipids.(124) In eukaryotes, several
enzymatic mechanisms exist for the liberation of fatty acyl R-groups from phospholipids,
notably two phospholipases A1 and A2. (125, 126) The activity of the phospholipases
varies slightly; phospholipase A1 removes the R1 acyl group from the sn1 position of a
phospholipid and phospholipase A2 removes the R2 group from the sn2 position. The
removal of an acyl group from the parent phospholipid has two major consequences: a
free fatty acid is released into the cytosol and a lysophospholipid is formed (a single acyloccupied phospholipid, monoacylglycerol). Alone, a lysophospholipid can be a potent
effector molecule in the cell, resulting in a wide variety of consequences from
demyelination of nerves (as in Multiple Sclerosis) to induction of apoptosis of infected
macrophages (observed in Legionella pneumophila infection).(83, 127) In addition, free
fatty acids from lysophospholipids can be processed by a series of enzymes (e.g.:
cyclooxygenases, lipoxygenases) to form lipids that can be both pro-inflammatory and
pro-resolving, depending on cellular and systemic context. (77, 128) Careful control of
lipid structure is a priority for cells given such dramatic consequences in the event of
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dysregulation. Thus, activation of these lipid inflammatory pathways is tightly
controlled.(129)
The length and structure of the acyl chains in membrane phospholipids has specific
consequences as well. First, the length and level of saturation/unsaturation will contribute
to membrane fluidity or rigidity. The membranes of immune cells are organized into
regions of varying thickness, with longer chain phospholipids and stabilizing lipids
(cholesterol) clustering to form lipid rafts in which immune signaling complexes are
localized.(130, 131) This organization of the membrane, driven by acyl content and the
slightly longer transmembrane regions of immune receptors, results in the functional
capacity for rapid activation of T- and B-cell signaling complexes following stimulation
since all of the signaling components are near.(76)
Another example of the critical importance of lipid structure is the downstream
processing of liberated fatty acids. Frequently, the sn2 position of membrane
phospholipids is inhabited by a 20 unit carbon chain with four unsaturations (C20:4) with
a carboxylic acid terminus, commonly known as arachidonic acid (AA). Several fates
exist for AA following liberation from membrane phospholipids, detailed in Figure
1.9.(132-136) AA can be metabolized by a number of enzymes, notably the
cyclooxygenases (COX), the lipoxygenases (LOX), and by cytochrome P450 (CYP450),
each pathway rendering a diverse effect.(124) AA metabolized by the COX enzymes
(COX1 and COX2) results in production of prostaglandins (including PGE2, PGH2,
PGF2) and thromboxanes (including TXA2, TXB2). AA metabolized by the LOX
enzymes (5-LO, 12-LO, and other LO enzymes) results in formation of lipoxins
(including LXA4 and LXB4), leukotrienes (LTA4 - LTE4), and the hydroxyicosatetraenoic
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Figure 1.9: Arachidonic acid is central to lipid mediated inflammation. Three
pathways to lipid mediators are dependent on the presence of cytosolic arachidonic
acid (AA). The lipoxygenase pathway produces lipoxins, leukotrienes, and HETEs.
The cyclooxygenase pathway produces prostaglandins and thromboxanes. The P450
pathway also produces HETEs and other molecules important for inflammation.
Reprinted with permission from Macmillan Publishers Ltd: [Nature Reviews Cancer]
Wang and Dubois. v10:3, copyright 2010.
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acids (5-, 12-, 15-HETE). CYP450 converts AA into epoxyeicosatrienoic acids (EETs)
that have a role in muscle and vasculature relaxation. Prostaglandins, thromboxanes,
lipoxins, leukotrienes, and HETEs have diverse functions dependent on the time of
production and the stimulation of specific receptors. These pathways have been
extensively reviewed.(137)
Prostaglandins are lipid mediators of inflammation derived from arachadonic acid,
broadly called prostanoids. They comprise a diverse set of effector functions from
initiation to resolution of inflammation. The effect of these molecules depends on the
partner receptor, timing of signaling within the inflammatory course, and the local
concentration of the specific molecule. PGE2 is the hallmark prostaglandin and is the
most abundant prostaglandin in humans. PGE2 has a role in three of the four
characteristics of inflammation: redness, swelling (edema), and heat; pain is not generally
associated with the direct effects of PGE2.(138) The known receptors for PGE2 are the Gprotein coupled prostaglandin E receptors, EPs, EP1, EP2, EP3, and EP4.(139) These
receptors have diverse effects when agonized by PGE2. The EP1 receptor results in
activation of phospholipase C (PLC), the enzyme responsible for releasing IP3 and DAG
into the cytosol for activation of calcium-dependent upregulation of protein kinase C
(PKC) which can result in activation of important transcription factors such as NF-κB
and AP-1. The EP2 and EP4 receptors exert similar effects when activated. Both of these
receptors are coupled to an activating G-protein and result in the upregulation of cyclic
adenosine monophosphate (cAMP) and thereby protein kinase A (PKA) is
activated.(140) In contrast, EP3 is coupled to an inhibitory G-protein and therefore
stimulation of the receptor reduces cAMP production. Since these receptors are varied
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and have diverse downstream consequences, stimulation by PGE2 is entirely contextual
with receptor expression and density being major factors in determining a cellular or
tissue-level response.(139) Within a systemic response PGE2 agonism of the EP4
receptor was shown to amplify Th17 cells, which produce pathogenic effectors that can
be pathogenic.(141, 142) To further complicate the understanding of PGE2 and the
receptor functions of the EP family, there is a substantial role for timing and structure of
prostaglandin production and sensing in determining the pro-inflammatory or proresolving role of these potent lipids.(137)
Numerous questions remain with respect to the role of these lipid mediators of
inflammation in a Francisella infection, including a better understanding of the global
role of PGE2 at the systemic phase of infection. The origin of the link between PGE2
production and Francisella host evasion mechanism(s) will be discussed in the following
section.

Francisella-Dependent Inflammation Involves Host- and Pathogen-Borne Lipids
Several interesting studies involving Francisella lipids and host lipid response have
recently appeared in the literature. Bosio and colleagues showed in 2013 that lipid
extracts (not lipid A) from Francisella tularensis had immunomodulatory activity in
vitro, whereby incubation of antigen presenting cells with Ft lipids reduced the secondary
response to a potent stimulation with LPS.(143, 144) This report also suggests that
primary pulmonary recruitment of neutrophils in Francisella is lipid-dependent. These
results are intriguing because they point to a role for non-lipid A membrane lipids in
controlling an immune response to Francisella, but the exact identities of these
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Figure 1.10: Francisella host immune evasion mechanisms. A number of host
immune evasion mechanisms are employed by Francisella. These include the
downregulation of antigen presentation by destruction of MHC II and promotion of
immune tolerance by skewing IL-10 and TGF-β cytokine production for Treg
maturation. Francisella infection also causes release of prostaglandin E2 (PGE2)
which is linked to inhibition of IFN-γ production and delay of an appropriate early
phase cellular immune response. The source of PGE2 is arachidonic acid (AA) from
membrane phospholipids.
Reprinted with permission from American Society for Microbiology: [Microbiology
and Molecular Biology Reviews] Jones et al. v76(2), copyright 2012. doi:
10.1128/MMBR.05027-11
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immunomodulatory lipids are undescribed, underlining the need for a complete lipid
description at both the host and pathogen levels. Figure 1.10 illustrates the diverse
immune evasion strategies employed by Francisella to avoid clearance by the host. One
of these mechanisms includes production of the immunomodulatory lipid, PGE2.
With respect to the host lipid response to Francisella infection, several new lines
evidence show that control of the COX pathway by Francisella infection is critical to
develop a fulminant infection and it may present new therapeutic targets or combinatorial
approaches to add to antibacterial treatments. (68, 145) The COX-1/2 (constitutive and
induced, respectively) lipid-mediated inflammatory pathway is driven by the cellular pool
of free AA liberated from the membrane by cPLA2 resulting in a range of cellular
responses mediated by the COX-dependent downstream effectors.(146) Francisella
infection results in downregulation of MHC II on APCs, and increased production of
PGE2.(147) PGE2 will promote recruitment of regulatory T cells (Tregs) and a Th2/Th17
polarized response, neither of which help to promote intracellular bacterial clearance,
Figure 1.10. Not only can Francisella directly control the host immune response using
lipids, it also controls the host lipid response to promote survival and replication.

Conclusion
Since host and pathogen lipids are implicated in the inflammatory process at multiple
stages in a Francisella infection, a complete description of the lipid repertoire and its role
in infection is necessary. Here, we propose developing mass spectrometry tools to
facilitate rapid and sensitive lipid profiling using thin-layer chromatography (TLC)coupled techniques. These will be covered in detail in Chapter 2 of this work. In addition
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to a profiling approach, we also propose to map host and pathogen lipids within infected
tissues by mass spectrometry imaging (MSI) techniques. MSI background and
applications will also be covered in Chapter 2. The following work describes the efforts
to profile and understand the Francisella lipid A virulence factor, the role of membrane
phospholipids in accommodating growth conditions of the host and vector, and finally the
induction of immunomodulatory lipids by Francisella infection.
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CHAPTER 2
ADVANCED MASS SPECTROMETRY TOOLS TO
PROFILE HOST-PATHOGEN INTERACTIONS
Section 1: Introduction to Mass Spectrometry
Mass Spectrometry (MS) is a broadly defined technique revolving around the ability to
detect and analyze molecules by mass/charge (m/z). The basic components of MS
instrumentation are shown in Figure 2.1. Mass spectrometers vary widely in complexity,
mass accuracy, operating range, and application for distinct molecular classes. Work that
led to development of modern mass spectrometry began in the mid-1910’s with
Dempster’s analysis of positive rays (a beam of positive ions).(148) Patent applications
for the first time of flight mass spectrometric devices commenced in the late 1940s, (1947
following the 1946 Stephens paper) for an instrument that could generate and detect
micropulsed packets of ions; this technology would eventually lead to the development of
the time-of-flight (TOF) devices in use today and are the readout for much of this
work.(149)
There are four basic components of a mass spectrometer: one, sample introduction/inlet,
two, an ion source, three, the mass analyzer, and four, ion detection. Simply put, ions are
generated from a sample, those ions are separated by mass/charge and are detected.
Figure 2.1 demonstrates the simplified components of a mass spectrometry device. From
the basic design, mass spectrometers can vary widely to include sample manipulations
before introduction into the ion source (commonly, liquid chromatography), as well as
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Figure 2.1: Basic components of mass spectrometers. The four basic components
of a mass spectrometer: sample inlet, ion source, mass analyzer, and detector.
Analytical samples are introduced into the device, ions are formed from the sample,
the ions are differentiated in some manner, and ions are detected. Sample inlet and ion
source are sometimes functionally coupled, as in MALDI. Mass analyzers can consist
of a single analyzer or multiple, serialized analyzers, for example a quadropole timeof-flight (qTOF) device. Finally, ions are detected and the information is digitized to
construct a spectrum.
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multiple and/or diverse analyzers to perform different separations, selections, and
fragmentations prior to ion detection. Construction of mass spectrometers with these
components smartly serialized allows for analysis of nearly any type of sample (lipid,
protein, sugar, etc.) from simple and/or complex background mixtures.
Several methods are commonly used to ionize a sample of interest, three of which are
used in this work: matrix assisted laser desorption/ionization (MALDI), electrospray
ionization (ESI), and secondary ion mass spectrometry (SIMS). The goal of an ionization
technique is to transform an analyte of interest (usually neutral) into an ion that can be
detected following separation by the mass analyzer. Ionization generally occurs via
protonation/deprotonation, charge transfer, or cationization/anionization of the molecule
of interest. These events will be covered in further detail in Section 2.
Mass analyzers then separate the ions and transmit them to the detector, three common
analyzers were used for this work: time-of-flight (TOF), quadropole (Q or Quad), and
Fourier-transform ion cyclotron resonance (FT-ICR). The principle of a mass analyzer is
to measure a proportional property of mass/charge from which is inferred molecular
weight. For example, TOF analyzers are based on the principle that the time it takes for
an ion to fly through a field-free drift region (under vacuum) is related to the molecular
weight; thus lighter ions arrive at the detector earlier than heavier ions. Quadropole mass
analyzers use two sets of opposed parallel rods with direct current (DC) voltage applied
to one set and radio frequency (RF) voltage applied to the other set. The quadropole
device can then be tuned for stable transmission of ions in a selected mass window. FTICR devices are very different in that they separate and detect ions in the frequency
space, which can be transformed to mass information. An FT-ICR device causes ions to
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rotate according to their cyclotron frequency, and the ions are then detected by inducing
current in a detector rather than a photoarray. The variety of instrument design and
configurations makes diverse, direct sample analysis possible, including the techniques
used in this work, TLC-MALDI and MALDI-MSI. The properties of the mass analyzers
used for this work will be discussed further in Section 3.

Section 2: Ionization Methods
Matrix Assisted Laser Desorption/Ionization (MALDI) Method
MALDI mass spectrometry is a soft ionization technique based on the co-crystallization
of an analyte with a matrix substance and the subsequent desorption/ionization by laser
excitation, Figure 2.2.(150) The exact mechanism of MALDI is not completely
understood, but it likely involves the direct interaction of the matrix donating or receiving
a proton (H) from the molecule (M) of interest. The matrix-analyte crystals are excited by
a laser, localized heating from the laser desorbs the solid, photons are captured by the
matrix, the excited matrix relieves the heightened energy state by reacting with the
analyte, generating a charged molecule of interest (ion). These events occur on a very
short timescale, allowing for rapid, repetitive MALDI pulses, tens to hundreds on a
nanosecond scale.
Equation 1
Equation 2

  mH ! + A   → m + AH !
(m − H)! + A   → m + A − H

!

Generic matrix protonation and deprotonation reactions are shown in Equations 1
(positive mode reaction) and 2 (negative mode reaction) where ‘m’ represents the matrix,
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Figure 2.2: Matrix assisted laser desorption-ionization (MALDI). Samples for
MALDI analysis are spotted onto a target plate with a photo-excitable matrix and
dried, forming crystals. A laser is fired at the sample desorbing the solid and exciting
the matrix which interacts with the analyte molecules to form charged ions. These gas
phase ions are then pulsed into the mass analyzer.
Image reproduced by permission from the National High Magnetic Field Laboratory
(www.magnet.fsu.edu; accessed January 20, 2015).
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‘H’ is the proton, and ‘A’ is the analyte charged during the MALDI event. Similar
reactions can occur with cations and anions reacting in a similar manner to proton
transfer, producing the cationated/anionated analyte as well as simple electron exchanges
(equation not shown).
Matrix is applied spot-wise to an analyte on a conductive surface such as a steel plate, a
carbon nano-surface, or indium tin oxide-coated glass in thousand- (103) to ten thousand(104) fold molar excess of the analyte. This dried droplet method serves to temporarily
co-solvate the analyte and matrix such that when the solvent evaporates the analyte and
matrix are co-crystalized. Co-crystallization of the matrix and analyte in small, uniform
crystals is the key, facilitating uniform desorption of the solid crystal into the gas phase
and ionization of the analyte.
The MALDI technique is heavily dependent on solvent compatibility of the matrix and
analyte. Since these two must be co-solvated to achieve molecular-level proximity for
crystal formation, solvent selection must be carefully considered. Lipids are poorly
soluble in aqueous solutions and would not co-crystallize well with a matrix applied in an
aqueous solvent. However, most lipids are readily soluble in chloroform and methanol
mixtures, therefore the optimal matrix selection would also be readily soluble in the same
solution. Chapter 3 of this work addresses solvent and matrix optimization for lipid
analysis using an underreported matrix, norharmane. In addition to solvent and matrix,
additives (detergents, metal salts, etc.) are frequently added to matrix solutions to
overcome specific obstacles. For example, lipids that are typically observed in the
negative ion mode can be observed in positive ion mode by adding lithium salts. Since
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these additives tend to have somewhat specific applications they will not be reviewed in
this work.
MALDI is also considered to be a ‘soft’ ionization technique; a relative term among
ionization methods meaning large proteins can be detected intact, though in-source
fragmentation is still considerable. Karas and Hillenkamp first reported MALDI
ionization of proteins exceeding 10,000 Daltons in one of the first two large molecule
MALDI descriptions, alongside the 1988 Tanaka MALDI report of a 100,000 Dalton
organic ion.(151, 152) Production of intact molecular ions, rather than fragments,
coupled with the tendency for MALDI to produce singly charged ions makes MALDI an
accessible method to analyze lipids, peptides, and proteins. Since MALDI relies on
compatibility of both the matrix and analyte, there is some relative ‘selection’ of
molecular classes (lipids, proteins, etc.) during the matrix application process. This
inadvertent solvent biasing is not strict, but it is robust. Bacterial pellets can be directly
spotted onto a MALDI target, followed by a lipid-biasing matrix and solvent, and the
resulting spectrum will consist mostly of lipids, but some endogenous peptides are
observed. Additionally, MALDI is an excellent choice for analysis of ‘dirty’ samples, or
those with complex background composition. This is true for extracted samples as well as
direct-analysis samples such as on-tissue analysis (Section 5).
An important consideration in MALDI experiments, directly related to the imaging
applications in this work, is the delocalization of the desorbed sample within the MALDI
plume. In practice, this means the sub-laser diameter localization of the ions in a pulse
cannot be restored. Therefore, the minimum achievable spatial resolution of a MALDI
experiment is equal to the diameter of the MALDI laser with its functional settings (laser
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power, randomized beam energy). This feature functionally limits the resolution of any
imaging or mapping applications to the nominal beam width.
MALDI is an excellent first choice when considering ionization methods for tissue
imaging due to the properties of producing singly charged species, matrix/solvent
biasing, and low tendency for in-source fragmentation. The imaging work and much of
the bacterial lipid profiling described here was largely completed on various MALDI
source instruments.

Electrospray Ionization (ESI) Method
Electrospray Ionization (ESI) is another sample ionization method for mass spectrometry,
also considered to be a soft ionization technique. The basic principle of electrospray
(Figure 2.3) is to pass a liquid sample through a charged nozzle; thereby applying charge
to the droplets (spray) containing the analyte, heat then evaporates the solvent droplets
leaving charged particles. Electrospray ionization is a good approach for coupling frontend separations such as liquid chromatography (LC) because they can be directly infused
into the source from the column separation process. Generally, ESI samples are more
purified than MALDI samples, though complex sample background mixtures can be
analyzed and problems stemming from the background can be overcome in ESI.
ESI tends to produce multiply charged ion species, unlike MALDI that tends to produce
singly charged species. This can complicate identification of unknown molecules, but
analysis of molecules with a known molecular mass is straightforward. ESI was used
sparingly in this work to identify specific molecules of interest. Therefore it will not be
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Figure 2.3: Electrospray ionization (ESI). Samples in a solvent are infused into the
electrospray device, to which charge is applied. A point (Taylor Cone) forms at the tip
and electrostatic repulsion drives droplet expulsion from the cone. Solvent
evaporation reduces particle size for introduction to the mass analyzer.
Image provided by and reproduced with permission from Dahlin, A., Microscale Tools
for Sample Preparation, Separation and Detection of Neuropeptides, 2005
(dissertation, Uppsala University).
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covered in detail other than to discuss applications for alternative ionization for mass
spectrometry imaging.
Several variations of ESI exist for mass spectrometry imaging, including desorptionelectrospray ionization (DESI), liquid extraction surface analysis (LESA), and laser
ablation ESI (LAESI), to name a few. These hybrid techniques use liquid or a laser to
access the sample surface followed by passage through an ESI device for ionization. One
major hurdle for DESI and LESA techniques with respect to imaging experiments is the
sample delocalization during liquid contact. While liquid contact and solvation can aid in
collection and analysis of some sample types, the cost is a dramatic loss of spatial
resolution. Improvements in micro-scale fluid contact will improve this spatial
disadvantage in the future. Despite the resolution limitations, ESI-based techniques have
led to a number of interesting applications including the IonKnife, and in-theater surgical
MS being developed to evaluated the efficacy of tumor resections during surgery.(153,
154) In summary, ESI-coupled sampling techniques allow for unique sample acquisition
and introduction for mass spectrometry imaging.

Secondary Ion Mass Spectrometry (SIMS)
The Secondary Ion Mass Spectrometry (SIMS) method (Figure 2.4) is a surface
ionization technique that both tends to fragment large molecules and destroys a discrete
layer of the sample surface. The principle of SI is to fire, or sputter, a primary ion beam
from an “ion gun” at a sample surface and analyze the secondary ions formed from the
sample surface itself. One of the most common forms of this technique uses a liquid
metal ion gun (LMIG) to fire ions at the sample. SIMS was used in some of the earliest
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Figure 2.4: Secondary ion mass spectrometry (SIMS). A primary ion gun sputters
ions at a solid sample surface (here, Cesium in green). Secondary particles are ejected
from the sample surface as secondary particles (neutrals and ions). The charged
particles are then sent to a mass analyzer device.
Reprinted, unmodified, under the creative commons license version 2.0 from Lechene
et al. Journal of Biology 2006 5:20 doi:10.1186/jbiol42.
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work in mass spectrometry imaging. Exploratory imaging experiments have been
performed by SIMS in this work, therefore the application will be briefly covered.
SIMS is a useful tool for imaging small analytes at high spatial resolution. SIMS is
usually coupled with a TOF mass analyzer and in these arrangements the ion source and
the analyzer are all under vacuum and there is no spatial delocalization of the ion
arrangement as they are ejected from the sample surface. Because the ion arrangement in
SIMS is maintained, capture of a large sample surface area (square millimeter scale) can
be further subdivided by the number of pixels detection the ions at the end of the TOF.
This means SIMS imaging can achieve submicron spatial resolution imaging. For
example, it is possible to acquire a 0.2mm x 0.2mm square and a 256 x 256 pixel detector
array will reconstruct the data with submicron resolution (~0.8um). This can be a useful
tool for analysis and mapping of simple lipids and elemental composition at the subcellular level.

Section 3: Mass Analyzers
Several distinct categories of mass analyzers exist for the discrimination of mixed ion
populations. Generally, these include time-of-flight (TOF) analyzers, quadropole (Q)
analyzers, and Fourier-transform ion cyclotron resonance (FT-ICR) analyzers.
Individually, these components of a mass spectrometer are the ion ‘resolving’ or
‘separating’ device. TOF devices will be covered in detail here since most of the MS
experiments were performed on a TOF instrument. Quadropole and ICR devices will not
be reviewed in this work.
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Time-of-Flight Analyzers
Time-of-Flight (TOF) mass analyzers are based on the principle that ions with equal
initial kinetic energy will fly through a field free drift region in an amount of time
proportional to the mass of the ion (Figure 2.5). Using standards, the flight time can be
calibrated to the mass of the arriving ion. Thus, the mass of an ion can be (indirectly)
measured from the time of flight. TOF devices are frequently coupled with MALDI frontend ionization sources due, in part to the discontinuous (pulsed) nature of TOF (Figure
2.2). MALDI ionization results in the formation of a plume on ions, which can be
temporarily held in-source then pulsed into the flight tube. All ions are then considered to
have started at theoretical time zero as they enter the TOF device.
At the opposite end of the TOF device is a detector that measures the arrival time of
ions, this information is then recorded. From the time recording, the time:mass
relationship described in Equations 3-8 is used to calculate a mass spectrum.

Equation 3, 4

𝐸! = 𝑧𝑉  and  𝐸! =    𝐸!

Where Ep is the potential energy, z is charge, V is applied voltage, and Ek is kinetic
energy. Potential energy stems from the movement of an ion through an electric field.

Equation 5
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Figure 2.5: Time-of-flight (TOF) mass analyzer. Ions are introduced into a TOF
mass analyzer with a velocity related to the mass of the particle. The ions then travel
in a field free drift region (flight tube) with lighter ions arriving at the detector first
and heavier ions arriving later. Detector configurations are linear (end of the flight
tube) or redirected to an alternative detector using an ion mirror (reflector).
Reprinted, unmodified, under the creative commons license version 2.0 from
Universite de Leige. (www.giga.ulg.ac.be)
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Where Ek is the kinetic energy of any mass, m is the mass, and v is the velocity.
Rearranged, substituting the equation for the velocity variable equal to distance divided
by time (Equation 6):

Equation 6

!

!

𝑧𝑉 = ! 𝑚( ! )!

Rearrange for the time variable (Equation 7):

Equation 7

𝑡=

!

!

!!

  , 𝑠𝑒𝑡  
!

!
!!

= 𝑘  

Where k is a constant referencing the instrument (D) and settings (V), the formula can be
simplified to the time relationship in Equation 8.

Equation 8

𝒕 = 𝒌  

𝒎
𝒛

The resulting relationship in Equation 8 is the TOF time:mass relationship with respect to
the instrument and experimental settings. The resulting mass spectrum contains the ion
mass:charge ratio (m/z) for all ions detected.
There are two operating modes of TOF mass analyzers: linear and reflectron (Figure
2.5). Linear TOF is arranged with the detector directly opposite the ion source in a linear
fashion. Reflectron TOF is arranged such that the opposite end of the TOF (from the ion
source) is an ion mirror, bouncing the ion flight path toward an alternative detector,
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adjacent to the flight tube. Linear and Reflectron TOF each have specific advantages and
disadvantages. Reflectron TOF can improve the mass resolution of low mass ions, such
as lipids, by correcting for subtle errors in the theoretically equal, but practically inequal
kinetic energy of two ions with equal mass. In a linear detector setup, the higher energy
ion of equal mass will traverse the flight path subtly faster than the lower energy ion,
resulting in the interpretation that these ions may be of different masses. In a reflector
setup, the ion with greater kinetic energy will penetrate the field at the ion mirror to a
greater depth, whereas the lower energy ion will penetrate a shorter depth, as these two
identically massed ions are reflected toward the detector they come back into register (the
time adjusted for penetration depth at the ion mirror). In contrast, linear detectors are
adequate for detection of large, intact proteins.

Section 4: Hybridized application of traditional analytical methods to MALDI-MS
Mass spectrometry techniques coupled to traditional separation methods are now
available for the analysis of complex lipid mixtures. One such technique is thin layer
chromatography (TLC) coupled to matrix assisted laser desorption/ionization (for TLCMALDI) to analyze lipid mixtures (Figure 2.6). This technique relies on TLC separation
of lipids using an organic mobile phase and a silica stationary phase to separate lipids by
a predetermined property (for example, polarity) followed by TLC lane analysis using
MALDI-MS. MALDI-MS allows for mass determination of the lipids within a TLC spot,
analyzed directly on the silica TLC plate. This approach allows for lipid class and
subclass identification (by TLC) then prediction of the lipid structure by mass. Finally,
lipid structures can be determined from their component parts by tandem MS. Minor,
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Figure 2.6: Schematic of a TLC-MALDI experiment. (A) Workflow from lipid
extraction to traditional TLC then coupled to MALDI. (B) Mass spectrum collected
from a single point on MALDI-TLC capture, represented by hashmarks in TLC lane
(A). (C) Spectra, as in (B), are collated by Rf and represented as a heat map of m/z,
where increased peak intensity is seen as darker hues of blue. (D) Coupling TLCMALDI to an x-y spectra collection pattern enables TLC spot reconstruction, exact
m/z can be selected and false color mapped allowing for exquisite resolution of
complex mixtures within a single traditionally migrating TLC spot;
phosphatidylcholine (PC) with C18/C18 acyl chain, red right and left panel, PC with
C14/C16 green right panel, PC with C14/C16 and C16/C16 green left panel. (E) Total
TLC lane reconstructed by a variety of m/z color assignments, positive signals map by
pixel.
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straightforward method development is necessary to optimize the TLC separation and
MALDI-MS conditions for the analytes of interest.
The ability to separate lipids first by class, then to identify them by mass makes it
possible to quickly profile changes in a biological model. For example, profiling the
associated lipid changes in a Francisella membrane following temperature-directed
remodeling. In addition to a description of the gross lipid changes, the discrete structural
changes within a class of lipid can also be determined using TLC-MALDI by
fragmentation analysis of on-plate analytes. TLC-MALDI was used extensively in this
work (Chapter 4) to elucidate the membrane lipid changes associated with temperature
accommodation in Francisella.
Section 5: Mass Spectrometry Imaging (MSI): MALDI-MSI and SIMS-Imaging
The spectrum of techniques in molecular histology is rapidly expanding from more
traditional antibody- or probe-based approaches to include novel mass spectrometry
imaging approaches, allowing for discovery of biomarkers or description of targets
lacking specific reagents.(155, 156) Mass spectrometry imaging (MSI) is a molecular
histology technique that allows for mass-based interrogation of tissue samples without
probes, antibodies, or other such. Normally, extraction for samples for MALDI-TOF
analysis requires the destruction of the sample through chemical extraction
methodologies. We and others have used MALDI-MSI to discover and illustrate the
tissue distribution of molecules unique to infection in mouse models (117, 148, 157) and
numerous studies report previously uncharacterized tissue distributions of lipids,
peptides, and proteins.(151, 156, 158) In addition to infection models, we published the
use of MSI for biomarker detection in radiation-induced tissue injury in mouse and
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nonhuman primate tissue in 2014 as part of a comprehensive biomarker detection and
validation study.(158) This article is reproduced in Appendix 1 of this work. MSI has
proved to be a useful tool for discovery and high-resolution mapping of the diverse array
of molecules known to be involved host-pathogen dynamics and other tissue destructive
diseases.
A generic MALDI-MSI workflow is detailed in Figure 2.7, illustrating the direct
analysis and mapping of ions to their location of origin on tissue. MALDI-MSI is
currently the most widely published technique in molecular histology with reports of its
use in identifying an array of molecular classes, including lipids, proteins, peptides, and
metabolites.(159, 160) At its core, a MALDI-MSI experiment consists of mass spectra
acquisition directly from an intact unfixed tissue section in discrete locations across a
grid pattern (Figure 2.7). Collected spectra are then rendered into a spatial distribution
map to identify the location of individual molecules of interest on a tissue slice. The
spatial resolution of these MSI techniques ranges from micron scale (MALDI) to
nanometer scale (SIMS) and is dependent on instrument setup. Unbiased data acquisition
is a powerful feature of MSI experiments, particularly with respect to biomarker
detection and characterization.
Imaging mass spectrometry experiments can be performed in two ways, microprobe
mode and microscope mode. These two different modes are rooted in the configuration of
the mass spectrometer used to collect data, especially the ion source. Microprobe mode
can achieve micron scale spatial resolution as the method uses a highly focused laser
beam to generate ions from a very narrow area and those ions are subsequently analyzed
as a packet that will result in a single image pixel. In contrast, microscope mode can
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Figure 2.7: Illustrated workflow for MALDI-MSI experiments. Frozen tissue is
heat fixed to a slide, matrix is applied homogeneously, spectra are collected in a grid
pattern over tissue, and ions of interest are mapped back to tissue (grid) location with
relative intensity information.
Reprinted with minor modifications under authorship rights from Health Physics
Journal. Scott et al. v106(1). 2014. doi: 10.1097/HP.0b013e3182a4ec2f
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achieve nanometer scale resolution. Microscope experiments are performed with
ionization of a wide area and the resulting ions are then separated and captured by a pixel
array. Reconstruction of a wide image area by a large pixel array results in finer spatial
resolution than is possible in microprobe mode. Coupling these techniques in a
complementary manner is key since each has its own advantage and disadvantage.
MALDI-MSI is applicable for targeting studies to discovery approaches. In the context
of a known target molecule, MALDI-MSI studies will provide additional insight from the
sub-histological localization and the localized concentration of a target molecule.
Following identification and spatial mapping of candidate biomarkers in one model
system, this untargeted approach can be used to interrogate the same or similar molecules
in diverse model systems, allowing for cross-strain and cross-species biomarker
validation. Additionally, by using alternative combinations of MALDI matrices, solvent
systems, tissue preparation, and ionization modes, a variety of targets can be queried
without experimental bias.
Biomarker studies, in particular, can benefit from including a targeted or untargeted
MALDI-MSI arm. Traditional biomarker discovery studies have included elements of
broad techniques such as genomics, transcriptomics, proteomics, and metabolomics to
identify quantifiable correlates of a biological outcome. Generally, these techniques
revolve around the extraction of potential biomarkers from a biological fluid or tissue
sample, which results in the destruction of important histological information and loss of
significant differences observable only as a localized target concentration. By including
an untargeted MALDI-MSI biomarker study, it is possible to identify target molecules
that may be locally concentrated and represent a significant correlate; a correlate that may
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lose significance on dilution during tissue extraction steps. Targeted MALDI-MSI studies
can add power to a traditionally identified biomarker by adding histological information,
which could lead to the starting point for future mechanistic studies. Combining MALDIMSI to existing biomarker discovery techniques, including mass spectrometry (MS)
profiling, makes a powerful pairing that enriches both the discovery and validation
phases.
Recent developments have resulted in the application of MALDI-MSI to better
understand a wide variety of biological problems. MALDI-MSI has been used to identify
differential lipid distributions in mouse brain, mapping peptides in leeches, localizing
drug metabolites in rats, and characterizing metabolic signals between pathogenic
bacteria.(161-163) In addition, retrospective studies of human cancers have identified
molecular correlates of disease or pathology, a molecular-level cancer signature.(156,
164) MSI is not, however, a standalone discovery technique. In the context of hypothesisdriven research, MSI experiments may be included to develop new leads, but more
traditional techniques would necessarily follow to confirm and validate targets, including
immunohistochemistry (IHC), in situ hybridization, traditional histological stains,
component extracts, and quantitative mass spectrometry.(160) Evident throughout MSI
literature is the discovery power, regardless of disease, target molecular class, or model
species.(165)
Many different analyte classes can be imaged with MSI by simply altering the sample
preparation.(159, 161, 166-168) Numerous publications have reported imaging of diverse
molecules in rodent models, including lipids (158, 169-171), proteins (157, 158, 172),
drugs (173)and peptides.(174, 175) Briefly, MALDI-MS is based on co-crystallization,
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meaning the analyte-of-interest and the matrix must be co-solvated and locally
recrystallized to achieve proper energy transfer during MALDI to get the analyte-ofinterest into the gas phase for analysis. Thus, a molecular class must be specifically
considered during experimental planning and sample preparation. Lipid imaging versus
protein imaging is a clear example of analyte targeting. Generally, lipids are small
molecules soluble in organic-based systems, where proteins are preferentially solubilized
by aqueous systems, so these chemical properties would be considered in selecting a
solvent system for matrix application. Matrices have better ionizing potential for certain
molecular classes; sinapinic acid (SA) is a well-reported matrix for proteins while 2,5dihydroxybenzoic acid (DHB) is a widely reported peptide and lipid matrix. In a lipidtargeting MSI experiment, matrix is solvated in a methanol or chloroform-based solvent
system and applied to the tissue without any prior washing or fixation steps. These details
will be covered further in Chapter 3. In contrast, an experiment targeting proteins starts
with a methanol or ethanol wash step to remove lipid noise (also reducing ion
suppression from abundant lipids) and follows with an acetonitrile and water based
application of an appropriate matrix. Similarly, on-tissue peptide digest can be performed
(in the presence of MALDI-compatible detergents and kept sufficiently hydrated,
followed by peptide appropriate matrix) to effectively yield in situ peptide digest
imaging. Differentially mapped peptides can then be identified using tandem MS and
freely available peptide identification software in the same manner as shotgun proteomics
– a method for peptide quantitation from a protein extract.
The advantages of MALDI-MSI are numerous. This technique has been used to find
and characterize biomarkers, disease correlates, drugs and metabolites, and has been
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widely applied. Using MALDI-MSI we sought to further characterize the tissue dynamics
of a dramatic, acutely lethal infection (Francisella) in a mouse model to better understand
the host-pathogen interaction.

Section 6: Probing Infection Models by MALDI-MSI
Few studies have been published using MSI to interrogate infection models. The most
notable of application of MSI to an infection model was reported by Skaar and colleagues
in 2012.(157) This study used whole body mapping to image a peptide generated in
response to a Staphylococcus aureus infection in mouse and represents the first MALDI
image of an infection, in situ. Since this first look at infectious disease by MALDI-MSI,
several other studies have been reported profiling bacterial and viral pathogenesis.(117,
176-178) In 2013, we reported the use of MALDI MSI in delineating the molecular
mechanism of protection from Influenza infection by Eritoran, a host TLR4 antagonist, in
a mouse model, see Appendix 3 of this work.(117) Application of MALDI-MSI to the
study of infection and immunity was briefly, though incompletely, reviewed in
2014.(179) To date, however, no MALDI-MSI study has reported the co-analysis of both
pathogen and host lipids in the same tissue. In this work we present lipid images of both
pathogen- and host-borne inflammatory mediators, lipid A and PUFA-containing
membrane lipids, respectively.
Analysis of host lipids has traditionally been carried out using lipid extracts of infected
tissues. While this method can identify and quantitate lipids, spatial information
maintained in the lipid data is lost. It is now possible to analyze host lipids in situ using a
molecular imaging technique, mass spectrometry imaging (MSI).(85, 160) This
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technology provides lipid identification, relative quantitation, and spatial mapping. With
the added mapping feature, lipids can be related to sub-histological features and
eventually linked to probable cell types.
Unbiased data acquisition is a powerful feature of MSI experiments, particularly with
respect to biomarker detection and characterization. MSI offers the power to detect host
lipids responding to a Francisella infection across any host tissue type. In this work, we
used MALDI-MSI to initially characterize the naïve host tissue baseline lipids as a
reference point to track changes on infection with Francisella novicida. Additionally, we
hypothesize that MSI should allow for direct imaging of bacterial components in the
infected host tissues, such as Fn lipid A. Coupled with the power of co-localization using
pathogen-borne molecules to study direct host-pathogen interactions, MSI will be used as
a discovery tool to drive new hypotheses and help to conclude old hypotheses.

Conclusion
Higher order techniques in mass spectrometry have proven to be useful tools in a diverse
array of fields including cancer, neuroscience, and forensics. The power to directly
analyze an unextracted sample yields exciting discovery opportunities. MALDI-MSI has
not been widely used in explore infection and immunity models, though the few times it
has been employed, interesting results and new targets have emerged. In the following
work, we seek to harness the power of targeted and untargeted discovery in complex
infection models through MS-coupled technology.
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CHAPTER 3
NORHARMANE IS A VERSATILE AND SENSITIVE
MATRIX FOR BACTERIAL LIPID ANALYSIS BY MALDI
Introduction
Efficient matrices are of paramount importance for Matrix Assisted Laser DesorptionIonization (MALDI) Mass Spectrometry Imaging (MSI), a robust molecular histology
technique. Here we present norharmane (NRM, β-carboline) as a versatile matrix for
MALDI analysis of lipids. We evaluated the performance of NRM for a wide range of
MALDI applications including MALDI-MSI, thin-layer chromatography (TLC)-MALDI,
and analysis of complex bacterial lipid extracts. For phospholipid analysis NRM
performed similarly to 9-aminoacridine (9-AA), a previously reported improved lipid
matrix, in both positive and negative modes. For MSI we have demonstrated that the
majority of the ions produced by NRM are methanol-soluble lipids and that the resultant
crystal size (1-5μm) is appropriate for imaging work. Our analysis also showed that
NRM offers high sensitivity and dynamic range for MALDI analysis of lipid A, or
endotoxin, a bacterial lipid virulence factor of most Gram-negative bacterial pathogens.
The high sensitivity of NRM for detection of lipid A subsequently facilitated lipid A
analysis from in vivo extracts. We confirmed the major structure (m/z 1665) of
Francisella lipid A, in vivo, extracted from the spleen of a disseminated infection in
mouse. Since lipid A can serve as a phenotypic indicator of antibiotic susceptibility this
improved detection limit of lipid A by MALDI may be a platform for antibiotic
susceptibility screening of primary clinical bacterial isolates. Finally, we demonstrate the
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diverse utility of NRM by separating and simultaneously detecting both lipid A and
phospholipids in bacterial lipid extracts by two-dimensional thin layer chromatography
(2D-TLC)-MALDI-MSI. NRM is an excellent choice of matrix for lipid analysis by
MALDI since it is efficient in both positive and negative ion modes and can improve the
sensitivity limits for bacterial lipid virulence factors.

Section 1: Background
NRM is an indole alkaloid molecule commonly found in plants, including coffee and
tobacco.(180, 181) NRM was first reported as a matrix substance for MALDI in 1999
where it was used to facilitate ionization of sialyl oligosaccharides.(182) Following this
initial report, the use of NRM as a MALDI matrix for work in negative ion mode was
systematically evaluated by Brown et al in 2001, alongside common matrices such as
2,5-dihydroxybenzoic acid (DHB), sinapinic acid (SA), α-cyano-4-hycroxycinnamic
acid (HCCA), and 9-nitroanthracene (9-NA).(183) This work identified NRM and a
related molecule, harmane, as excellent matrices for negative mode MALDI analysis of
hydrophobic molecules.
Bacterial lipid A is a large, hydrophobic molecule of interest. Lipid A is the membrane
anchor component of bacterial lipopolysaccharide (LPS), the structure of which also
serves as a pathogenic determinant in Gram-negative bacteria.(95) Since lipid A
structures can be indicative of antibiotic resistance patterns, there is a need to directly
observe structural modifications from clinical samples.(184, 185) In addition, the
environmental-dependence of some of these modifications drives the need for analysis of
lipid A without ex vivo expansion culture.(186) In order to achieve this two things are
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necessary: sensitive detection of lipid A and efficient, small-scale lipid A extraction. In
2005 a method for lipid A microextraction was reported by the Caroff group in which the
authors achieved adequate lipid A extraction from a ten milligrams of lyophilized
bacteria followed by mass spectrometric analysis.(187) This report revolutionized the
study of the lipid A structure-function relationship by making lipid A analysis from lowlevel bacterial inputs possible. Finally, most lipid A molecules are readily ionized in
negative ion mode since these structures frequently have terminal phosphate groups.(97)
The first report of the use of NRM for MALDI analysis of lipid A (endotoxin) was made
by d’Hauteville et al in 2002 to describe the activity of two lipid A biosynthesis genes
(msbB1 and msbB2) active in Shigella flexneri.(188) In this study lipid A was extracted
from multiple liters of culture and analyzed by MALDI using NRM matrix. Presented
here, we sought to combine these two advances and analyze the in vivo lipid A structure
in a mouse model of Francisella novicida infection by extracting lipid A directly from
burdened tissue.
Since 2002, NRM has been used for a number of MALDI applications. We have
previously reported the use of NRM mass spectrometry imaging (MSI) and onedimensional TLC-MALDI experiments.(158, 178) MSI is a technique used to
characterize the spatial relationship of molecular targets to histological features.(156,
166, 189) MALDI is a commonly used ionization method for MSI, excellent reviews
exist for these techniques.(190-192) TLC-MALDI is a technique that couples traditional
TLC separation with mass identification by MALDI.(193, 194) TLC-MALDI is a
powerful tool for lipid profiling since it is fast and can offer improved lipid identification
when coupled with solvent separation systems that sort lipids by headgroup, especially
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when potentially overlapping masses are analyzed in negative ion mode.(195) Both
techniques require a matrix capable of ionizing the molecular target(s) of interest; for
example, lipids. Several matrices have been reported for lipid-targeting MSI, including
DHB, 1,5-diaminonapthalene (DAN), HCCA, and 9-AA.(169, 196, 197) To date, no
report exists of a matrix that can be used for all of the following: positive- and negativemode lipid detection and near-universal lipid A detection in both positive- and negativemodes. DHB is a widely used matrix for lipid MALDI-MSI and is adequate for positive
mode analysis and can be used for low-sensitivity lipid A analysis.(170, 198) The use of
9-AA as a matrix for negative mode lipid analysis offers the advantage of spectra
consisting largely of deprotonated or molecular ions rather than salt adducts, which
simplifies lipid identification.(196) However, 9-AA and DHB cannot serve as universal
matrices for lipid A analysis since we have routinely observed structurally-dependent
failures in ionization among diverse lipids A. (Ernst group, unpublished) Finally, a matrix
that efficiently ionizes phospholipids as well as lipid A is necessary to profile bacterial
membrane dynamics using hybrid techniques such as TLC-MALDI. Identifying an
improved matrix, with near universal compatibility for a broader range of lipids in both
positive and negative modes will greatly benefit bacterial lipid research.
The following work describes an evaluation of the use of NRM as a versatile matrix for
phospholipids, complex bacterial lipids, and diverse MALDI applications. We present
evidence that NRM performs similarly to 9-AA, the standard negative mode matrix for
phospholipids in numerous MALDI techniques including spot analysis, TLC-MALDI,
and MALDI-MSI. NRM is also an excellent positive mode MALDI matrix for the same
techniques. In addition, NRM yields excellent sensitivity (to picogram level) for lipid A
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detection across a diverse range of structures and allows for in vivo lipid A analysis. The
results presented herein will expand the fields of pathogenesis, general microbiology, and
MALDI-coupled lipid profiling by offering a versatile alternative matrix for lipid
analysis.

Section 2: EXPERIMENTAL METHODS
Matrix and Solvents
Matrices were used at a concentration of 6 mg/mL for all on-tissue preparations, 12
mg/mL for TLC-MALDI applications, and at 20 mg/mL for spotted lipid A preparations.
9-aminoacridine (9-AA) and norharmane (NRM, β-carboline) were both purchased from
Sigma-Aldrich (St. Louis, Missouri). Solvent solutions were volumetric parts as follows:
E:W - 1:1 (v:v) ethanol:water; C:M:W - 1:2:0.8 (v:v:v) chloroform:methanol:water; C:M
- 2:1 (v:v) chloroform:methanol. For on-tissue preparations matrices were solvated in
C:M:W and applied in an ImagePrep device, except where noted. (Bruker Daltonics,
Billerica, MA) Matrix solution for TLC-MALDI was solvated in C:M and applied by
hand with a TLC sprayer requiring approximately ten milliliters of matrix solution. All
solvents were sourced from Sigma-Aldrich, and certified endotoxin-free water was from
Gibco (Grand Island, New York).
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Mice and Infection
Uninfected and infected solid organs (kidney, spleen) were collected from female
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME), 6-8 weeks of age for MSI or
lipid A extraction. Briefly, mice were housed in biosafety level 2 (BSL2) microisolator
cages and provided food and water ad libitum. Mice were infected with approximately
300 colony forming units (CFU) of Francisella novicida, subcutaneously. Control groups
received sterile phosphate buffered saline injections. Briefly, Fn was grown in shaking
culture at 37°C overnight and a 1:200 subculture (fifteen milliliters) was started three
hours prior to dose preparation. Mice were euthanized by carbon dioxide narcosis prior to
tissue collection. Spleens for lipid A extraction were collected forty-eight hours post
infection along with uninfected control tissue. Tissues were excised and snap frozen by
floating in a pool of liquid nitrogen then stored at -80C for sectioning or lipid A
extraction. These experiments were performed in accordance with the Institutional
Animal Care and Use Committee (IACUC) protocol #0814005.

Tissue Preparation
Tissue profiling experiments were performed on uninfected, unfixed, frozen kidney and
spleen, 12 µm sections were cut on a ThermoFisher cryostat (Waltham, Massachusetts),
mounted onto a cold glass slide and heat fixed at 37°C until visibly dry. Methanol
washing steps to remove lipids were performed as follows: one minute wash in 70%
methanol followed by one minute wash in 100% methanol, after which the sections were
allowed to dry under ambient conditions and then prepared for imaging using the
ImagePrep as follows. Matrix was applied on tissue with an ImagePrep device from
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Bruker Daltonics (Billerica, Massachusetts) as described above. The program was run
twice per tissue, with a 180° turn of the slide between the two cycles.

Lipid A Extraction and Sensitivity
Commercial preparation of monophosphoryl lipid A (MPL) from Salmonella enterica
serovar minnesota (R595) was purchased from Sigma-Aldrich (St. Louis, MO).
Concentrated stock solution of 1 mg/mL MPL was made in 1:1 (v:v) chloroform :
methanol, a 10-fold dilution series was made in the same solvent through 1ng/mL. One
microliter of each dilution in series was spotted onto a stainless steel MALDI target plate,
dried and followed by 1 µL of NRM matrix (20mg/mL in 2:1 C:M) as described above.
Microextraction of lipid A from shaking culture (in vitro) and mouse spleen (in vivo) was
performed as previously described with the following deviations: mouse spleen was
extracted in a double volume of the initial extraction (800 µL total) starting with a tissue
shredding step of approximately 3, 10-15 second full speed pulses of the spleen in the
extraction solution (Tissue Tearor Homogenizer, Cole Parmer, Vernon Hills, IL).(187)
Briefly, one milliliter of mid-log phase Francisella novicida grown in tryptic soy broth
containing 0.1 g/L L-cysteine (Broth, Becton-Dickenson, Hunt Valley, MD; L-cysteine,
Sigma-Aldrich, St. Louis, MO) was pelleted and supernatant discarded. The pellet was
extracted in 400 µL of a solution containing 5 parts isobutyric acid : 3 parts 1M
ammonium hydroxide and heated at 100°C for one hour followed by a fifteen minute
incubation on ice and centrifugation at 2000xg for fifteen minutes. Supernatant was
collected and mixed in equal parts with water then frozen and lyophilized. Contaminants
were washed from the dried material by two rounds of methanol washes: one milliliter of
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methanol, vortexing, pelleting at 10,000xg for five minutes. The final product was
reconstituted in 2:1 C:M (100 µL) along with 4-8 grains of Dowex ion exchange resin
(Fisher Scientific, Pittsburgh, PA), incubated with vortexing for at least five minutes. One
microliter of the extraction was spotted with 1 µL of NRM as above for MALDI analysis.

Total Lipid Extraction
Total lipids were extracted from pellets of Francisella novicida (10mL mid-log shaking
culture at 37°C) as previously described.(199) Briefly, pellets were incubated on ice in
11.4 mL of the single phase extraction solution (C:M:W) for thirty minutes with a flea
stirbar, insoluble product was pelleted at 1000 x g for ten minutes. The supernatant was
split into two phases by adding 3 mL of water and 3 mL chloroform, shaken vigorously
and allowed to separate for five minutes followed by a fifteen minute separation at 1500
x g. The organic phase was collected and dried under a gentle stream of nitrogen.
Aqueous phases were washed with 3mL chloroform and separated as above followed by
organic phase collection, pooled with the first. Total lipids were reconstituted in 100 µL
of C:M solution. 12 µL of total lipid extract was spotted onto the lower left corner of a
large format aluminum-backed silica TLC plate for two-dimensional separation, as
follows. All organic extraction reagents were purchased from Sigma-Aldrich (St. Louis,
MO). Endotoxin free water was purchased from Gibco (Grand Island, NY).

Two-Dimensional TLC-MALDI
Two-dimensional TLC-Imaging (2D-TLC-MALDI) was performed on Fn lipid extracts
grown at 37°C in TSBC as described above and each spotted (12 uL) onto aluminum
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backed HPTLC silica gel 60 F254 plates (20cm x 20cm, EMD Chemicals Inc., Germany)
were pre-run (wash) in an equilibrated chamber of 1:1 (v:v) chloroform:methanol in the
direction of the first dimension and dried. Plates were spotted with 12 uL of total lipid
extract (37°C). Loaded plates were separated in an equilibrated chamber of 65:25:3.6:0.4
(v:v:v:v) chloroform : methanol : water : ammonium hydroxide, dried, turned 90° and
separated in the second dimension for acyl complexity in an equilibrated chamber of
60:60:10 (v:v:v) toluene, pyridine, water. Solvent fronts were marked and lipid migration
spots were estimated using water exclusion. TLC plate was trimmed for MALDI to
approximately 5 cm x 7.5 cm, spray coated with matrix (as above) and scanned by MS in
negative ion mode (details below) at 500 um spatial resolution, collected as an MSI
experiment in flexImaging (Bruker Daltonics, Billerica, MA). Plates were then air dried
and prepared for MS by applying matrix directly to the TLC plates. All solvents were
obtained from Sigma-Aldrich (St. Louis, MO) except water. Endotoxin-free water was
sourced from Gibco (Grand Island, NY).

Instrumentation
Matrix assisted laser desorption-ionization (MALDI) mass spectrometry imaging (MSI)
and tissue profiling data was collected on a Synapt G1 from Waters (Milford,
Massachusetts) using MassLynx Software (Waters) calibrated with a polyethylene glycol
(PEG) mixture. Spectra were processed for image construction in BioMap software
(Novartis, www.maldi-msi.org). Spotted lipid A for the limit of detection study was
analyzed on a Bruker Daltonics (Billerica, MA) solariX (MALDI FT-ICR,12T) calibrated
to 1ppm using sodium trifluoroacetic acid in negative ion mode. In vitro and in vivo lipid
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A extractions and 2D-TLC-MALDI separations were assayed on a Bruker AutoFlex
Speed (Billerica, MA) in negative ion mode calibrated with Agilent Tuning Mix (Santa
Clara, CA). Data was analyzed in Bruker DataAnalysis and FlexAnalysis software.

Section 3: EXPERIMENTAL RESULTS AND DISCUSSION
NRM and 9-AA Yield Similar Lipid Profiles in Positive Mode
9-AA was previously reported as an improved matrix choice for lipid-targeting MALDI
experiments due to the ability to analyze phospholipids in both positive and negative ion
modes improving lipid identification. NRM shares some structural similarity with 9-AA,
specifically, they are both tricyclic compounds with an amine group (inset, Figure 3.1);
we predicted similar performance of these two matrix compounds in a direct comparison.
To evaluate the performance of NRM to 9-AA we captured on-tissue spot profiles of
rodent kidney (cortex) from serial sections prepared for MSI in positive ion mode in a
chloroform-based solvent as previously described.(158) In the low mass range (m/z 100400, gray) the respective matrix monomers, clusters, and common phosoholipid
headgroup fragments are detected in both matrix conditions with similar relative
abundances, Figure 3.1. Both NRM and 9-AA yielded dozens of detectable lipid ions in
the range of m/z 500-1000, many of which have been extensively characterized
elsewhere.(84, 196, 197, 200) Of interest are the subtle dissimilarities in the performance
of these two matrices. NRM improved detection of several ions in the m/z 850-950 range
and increased abundance of several lipid peaks in the phospholipid range including m/z
756.5, 782.5, 832.5, and 905.7. These results demonstrate that NRM can be
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Figure 3.1: NRM yields comparable on-tissue lipid profile to 9-AA. (TOP) NRM
matrix on tissue, red. (BOTTOM) 9-AA matrix on tissue, black. Kidney tissue spot
profiling of lipids. MALDI positive mode, range m/z 100-1000 showing matrix and
clusters (shaded region) and lipids (unshaded region), 12µm sections, data collected in
the cortex region of the kidney. Total Ion Current (TIC) shown.
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used for tissue profiling in the same manner as 9-AA and that NRM improves
phospholipid detection across a wider mass range.

NRM Yields Robust On-Tissue Lipid Ionization in Both Polarities
A major advantage for any lipid matrix is the ability to generate ions of many different
classes of lipids, including fatty acids, phospholipids, sphingolipids, and more in both
positive and negative ion modes.(158, 196) Murine kidney is commonly used for lipid
analysis by MALDI-MSI. Kidney sections were prepared for imaging with NRM matrix
dissolved in a single-phase lipid extraction solution (C:M:W, Methods) and profiled
successively in positive and negative ion modes.(199) Several previously described lipid
ions (m/z 734.6, 782.6) were detected in the positive mode spectra generated by NRM,
(Figure 3.2).(84) Similarly, previously described common negative mode features of the
kidney were noted (m/z 857.6, 885.6), both corresponding to phosphatidylinositol (PI)
species.(201, 202) In both polarities known lipid feature abundances are strong and
known fragmentation patterns are comparable to other, similar matrices. Overall the
kidney lipid profiles produced with NRM matrix were robust in both polarities.
The spleen is a dynamic secondary lymphoid organ responsible for clearance of
compromised red blood cells in the red pulp and immune response and surveillance in the
white pulp. During the course of an immune response the splenic architecture undergoes
dramatic restructuring, forming germinal centers and follicles, and making the spleen an
interesting tissue for future imaging studies of infection and inflammation. We sought to
determine a baseline profile of the positive and negative mode lipids of the spleen,
including polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA) that
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Figure 3.2: NRM demonstrates differential tissue fingerprints of kidney and
spleen in both positive and negative ion modes. (LEFT) Kidney cortex spot
profiling of lipids, m/z 500-1000. Blue: Negative Ion Mode TIC, Orange: Positive
Ion Mode. (RIGHT) Spleen spot profiling of lipids, m/z 300-950. Blue: Negative Ion
Mode TIC, Orange: Positive Ion Mode. 12µm sections, data collected in both red and
white pulp regions for summation. NRM matrix. Total Ion Current (TIC) shown.
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contribute to the inflammatory lipid pool. Thin sections (12um) of murine spleen were
prepared in the same manner as the kidney sections and arbitrarily spot profiled. The
most abundant ion detected in negative ion mode was m/z 885.6, a phosphatidylinositol
described in numerous other tissues (Figure 3.2B). Notably, a robust peak corresponding
to AA was detected at m/z 303.2. The positive mode lipid profile of the spleen varied
from the kidney, with very little di-palmitoyl-phosphatidylcholine (DPPC, m/z 734.6)
detected in the spleen, comparatively. Higher molecular weight lipid ions were also
detected in the spleen, a feature of increased NRM efficiency in higher mass ranges
(Figure 3.1). Together, these data highlight the dual polarity application of NRM for
efficient lipid profiling experiments on-tissue.

NRM Is An Effective Matrix for MSI
We sought to confirm the general chemical nature of the ions in the NRM on-tissue
profiles. We employed a lipid depletion (methanol washing) protocol followed by NRM
matrix application and profiling. Figure 3.3A shows the lipid profile from spot
acquisition from mouse splenic tissue normally prepared for MSI (see Methods). The
image inset demonstrates the signal distribution and intensity of a positive mode ion at
m/z 848.6 at 100 µm rastering. Figure 3.3B demonstrates the lipid profile from spot
acquisition from mouse splenic tissue following a methanol wash. Note the depletion of
signal, overall, in the region of m/z 500-1000 (consisting of primarily lipids). The inset of
Figure 3.3B demonstrates the depleted distribution of the positive mode ion m/z 848.6
with the same acquisition settings used in Figure 3.3A. These data demonstrate the
versatility of NRM for lipid MSI. Crystal profiling of NRM in the C:M:W solution used
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Figure 3.3: Methanol-soluble lipids comprise NRM spectra on-tissue. (TOP)
Spleen MSI of lipids without methanol washes, m/z 500-1000. (BOTTOM) Spleen
MSI of lipids remaining after methanol washes, m/z 500-1000. 100µm rastering,
positive ion mode, NRM matrix, ion map shown (m/z 848) in the inset is normalized
to the protonated NRM peak (m/z 169). Post-Wash slide incubated for 1 minute each
in 70% methanol followed by 100%. White dotted outline denotes tissue margin.
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for Figure 3.3 was performed. NRM application for MSI results in small, uniform crystals
ranging in size from 1-5 µm, ideal for MSI (data not shown, Heeren Lab communication).

High Sensitivity of NRM for in vivo Lipid A Detection
We evaluated the dynamic range and sensitivity of lipid A detection by negative mode
MALDI using NRM as the matrix. Monophosphoryl lipid A (MPL) is a standard lipid A
molecule derived from the lipopolysaccharide (LPS) structure of Salmonella enterica
Minnesota. A standard preparation of MPL was serially diluted ten-fold from 1 mg/mL (1
ng spotted) through 1 ng/mL (1 pg spotted), and spotted with either DHB or NRM. We
report a two-log improvement of the dynamic range by expanding the lower limit of
detection when NRM is used as the matrix as compared to DHB. Figure 3.4A
demonstrates robust signal intensity at picogram levels of MPL when spotted with NRM.
MPL spotted with DHB matrix became undetectable below 100pg.
To evaluate NRM matrix for lipid A detection from bacterial source, lipid A was
extracted from an overnight culture of Francisella novicida by the microexctraction
method, solvated (in 50 µL of 2:1 C:M) and 1µL was spotted onto a MALDI target plate
with NRM matrix. A known mass signature of Fn lipid A is readily detectable (Figure
3.4C) from an in vitro culture at m/z 1665 representing the tetra-acylated, monoglycosylated lipid A structure. Our aim in improving the detection limits for lipid A was
to enable detection of lipid A from in vivo samples, allowing for direct analysis of lipid A
without ex vivo expansion of the bacterial culture. To this end, we extracted lipid A using
the microextraction method from mouse spleens infected with Francisella novicida for
forty eight hours. The resulting lipid A product was spotted in NRM matrix and analyzed
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Figure 3.4: NRM matrix delivers high sensitivity for physiological-level lipid A
detection. (A) 1 pg monophosphoryl lipid A (MPL) spotted on MALDI target with
NRM, detected as the deprotonated molecular ion, m/z 1744. (B) 1 ng MPL spotted.
(A+B) Negative ion mode MALDI, m/z 1600-2000. (C) In vitro–grown Francisella
lipid A extract, 37C, from 1 mL of culture. Two major peaks detected: m/z 1665 and
1637, both deprotonated molecular ions. Structure of m/z 1665 given for reference,
the m/z 1637 peak is shortened by one C2H4 unit at one of the two amide-linked acyl
chains. (D) In vivo–grown Francisella lipid A extract from a whole mouse spleen
infected for forty-eight hours (~300 colony forming units given subcutaneously)
(RED). Uninfected, extracted naïve spleen (BLACK). Expected burden at forty-eight
6
7
hours post infection is 10 -10 CFU per spleen. (C+D) Negative ion mode MALDI,
m/z 1600-1700.
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by MALDI-MS. Both of the lipid A product ions detected in vitro were detected in vivo,
(Figure 3.4D). The major lipid A species at m/z 1665 was robustly detected from
infected spleens and a minor, shorter lipid A species at m/z 1637 was detected in similar
relative abundance as the in vitro samples. These results represent the first lipid A
analysis by MALDI-MS from unexpanded cultures, directly extracted from infected
tissue in the native conformation – due to the sensitivity of detection afforded by NRM
matrix. Lipid A analysis directly from tissue isolates opens up a number of future
research aims. Lipid A is related to antibiotic resistance profiles in some bacterial
species and we can now directly extract and analyze known resistant structures without
ex vivo culture expansion. Using NRM and DHB in a direct limit of detection comparison
revealed a three-log improvement in NRM prepared samples over DHB in negative ion
mode. The expansion of the working range of lipid A detection makes NRM a powerful
tool for characterizing low-yield lipid A extractions from clinical or environmental
samples, including bacteria isolated from biofilms on implanted devices or directly from
infected wound sites. Overall, NRM will have wide applications for the detection and
study of complex lipids.

NRM is a Robust Matrix for TLC-MALDI and MSI Applications
Since lipid A and the membrane phospholipids populations of Francisella are different
when grown at alternative temperatures we sought to determine the utility of NRM for
the rapid lipid profiling technique, TLC-MALDI. TLC-MALDI couples the separation
needs of complex lipid samples with the lipid identification power of MALDI. Beyond
the typical polar head group separations performed in one-dimensional TLC-MALDI
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experiments, we wanted to visualize the discrete acyl length variants of two major
Francisella lipid components: lipid A and phosphatidylglycerol (PG). To achieve this we
separated whole Francisella lipid extracts in a two-dimensional TLC format followed by
MSI to visualize the discrete lipid bands. Figure 3.5 illustrates the separation approach as
well as the resulting data. By 2D-TLC-MALDI-MSI we were able to separate lipid A
from PG as well as the individual acyl variants from one another within a TLC spot. The
sensitive performance of NRM as a matrix for lipid A translated well to TLC silica plate
format, with three lipid A variant structures detectable: m/z 1665, 1637, and 1639, a
minor constituent when the bacteria are grown at physiological temperature (Figure
3.4C). Similarly, six different saturated PGs were detected (unsaturated PGs not shown)
ranging from PG 38:0 to PG 28:0. TLC-MALDI is an established method for rapid lipid
profiling. Here, we have demonstrated that the additional sensitivity of using NRM as the
matrix yields excellent results for both complex and simple bacterial lipids.

Importance of Matrix Compatible Solvation of Lipids
9-AA was previously reported as an improved matrix choice for lipid-targeting MALDI
MSI. 9-AA is readily soluble in alcohols and single-phase chloroform/alcohol/water
solutions. We proposed that the efficiency of tissue lipid:matrix co-solvation would be
improved by applying 9-AA matrix in a single-phase extraction mixture of 1:2:0.8 (v:v:v)
parts chloroform:methanol:water (C:M:W) compared to the 1:1 (v:v) parts ethanol:water
(E:W) solution previously reported. In addition to improved lipid detection, the higher
vapor pressure of the chloroform fraction was also expected to help keep crystal sizes
small due to rapid desolvation.
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Figure 3.5: Simultaneous analysis of both phospholipids and lipid A from 2DTLC-MALDI-MSI. (TOP) Cartoon depicting the two-dimensional TLC separation.
First dimension was a polar separation, second dimension was an apolar separation,
red dot indicates the spot origin, blue spots indicate lipid separations. Dotted
rectangle represents area of large format TLC plate cut out for MALDI-MSI (show in
inset). (BOTTOM) Lipid A and phosphatidylglycerol (PG) spots reconstructed by
masses (false colored as given on right). Saturated PG series given to illustrate the
extraordinary separation of the acyl lengths by 2D-TLC. NRM matrix, negative
mode, 500µm rastering, false color reconstruction. All colors 0-100% relative
intensity.
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Lipid profiling of mouse kidney tissue prepared with 9-AA in a C:M:W single-phase
solvent resulted in nearly double the total ion current in both positive and negative ion
modes as compared to tissues prepared with 9-AA in an E:W solvent . (Figure 3.6) In
both solvent conditions, the 9-AA matrix and matrix cluster (m/z 195.1, 387.2) were the
most abundant peaks in the positive ion spectra. (Figure 3.6). Detection of the lipid ions,
ranging from m/z 500-1000, was more robust in the C:M:W preparation.
As we had hypothesized, the application of matrix dissolved in C:M:W, a wellestablished, optimized lipid solvent, improved the detection of lipid ions of interest to
with both 9-AA and NRM. Our results highlight the need for proper solvent selection
when preparing tissue samples for MSI.
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Figure 3.6: Chloroform-based lipid extraction solution improves sensitivity of
standard lipid matrix, 9-AA. (TOP) Red, 9-AA spot profiling of kidney cortex. 9AA applied in 1:2:0.8 C:M:W. (BOTTOM) Black, 9-AA spot profiling of kidney
cortex. 9-AA applied in 1:1 E:W. Negative mode MALDI, 12µm kidney sections,
detection range m/z 100-1000.
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Section 4: CONCLUSIONS
Norharmane is a versatile lipid matrix that efficiently co-solvates with small and large
lipids and produces the desired small crystal sizes for MSI experiments in a chloroformbased solvent system. Additionally, it yields robust lipid ionization in both positive and
negative ion modes. We demonstrated that matrix solvation in a chloroform-based
mixtures yields improved signal strength of lipid ions of interest for both 9-AA and
NRM. In this optimized solvent mixture, NRM improves the overall abundance of lipids
across a diverse array of lipid structures from glycerophospholipids to the much more
complex bacterial lipid A, as compared to 9-AA. NRM is also an excellent matrix in both
positive and negative ion modes, allowing for simple identification of negative mode
lipid ions due to the abundance of molecular ions rather than more convoluted adducts.
NRM’s improved lower limits of detection for large, complex lipids, such as lipid A, may
facilitate detection and characterization of bacterial products at far lower detection ranges
than previously possible. When applied to thin tissue sections for molecular histology
applications, NRM performs similarly to other common matrices. Overall, the
performance of NRM in this study highlights its usefulness across a broad set of MALDI
applications, including MSI and bacterial lipid A profiling.
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CHAPTER 4
Detection and Analysis of the Structural Accommodations in
Francisella Membrane Lipids that Facilitate Diverse Growth
Temperatures and Conditions, In Vitro and In Vivo

Introduction
Environmental and zoonotic pathogens, including Francisella species, are required to
remodel their membranes to maintain proper function under specific growth influences.
These influences include temperature, osmolarity/osmolality, free amino acid availability,
and the presence of cationic antimicrobial peptides. Maintaining a balance between
membrane permeability and fluidity is of critical importance, as failure to do so can result
in increased susceptibility to antibiotics, antimicrobial peptides, and loss of the ability to
accommodate growth in a given condition. One mechanism for maintaining membrane
integrity is altering the structure of lipopolysaccharide (LPS). LPS consists of three
distinct components: the membrane-bound lipid A moiety, core sugars, and O-antigen.
The structure of these components is fine-tuned in response to changing growth
conditions to optimize membrane integrity and host innate stimulatory potential. LPS is a
canonical pathogen associated molecular pattern (PAMP) and many bacteria evade host
detection through the cognate pattern recognition receptor (PRR) Toll-like receptor 4
(TLR4) by altering the structure of LPS. We have previously demonstrated that specific
temperature-driven lipid A alterations in Francisella, to facilitate growth in the
environment or in arthropod vectors result in lipid A structures with shorter fatty acids
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attached to the diglucosamine backbone. When locked into the shorter lipid A structure,
mutants of Francisella are rendered avirulent and protective, indicating that temperature
is a key feature in orchestrating virulence.(110) Clearly, there is a role for lipid A
structural changes in the temperature directed membrane, but other membrane
components, especially lipids, are altered in response to environmental changes.
Therefore, we also sought to understand the role of other membrane lipids, specifically
phospholipids in response to changes in the growth temperature.
Lipids are a diverse class of molecules with a wide array of important cellular functions
and they are an essential component of bacterial pathogenesis, as described above.
However, overall lipid complexity and diversity can make analysis of total lipid mixtures
a difficult task. Advances in thin layer chromatography (TLC) techniques directly
coupled to mass spectrometry (MS) offer a solution as demonstrated in Figure 2.6.
Traditionally, TLC spots were scraped individually and re-extracted for MS analysis, but
TLC plates can now be directly analyzed using matrix assisted laser desorption/ionization
(MALDI) MS. TLC-MALDI facilitates separation of total lipid mixtures by a particular
characteristic, head group polarity for example, followed by solvation in an solute
appropriate MALDI matrix and on-plate analysis of lipid mass.
Using a TLC-MALDI approach, we characterized the temperature-driven phospholipid
modifications in a Francisella model species, Francisella novicida. Temperature-driven
modifications to lipid A had been previously described.(110) Herein, we confirm those
temperature-driven accommodations described in other bacterial species, such as
accumulation of unsaturated acyl chains, hydroxylated phospholipids, head group shifts,
and total lipid length. We also describe shifted head group classes between temperature
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conditions, which would have a cumulative effect on charge interactions at the bacterial
membrane surface. The data we present here serve as a membrane remodeling system
model that can improve our understanding of how a total membrane accommodates
diverse growth conditions.
Our understanding of lipid A structure to this point has been based on in vitro models,
we sought to understand these modifications in vivo. Confirmation of lipid A structure in
the course of an infection has been elusive due to the high sample requirement of current
extraction techniques and detection for subsequent analytical techniques. Prior to the
work described here, no direct observation of lipid A structure has been made in vivo due
to low yield extraction. Several findings were key in determining the feasibility of direct
lipid A detection from infected tissue: first, we observed lipid A from infected tissue
using a novel microextraction technique, second, no major interfering signals exist in the
predicted mass region of lipid A by extraction, and third, the analytical limit of detection
was sufficient to observe lipid A at very low abundance. Improvements to the analytical
detection of lipid A were described in Chapter 3. Here, the extraction of low biological
inputs of bacteria is addressed to validate the major lipid A species from Francisella
novicida using relevant model infections systems (tick and mouse). Section 1 reviews the
methods available for lipid A extraction, the pitfalls and utility of each, and their potential
for use in determining in vivo lipid A structure. Take together, lipid extractions of
phospholipids and lipid A and confirms the temperature-regulated membrane phenotypes
important in Francisella pathogenesis.
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Section 1: Extraction Techniques for Lipid A from Culture and Biological Samples
Few methods exist for the extraction and analysis of lipid A directly from in vitro and in
vivo models due to solute availability and sample complexity (Figure 4.1). For this
combined analysis, at least three extraction criteria must be met: one, LPS must be
solubilized and the glycosidic bond between lipid A and the core sugars hydrolyzed, two,
lipid A should be sufficiently clean to facilitate the chosen analysis method (MALDI is
more tolerant of contaminants), and three, the lipid A molecule should be left intact. The
wide array of possible in vitro methods to extract lipid A tends to be balanced between
yield and the three criteria. Approaches for lipid A cleanup include phenol extractions
with enzymatic digests and acid hydrolysis(203), single phase extraction and hydrolysis
with isobutyric acid and ammonium hydroxide(187), and microwave-assisted enzyme
based extraction. While these techniques can be used to extract lipid A from large
volumes of cultured bacteria, analysis of lipid A directly from tissue remains elusive due
to the low number of bacteria in tissues, as well as the possibility for interfering
molecules from the host.
The following Chapter addresses the major gap in the literature for analysis of lipid A
directly from infected model systems, whether by microextraction or imaging of lipid A
by MSI. Using two distinct models systems that mimic the lifecycle of Francisella (tick
and mouse), we demonstrate the lipid A from Francisella novicida can be analyzed
directly in tissue, confirming the predicted major in vitro structures. Here, we will also
demonstrate the presence of the temperature-regulated lipid A structure (m/z 1637) (lipid
A1 –Δ28) in ticks, confirming the structural regulation of lipid A description made by Li
et al.(110) These results expand the field of profiling of host-pathogen interactions and
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Figure 4.1: Three extraction techniques for lipopolysaccharide and lipid A. 1.
Modified Hot Phenol with Mild Acid Hydrolysis extraction. 2. Caroff Lipid A
Microextraction. 3. Single-Step Francisella Lipid A Extraction.
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make it possible to investigate modifications to lipid A structures in different phases of
infection and the influence of the composition of the local tissue environment. The
principles here could be used to apply lipid phenotyping to bacterial identification in
clinical practice since lipid A structure can be indicative of antibiotic resistance.
Hot Phenol & Acid Hydrolysis
The hot phenol and acid hydrolysis method (and variants) are the oldest approaches to
extracting lipid A, Figure 4.1. Generally, these techniques require large bacterial input,
hundreds of milliliters of culture that yields microgram-to-milligram quantities of
purified lipid A. Several variations on the phenol extraction exist, largely depending on
the pre-phenol extraction steps during which nucleic acid and proteins are enzymatically
degraded affecting initial yield and purity of the LPS product. Core and O-antigen sugars
render LPS soluble in the aqueous phase and numerous contaminants co-purify that must
be removed in separate cleanup steps. Contaminants include lipoproteins that can activate
TLR2 signaling and phospholipids must be removed by further phenol and organic
extractions, respectively. Finally, if the lipid A moiety is required, it can be liberated
from core and O-antigen by cleaving the acid-labile glycosidic bond between the non
reducing glucosamine (6’ position) and the first 3-deoxy-d-manno-oct-2-ulosonic acid
(Kdo) core sugar. Acid hydrolysis of this bond at a modestly acidic pH (4.5) results in
cleavage of this bond, without stripping other acid-labile bonds, such as acyl-oxo-acyl
hydrocarbon chain additions or phosphate modifications on the lipid A structure. The
liberated lipid A can then be separated from the sugars by repeated detergent treatment
and centrifugation.
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The final product of hot phenol and acid hydrolysis is purified lipid A with minimal
remaining contaminants, but at the cost of yield and the requirement for large bacterial
input. Analysis of lipid A extracted from infected tissue is not possible by this method
given the low (less than one million) bacteria per tissue or per milliliter of blood or tissue
present during an acute infection. For analysis directly from tissues, alternative methods
of lipid A detection are necessary.

Microextraction of Lipid A with Simultaneous Extraction and Hydrolysis
Martine Caroff and colleagues demonstrated in 2005 that lipid A can be extracted and
analyzed as a semi-pure product using a combined extraction and hydrolysis step, this
report revolutionized the study of lipid A.(187) The key findings in this report were the
relatively low bacterial input and decreased extraction time yielding sufficient lipid A for
analysis by mass spectrometry. This extraction technique requires less than two days of
mostly passive processing starting with the bacterial content from a small volume of cell
culture (single to tens of milliliter quantities). Figure 4.1 demonstrates the process
starting with an initial incubation of the bacterial pellet with a solution of 5 parts
isobutyric acid to 3 parts 1 molar (M) ammonium hydroxide (by volume) at 100°C for at
least forty five minutes though can be increased to two hours, depending on the
robustness of the bacterial species. Two critical events occur during this incubation, cell
lysis and LPS solvation and acidic lysis of lipid A from the core Kdo sugar. The reaction
product is lyophilized followed by washes with methanol. The final product is a semipurified lipid A product of sufficient quantity for structural analysis by MALDI-MS. The
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lipid A product is not pure enough for cell stimulations, but it is of sufficient purity that
other interfering peaks (MS features) are lost.
Extensive unpublished work from the Ernst Laboratory has demonstrated robust lipid A
extraction from a single bacterial colony using this technique. It is therefore now possible
to achieve lipid A analysis from uncultured bacterial products, for example, zero-passage
clinical isolates. This is important because phenotypic changes can occur during the postisolation expansion of bacteria that can occur in clinical laboratory diagnostic
identification. Phenotypic changes can include alterations to lipid A that may be
contributing to an antibiotic resistance profile. With an aim to analyze lipid A structure
directly from model system isolates (tick, mouse), the Caroff microextraction method is
an excellent choice. However, for analysis of Francisella lipid A a faster extraction
method was reported by Li et al in 2011 in which lipid A can be isolated in under a single
day.

Rapid, One-Step Isolation of Francisella Lipid A
In 2011, the Ernst Laboratory published a single step method of lipid A isolation from
bacterial pellets. This method relies on the large fraction (>50%) of total lipid A
unattached to core and O-antigen found in Francisella species. ‘Free’ lipid A, not
attached to core sugar, is readily soluble in organic solvents such as chloroform and
methanol and can be directly spotted for MALDI-MS analysis from a colony. The
principle of this isolation method is simply to incubate the bacterial pellet (milliliter
culture quantity) with vigorous shaking for one-to-two hours in a small volume of 2:1
chloroform:methanol (v:v) solution. The soluble fraction contains ‘free’ lipid A and other
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cellular lipids and the insoluble fraction contains full LPS and other water-soluble
components (protein and nucleic acids). This method produces lipid A that can be readily
analyzed by MALDI-MS, though it is not pure and cannot be used for cell stimulations.
Another benefit of this method is the potential to translate it to direct in situ analysis of
lipid A. ‘Free’ lipid A is readily co-solvated in the standard MALDI matrix preparation
described in Chapter 3, making it possible for lipid A detection (Chapter 4) and mapping
by MSI (Chapter 5).

Section 2: EXPERIMENTAL METHODS
Bacterial Strains and Growth Conditions for Phospholipid Extractions
Francisella novicida strain U112 wildtype was grown in Tryptic Soy Broth containing
0.1g/L L-cysteine (same formulation for agar plates) without antibiotic, except for
antibiotic susceptibility assays. All cultures were grown at the stated temperature (18ºC,
25ºC, and 37ºC) with orbital shaking at 225RPM overnight. Ten milliliter subcultures
were inoculated the following day and cultures were harvested for extraction when they
reached OD600 = 0.7+/-0.05 corresponding to a late mid-log culture.

Bacterial Strains and Growth Conditions for Infections
Francisella novicida strain U112 wildtype was grown in Tryptic Soy Broth containing
0.1g/L L-cysteine (TSBC, same formulation for agar plates) without antibiotic. Cultures
were struck from frozen stocks onto TSBC agar plates and grown overnight. A 5 mL
TSBC liquid culture was inoculated for expansion at 37ºC, overnight. Three hours prior
to infection, a large volume subculture (1:200) was inoculated and allowed to grow for
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three hours. Bacteria were harvested by centrifugation and resuspended in phosphate
buffered saline (PBS) for OD600. Infectious doses were calculated for 300 CFU/dose in
PBS and inoculum (CFU) was counted in duplicate on agar plates. All cultures for
infection were grown at 37ºC with orbital shaking at 225RPM.

Mouse Infections
Female C57BL/6 mice, 6-8 weeks old, were obtained from Jackson Laboratories. Mice
were housed in aBSL2 microisolator caging with negative pressure flow. Food and water
were provided ad libitum. Infectious material was delivered subcutaneously and animals
were monitored twice daily for signs of morbidity/mortality as well as recording of
clinical progression scores. Mice were euthanized by carbon dioxide asphyxiation and a
secondary thoracotomy; tissues were excised post-mortem for lipid A extraction. All
studies were performed under humane guidelines according to the Institutional Care and
Use Committee of the University of Maryland, Baltimore, approval number 0814005.

Ticks
Dermacentor variabilis (Dv) ticks were a gift from Dr. Shane Ceraul (University of
Maryland, Baltimore). Partially fed adult Dv ticks were injected with 2x105 CFU
Francisella novicida and kept at 26ºC in a humidified tick enclosure for 24, 48, and 72
hours. For lipid A extraction, ticks were decapitated, bisected, and directly homogenized
in the extraction solution for microextraction of Lipid A (below).
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Microextraction of Lipid A
Lipid A was extracted from bacterial pellets, ticks, and mouse tissues (spleens) according
to the following procedure. 400 µL of extraction solution of 5 parts neat isobutyric acid :
3 parts 1 molar (M) ammonium hydroxide was added to each bacterial pellet in a 1.5 mL
screw-top tube. Dense mouse tissue and tick halves were submerged in a double volume
of extraction solution and homogenized using a tissue shredder. Bacterial pellets were
resuspended by vortexing. The extractions were incubated at 100°C for at least 45
minutes with occasional vortexing. Extractions were then cooled on ice for fifteen
minutes and any insoluble product was separated by centrifugation at 2000xg for fifteen
minutes. Supernatants were mixed with an equal volume of water (approximately 400
µL), frozen, and lyophilized. The dry product was washed twice with methanol by
centrifugation. Lipid A was solubilized in a solution of 2:1:0.25 parts (v:v:v) chloroform :
methanol : water, typically 100 µL. The solubilization solution was desalted briefly with
several Dowex beads (cation exchange resin), the beads were added and vortexed in the
final solution for thirty seconds. 1 µL of the extraction was spotted on a stainless steel
MALDI target followed by 1 µL of NRM matrix (20 mg/mL) in 2:1 (v:v) chloroform :
methanol. All chemical reagents, except Dowex, were from Sigma (St. Louis, MO) and
resin was sourced from Fisher Scientific (Pittsburgh, PA).

Lipid Extraction
Ten milliliters of culture (in technical triplicates, biological duplicates) was pelleted and
the pellet subjected to a Bligh & Dyer total lipid extraction.(199) Briefly, 11.4 mL of the
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single phase [1:2:0.8 parts (v:v:v) chloroform:methanol:water] was used to extract the
pellets, with a flea sitrbar for agitation, the single phase extraction was centrifuged at
1500xg for 10 minutes and the supernatant removed for two-phase splitting by adding
3mL each chloroform and water. The two-phase solution was mixed and allowed to split
briefly before centrifugation for 20 minutes at 1000xg. The lower phase was collected
and dried under a stream of nitrogen gas and the lipids were reconstituted in 50 µL of 2:1
(v:v) chloroform:methanol for spotting on TLC plates.

1D and 2D Thin Layer Chromatography and Solvent Systems
Aluminum backed HPTLC silica gel 60 F254 plates (5cm x 7.5cm, EMD Chemicals Inc.,
Germany) were pre-run (wash) in an equilibrated chamber of 1:1 (v:v)
chloroform:methanol and dried. Plates were spotted with 8 µL of total lipid extract for
each temperature condition (18°C, 25°C, 37°C). Loaded plates were separated in an
equilibrated chamber of 65:25:3.6:0.4 (v:v:v:v) chloroform : methanol : water :
ammonium hydroxide. Solvent fronts were marked and lipid migration spots were
estimated using water exclusion. Plates were then air dried and prepared for MS by
applying matrix directly to the TLC plates.
Two-dimensional TLC-Imaging (2D-TLC-MALDI) was performed on Fn lipid extracts
grown at 25°C and 37°C in TSBC as described above and each spotted (12 uL) onto a
Silica 60 large-format TLC plate. Separation in the first dimension was based on head
group polarity[65:25:3.6:0.4 (v:v:v:v) chloroform : methanol : water : ammonium
hydroxide], the plate was then dried gently and separation in the second dimension
followed based on acyl chain complexity [60:60:10 (v:v:v) toluene, pyridine, water]. TLC
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plate was trimmed for MALDI, spray coated with matrix (below) and scanned by MS in
negative ion mode (below). All solvents were obtained from Sigma-Aldrich (St. Louis,
MO) except water. Endotoxin-free water was sourced from Gibco (Grand Island, NY).

Matrix Application for TLC-MALDI
Norharmane (β-carboline, NRM) matrix (Sigma-Aldrich, St. Louis, MO) was applied on
TLC plates with a standard glass, 125 mL TLC sprayer pressurized with nitrogen gas.
NRM matrix was solvated in 2:1 chloroform:methanol (v:v) at 20 mg/mL. Matrix was
applied in thin layers until the silica plates were visibly moist with solvent, but not
saturated (not dripping). This required approximately 9mL of matrix solution. Plates were
allowed to air dry briefly, then dried in a vacuum desiccator for at least 30 minutes.
Markings for lane position were darkened and finally a spot of peptide mass calibrant
(Agilent Tuning Mix, Santa Clara, CA) was loaded onto an unused region of the plate.
The matrix-prepared plates were then loaded into the TLC-MALDI target adapter
(Bruker Daltonics, Billerica, MA).

MALDI Instrumentation for Lipid A Detection, 1D, and 2D TLC-MALDI
Analysis of extracted lipid A was performed by MALDI on both a Bruker AutoFlex
Speed (TLC analysis) and a Bruker MicroFlex (lipid analysis) (Billerica, MA) in negative
ion mode. Mass calibration to 50ppm was performed on a peptide calibrant solution
(Agilent Tuning Mix, Santa Clara, CA) spotted directly into the matrix-prepared silica
plate. Post-collection spectral processing was limited to baseline subtraction and
smoothing in the flexAnalysis data analysis software package (Bruker Daltonics,
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Billerica, MA). Mass lists with signal intensities and signal:noise (S:N) ratios were
exported for further analysis. Ratiometric data was calculated as specific mass signal
intensity divided by total signal intensity across an entire lane (for all peaks S:N>6).
1D TLC-MALDI experiments were all assayed in a Bruker AutoFlex Speed using the
TLC-MALDI data collection software (Bruker Daltonics, Billerica, MA). Bacterial lipids
were analyzed in negative MALDI mode. Unless otherwise noted, three sets (widthwise,
+1mm, 0, -1mm) of 500 spectra were collected every millimeter from the origin to the
solvent front (lengthwise).
2D TLC-MALDI-MSI experiments were all assayed in a Bruker AutoFlex Speed using
flexImaging software (Bruker Daltonics, Billerica, MA). To image the TLC spots, the
large format plates were cut to fit into the MALDI-TLC target frame and then set up as a
image collection at 500 µm rastering. Image was captured in negative ion mode as above.

Phospholipid Structural Analysis by MSn
Phospholipid structures were confirmed by negative ion mode mass spectrometry an a
Shimadzu Axima quadropole ion trap time of flight (QIT-TOF) hybrid instrument
(Shimadzu, Columbia, MD). The instrument was externally calibrated using a peptide
mixture consisting of angiotensin II, angiotensin I, neurotensin, ACTH clip (1-17), and
ACTH clip. Argon was used as the collision gas for MSn. Typically, 1000-3000 laser
shots were summed for each MS and MSn analysis.
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Section 3: Analysis of the Francisella Lipid Changes Associated with Alternative
Growth Temperatures
Coupling TLC directly to MALDI aids in resolving lipid classes and masses from
complex mixtures. Differential migration of spots in a mobile phase on a solid support
depends on the solvent system used and the characteristic migration distance of each
class of lipid aids identification. We have shown feasibility of this approach by analyzing
standard PLs in different published solvent systems.(178) Eight commonly used solvent
systems were assessed to determine an appropriate working condition to resolve the lipid
extracts. Variables included acidic and basic solutions, organic composition, and titration
of acidic/basic strength. We determined that a solution of 65:25:4 (v:v:v)
chloroform:methanol:water (by volume) resulted in the largest migration distances of
phosphatidylethanolamine (PE). (Data not shown.) However, the distance between the
phosphatidylglycerol (PG) and PE spots was not optimal. Since these are the major
components of prokaryotic membranes optimum separation was necessary. Addition of
ammonium hydroxide in the above solution instead of water improves separation of PE
from PG, but decreased overall migration distances. Of note, the separation pattern can be
optimized by further titration of the solvent polarity by dilution of the ammonium
hydroxide volume. Finally, since cardiolipins (CL) and PG co-migrate in the water-based
solution, we added a second a solution of 60:60:10 (v:v:v) toluene:pyridine:water to our
routine TLC screening as this solution will resolve CL from PG in cases where overlap of
the two is suspected.
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2D TLC-MALDI-MSI results confirm the shift in lipid A1 (mono-glycosylated lipid A)
to lipid A2 (di-glycosylated lipid A) ratio (A1:A2), detailed in Table 1. When grown at
37ºC, the ratio of A1:A2 is dominated by lipid A1, the singly glycosylated Fn lipid A;
however, when grown at 25ºC, the ratio of A1:A2 is more balanced between singly and
doubly glycosylated lipid A. In addition to the lipid A changes observed by 2D-TLCMALDI-MSI, changes in PG subspecies and abundances are also evident. Odd numbered
carbon chains are not detected in the PG population of lipids extracted from 37ºC growth,
making these odd chain fatty acids potential markers for growth at lower temperatures.
This method also independently supports the previously noted shift to longer chain fatty
acid incorporation on PG when Fn is grown at cooler temperatures. Establishment of firm
ratios of long:short PGs may serve as a useful lipid marker for alternative growth
conditions.

Growth temperature alters the phospholipid population in Francisella
We previously reported the temperature-regulated structural changes the lipid A level
(Figure 1.7) in Francisella novicida (Fn) and their role in virulence. In order to maintain
proper membrane fluidity (opposed to gel phase) when grown at lower temperatures, the
membrane must also include other accommodations, including phospholipid. We
extracted total lipids from Fn grown at 18ºC (environmental condition), 25ºC (vector
condition), and 37ºC (mammalian host condition). Lipid profiling spectra were collected
from single spots of total extracted lipids. Figure 4.2 demonstrates the gross level
changes in phospholipid content and structure, with 18ºC cultures resulting in several 2
mass unit shift, predicted unsaturations, and accumulation of higher mass peaks in the
range of m/z 730-850. The lipid population differences in the survey spectra were
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Table 1: Lipid A and Phospholipid Population Shifts Dictated by Temperature.
Ratio/Total

	
  

Analysis

Environmental

Host

Lipid A

0.6

0.8

PL

0.4

0.2

Lipid A/Cardiolipin

70

346

Lipid A1

0.8

0.94

Lipid A2

0.2

0.06

Long PG

0.7

0.6

Short PG

0.3

0.4

Odd PG/Total PG

Detected

Not Detected

Unsaturated PG

Detected

Not Detected

PE/PG

PE Shift

PG Shift
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Figure 4.2: Global membrane lipid population changes to accommodate
alternative growth conditions. (A) The major structure of lipid A1 at 18°C (blue) is
a shortened (Δm/z 56) version of the warm temperature structure (red). (B)
Phospholipid profile at two growth temperatures: 18°C (blue) and 37°C (red),
suggestive of unsaturations accumulating at the cooler temperature. (C) Charred TLC
plate at 18°C (center) versus 37°C (right) in Fn extracts. Ec standard (left) and neutral
headgroup structures (PE upper; PG lower) given for reference. (D) TLC-MALDI
image shows spot separation of 3 major lipid components from Fn extracts 37°C,
overlapped (left) and individually (right 3 panels), with lipid A2 false colored in
yellow, lipid A1 in cyan, and a representative phospholipid in red.
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suggestive of acyl chain variations and phospholipid head group shifts.
To address the potential shift in head group class, we estimated the relative abundance
of the two major phospholipid classes in Francisella, PG and PE. Figure 4.2C
demonstrates that the PE class is in greater abundance than PG in mammalian
temperature grown cultures compared to environmental temperature (area is proportional
to concentration in TLC, E. coli standard given for reference). This may be advantageous
for the bacteria, since increased PE content (vs. PG) would make the overall surface
charge less negative, in effect, reducing the efficacy of cationic antimicrobial peptides
produced by the host.
To further investigate the peak shifts observed in the phospholipid survey (Fig. 4.2) we
employed a TLC-MALDI approach of both one-dimensional (1D) and two-dimensional
(2D) TLC-MALDI. 1D-TLC-MALDI (Fig. 2.6A) involved separating lipids on a TLC
plate followed by mass interrogation of the center of the lane at one millimeter intervals.
Each interval results in a spectrum (Fig. 2.6B), which when stacked and visualized at
mass intensity appear as a heat map with mass separation. Using the 1D-TLC-MALDI
approach we were able to analyze relative abundances of phospholipids (m/z 600-850)
with respect to total lipid A content (lipid A1 m/z 1665, lipid A2 m/z 1827). Using a ratio
of total lipid A signal and total phospholipid signal, we found a substantial shift between
the environmental and mammalian growth temperature conditions. At 18ºC Fn lipids had
a ratio of 3:2 lipid A:phospholipid whereas in the 37ºC condition a ratio of 4:1 was
observed.
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Unsaturations accumulate at environmental temperature growth
A common mechanism for maintaining membrane fluidity is accumulation of
unsaturations of membrane fatty acids. An unsaturated fatty acid contains at least one
double bonded carbon along the length of the acyl chain, a monounsaturated fatty acid
(MUFA) and multiple instances of unsaturation are polyunsaturated fatty acids (PUFA).
Unsaturations of fatty acids (cis>trans) disrupt the acyl packing within the tightly packed
hydrophobic region of a membrane bilayer because the unsaturation site caused the
normally cylindrical fatty acyl to adopt a kink. Membranes containing a higher fraction of
unsaturations have lower gel-phase transition temperatures, meaning they are fluid at
lower temperatures, due to disordering of the hydrophobic region of the phospholipids.
Many mesophiles and psychrophiles incorporate unsaturated fatty acids, along with other
compensatory changes (shorter fatty acids, for example), to facilitate membrane fluidity
at low growth temperatures. In addition, we have previously shown that Francisella uses
lipid A as a mechanism to control membrane fluidity. To determine whether the
Francisella membrane accumulated unsaturations at low growth temperatures as well as
alter its lipid A structure we used 1D TLC-MALDI profiling to assess phospholipid
changes.
Numerous examples of unsaturations accumulating in the low temperature grown
Francisella phospholipid repertoire were observed. Most notably were three specific
shifts from a saturated phospholipid to a MUFA (Figure 4.3). Two of these phospholipids
were fully saturated PE that shifted in abundance to a single unsaturation. Figure 4.3A
demonstrates a major PE ion population at m/z 690.5 corresponding to PE (32:0) [M-H]-
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Figure 4.3: Evidence for accumulation of unsaturated phospholipids in the
environmental conditioned Fn membranes. (A) 1D-TLC-MALDI of Fn lipids at
37°C (top panel) showing an intense population of phosphatidylethanolamine (PE
32:0) m/z 690.5 which shifts to m/z 688.5 (PE 32:1) after growth at 18°C (bottom
panel). (B) Two major shifts to greater unsaturation are demonstrated between 37°C
(top panel) and 18°C (bottom panel) from PG 32:0 m/z 721 to 719 (PG 32:1) and PE
32:0) m/z 718 to 716 (PE 32:1).
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at 37ºC and very little of the single unsaturation at m/z 688.5 corresponding to PE (32:1)
[M-H]-. However, at 18ºC these two populations split into nearly equal abundance of both
PE (32:0) and PE (32:1). A similar shift of PE is observed between 37ºC and 18ºC at m/z
718.5 [M-H]- corresponding to PE (34:0). (Figure 4.3B) In this case the unsaturated
partner, PE (34:1) m/z 716.5 [M-H]-, is present at 37ºC, but the relative abundance
increases at 18°C and the saturated PE abundance decreases. The same panel
demonstrates that the accumulation of unsaturations also appears in PG populations.
Figure 4.3B demonstrated an ion at m/z 721.5 [M-H]- corresponding to PG (32:0), which
almost exclusively dominates at 37ºC over the MUFA, PG (32:1) at m/z 719.5 [M-H]-. At
18ºC, this ratio between saturated and MUFA is nearly equal. These data support the
accumulation of unsaturations in the Francisella low temperature growth membrane.

Lipid A Structure Does Not Influence Temperature-Driven Phospholipid Changes
To investigate whether temperature altered phospholipid membrane compositions was
related to the dominant structure of lipid A incorporated into the membrane at these
respective temperatures we use previously described Fn mutants ΔlpxD1 and ΔlpxD2
with locked lipid A structures (m/z 1609 and 1665, respectively). Both mutants were
grown at both 18°C and 37°C and lipids were extracted as described above for analysis.
Neither mutant showed altered phospholipid compositions due to alterations to lipid A
structure (data not shown). Similarly, mutants of Ec (MKV), which have hypoacylated
lipid A structures when grown at 37°C showed phospholipid alterations.(204) (Data not
shown.) Together, these data demonstrate that Francisella accumulates unsaturated fatty
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acids in phospholipids when grown at lower temperatures. This effect is independent of
the structure of lipid A.

Novel lipid structures present at environmental temperature growth
The Francisella cold-temperature adapted membrane also incorporates unique lipids not
present in the warm-temperature adapted membrane. Figure 4.4 demonstrates the
appearance of two such lipids that are present in the 18°C grown extracts, but not in the
37°C grown extracts. At 18°C, an ion at m/z 732.5 appears near the PG migration point
that is not present in the 37°C sample, Figure 4.4A. However, in the 37°C panel, there is
an ion m/z 734.5 detected in the PE migration range that is not detected at 18°C. The
mass-based prediction for the identity of these ions is that they are PE molecules
containing a hydroxyl side group. The structures of these two unique ions were confirmed
by MSn fragmentation. The 18°C ion, PE m/z 732.5 is identified as PE C10-OH/C24:1
and the 37°C ion, PE m/z 734.5 is identified as PE C10-OH/24:0. An ion at m/z 857.5
migrating with PG also appears in the 18°C sample that is not present at 37°C. (Figure
4.4B) This peak is identified as a heterogeneous mixture of PG C18:1/C24:1 and PG
C20:1/C22:1. Typically, bacteria do not produce long chain fatty acids, but previous
work demonstrates their presence in Francisella.(205) Future work will include structural
analysis of these lipids as they may represent unique bacterial fatty acid modifications,
such as cyclo groups or branched termini. If these ions are truly unique, they may also
serve as lipid diagnostics for Francisella and alternative growth conditions.
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Figure 4.4: Unique lipids associated with environmental growth temperature. (A)
1D-TLC-MALDI of Fn lipids at 37°C (top) and 18°C (bottom). An ion at m/z 734.5 is
present in the 37°C panel, but not at 18°C. An ion at m/z 732.5 appears in the 18°C
sample that is nearly undetectable at 37°C. (B) 1D-TLC-MALDI of Fn lipids at 37°C
(top) and 18°C (bottom). An unique ion signal is detected at m/z 857.5 at 18°C, but is
not detected in the 37°C sample. Negative mode MALDI.
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Short Chain Fatty Acids Incorporated at Warm Growth Temperature
To profile the incorporation of shorter chain fatty acids in Francisella membranes grown
at warm temperatures, we used 2D-TLC-MALDI-MSI to visualize the acyl change in PG
and lipid A. Briefly, total lipid extracts were spotted onto a large format TLC plate (20
cm X 20 cm). This plate was resolved first on the y-axis in a polar solvent system
separating head groups and second on the x-axis in a non-polar solvent system separating
acyl density and complexity. The plate was then prepared for MALDI-MSI and profiled
as an image in negative ion mode. The result is the separation of head group classes and
the acyl lengths within a given area.
The two lipid spots for PG (25°C and 37°C) in Figure 4.5 demonstrate two different
changes in the PG population. First, there is a shift in the cooler temperature sample to a
higher mass PG at m/z 833.4 that is not present in the warm temperature spot; this mass
corresponds to a 2-carbon unit longer acyl chain. Similarly, there is a shorter chain PG at
m/z 664.7 incorporated in the 37°C grown sample that is not present in the 25°C sample.
These results underline the shift to longer acyl chain incorporation into PLs of the cooler
temperature grown membrane. These data also visually demonstrate the decrease in fully
saturated PGs in cooler grown samples. Masses demonstrated in Figure 4.5 are the fully
saturated lipid, notably the bands of these masses at 37°C are uniform and intense
whereas the bands at 25°C are thin, disordered, and less intense. This is likely due to a
shift to unsaturated structures at 25°C (and 18°C as demonstrated in Figures 4.3 and 4.4)
that appears in this data as a population loss. The incorporation of shorter lipid A
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Figure 4.5: 2D TLC-MALDI-MSI resolves lipid A and phospholipid overlaps.
(TOP) 2D-TLC-MALDI-MSI of Fn lipids at 25°C, left. Center and right panels: false
color spot reconstruction of masses given in color code for lipid A and
phosphatidylglycerol (PG). Vertical axis was resolved in a polar solvent system,
horizontal axis was resolved in a non-polar solvent for separation of headgroups and
acyl length of lipids. (B) 2D-TLC-MALDI of Fn lipids at 37°C, left. Center and right
panels: false color spot reconstruction of masses given in color code for lipid A and
PG. Negative mode MALDI-MSI of silica plate.
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structures is also demonstrated in this data. Here, the population shift from m/z 1665 at
37°C to m/z 1637 and 1609 at 25°C highlights the previously reported temperature-driven
lipid A shift.

Section 4: Extraction and Analysis of Lipid A from Complex Biological Matrices

Lipid A Extraction and Identification from Mammalian Blood
To assess in vivo lipid A structures in different infection stages - arthropod and mammal,
we sought to extract lipid A directly from infected tissues and/or a representative
biological matrix. The Caroff isobutyric acid/ammonium hydroxide microextraction
protocol followed by MALDI-TOF-MS is an appropriate method for extracting and
detecting lipid A from low input samples (Fn, Figure 3.4C). For proof of concept studies,
we spiked mouse whole blood with lipid A to assess yield and identity of lipid A.
Pelleted bacteria from either 1 mL or 10 µL of overnight (from five mL at 37ºC) liquid
cultures were spiked into mouse cardiac whole blood (100µL whole blood containing
10% citrate buffer). The bacteria-spiked blood was processed via the Caroff lipid A
microextraction, and spotted with matrix for MALDI-TOF analysis.
Several major lipid A species are expected from Fn cultures grown at 37ºC, m/z 1665,
1637, and 1827, corresponding to lipid A1, lipid A1 -Δ28, and lipid A2, respectively
(Figure 4.6A). All the expected peaks were detected in blood spiked with the higher
bacterial load and present in the expected abundance ratio with intensity of lipid A1 far
exceeding that of lipid A2. In the lower bacterial load spiked blood sample (Figure 4.6B),
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Figure 4.6: Detection of Francisella lipid A from whole blood. A. Microextraction
of lipid A from 1000 µL lyophilized bacteria culture reconstituted in 0.5mL whole
blood. Both lipid A1 and lipid A2 are detected in the spectrum. B. Microextraction of
lipid A from 10 µL lyophilized bacteria culture reconstituted in 0.5mL whole blood.
Lipid A1 detected, lipid A2 peak lost at this input level. Negative mode MALDI.
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the major lipid A1 species was observed (m/z 1665), but lipid A1 -Δ28 and lipid A2 were
not observed. Importantly, there were no interfering peaks resulting from the blood itself
in the lipid A mass range.
These data confirmed that the Caroff lipid A microextraction method could yield lipid
A from complex biological mixtures. The Caroff extraction from Fn spiked blood yielded
the expected peaks for both lipid A1 and lipid A2, in the expected ratios, meaning blood
does not inherently change the extraction and this could be an appropriate method for
bacterial detection in clinical blood samples. This method for lipid A extraction and
detection from clinical blood samples could be used in conjunction with a lipid A mass
signature database to facilitate rapid bacterial identification.

Detection of Temperature-Attenuated Lipid A from Infected Whole Ticks
As spiking Francisella bacteria into whole blood resulted in clean, readily interpretable
MALDI-TOF spectra, we posited that lipid A isolation from an infected tick should be
possible. To test this, Dermacentor variabilis ticks were infected (injection, see methods)
with approximately 200,000 CFU per tick of Francisella novicida. The infection
proceeded for 72 hours followed by tick sacrifice and sample harvest. One tick (whole
tick, bisected) per extraction tube was subjected to the Caroff extraction. Lipid A was
prepared for MALDI-TOF analysis in NRM matrix and analyzed in negative mode.
Based on the work of Li et al, we anticipated the following ions would be present: m/z
1637 and 1665, lipid A1 -Δ28 and lipid A1, respectively.(110) Bacterial burdens were
assessed in parallel tick samples.
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The total bacterial burden in ticks at 72 post-infection was confirmed at 1 x 107 bacteria
per tick. Lipid A was detected in the extracted tick samples at 48 hours post-infection
(Figure 4.7). The peak present in the spectrum was m/z 1665, corresponding to the
canonical lipid A1 structure suggesting that the tick was grown at slightly elevated
temperatures, more similar to the mammalian body. Increased noise was present in the
these samples but no interfering peaks in the lipid A mass region were observed resulting
from tick-borne products. These results suggest the functionality for detection and
mapping of lipid A in tick sections by MSI.
In summary, lipid A was detected in extracts of Francisella infected ticks, but the
questions of abundance and confirmation of the temperature-attenuated structure
remained unanswered.

Lipid A Isolation from Infected Mammalian Tissue
Following extraction of lipid A from both whole blood and infected tick, we wanted to
confirm the canonical lipid A structure within infected mouse spleens. The purpose of
this experiment was two-fold: to confirm the m/z 1665 major lipid A ion and to
investigate the background lipid noise generated from a Caroff extraction of complex
tissue. As described in the Introduction to this work, a Francisella infection given by the
cutaneous route should follow an established dissemination pattern. Briefly, at the site of
inoculation, local antigen presenting cells (APCs) will migrate to the site, where
Francisella invades the APC via phagocytosis. The bacteria, encased in the
phagolysosome are then subject to migration along with the APC, facilitating access to
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Figure 4.7: Francisella lipid A detected ex vivo from extracts of tick and mouse
tissue. A. Microextraction of lipid A from the infected spleen of a mouse. The major
lipid A peak corresponds with warm temperature growth (m/z 1665).
B.
Microextraction of lipid A from an infected whole D. variabilis tick. Both the warm
and cool major lipid A peaks are detected, confirming in vitro data. A, B: Red trace is
the infected sample, black trace is uninfected control spectrum. Negative mode
MALDI.
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draining and higher order lymph nodes, and eventually the bloodstream through the
thoracic duct. During this migration process, the bacteria and replicating and invading
new cells all while gaining access to central organ systems. In this manner, we expected
to have sufficient bacteria in the spleens of mice infected with Francisella for 48 hours to
extract lipid A using the Caroff method.
Infected spleens were excised following infection with Francisella novicida and
subjected to Caroff lipid A extraction with the addition of a tissue shredding step in the
primary Caroff solution. Extracts were spotted with NRM matrix and analyzed by
MALDI-TOF. The m/z 1665 peak corresponding to the mammalian temperature grown
lipid A was the major peak in the spectrum demonstrated in Figure 4.7. A lower
abundance peak at m/z 1637 was also observed, representing the lipid A1 -Δ28. The ratio
between the major and minor lipid A1 peaks was similar to that of in vitro culture
extracts grown at 37ºC with nearly a 5:1 ratio of major:minor lipid A1 abundance. A very
low abundance peak was also detected for the lipid A2 species at m/z 1827. The relative
abundance of this peak compared to the major lipid A1 peak was lower than previously
observed from in vitro extracts. Reduced detection of the lipid A2 peak could have
several explanations including lower extraction yield in the presence of mammalian
tissue matrix. An alternative explanation is that previous in vitro estimates of lipid A2
abundance may be artifacts. Additionally, as seen with blood extracts and tick extracts,
noise resulting from the biological matrix was low to undetectable in the mass region of
interest.
In total, these results from spiked blood extraction, infected ticks, and infected mouse
spleen support the conclusion that Caroff lipid A extraction can be used to analyze lipid
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A from complex biological matrices. The minimal washing and phospholipid reduction
steps in the Caroff protocol suggest that potentially interfering lipids should be present in
the final extraction product. In fact, phospholipids are readily observed in the lower mass
range from Caroff-prepared lipid A samples. Importantly, in the high mass range there
are few predicted lipids, cardiolipins and sphingomyelins are notable exceptions, and
they do not appear in the lipid A spectra from complex biological matrices.
The goal of these background experiments in different complex matrices was to enforce
the practicality of detecting lipid A directly, without extraction, such as would be
possible with MSI. First, it was necessary to show detection of lipid A from biologically
relevant extraction quantities of bacteria. Second, the major in vivo structures of lipid A
were confirmed. Finally, in a lipid A extraction that is heavily contaminated with host
lipids it was important to show the absence of substantially interfering noise. The results
of these studies supported the feasibility of in situ detection and mapping of lipid A by
MSI.

Conclusion
In this work, we demonstrate the power of lipid A analysis from small sample size,
volumes, and input levels that allow for zero-passage bacterial phenotyping directly from
clinical (or other) sample sources. Although we demonstrated that temperature was
sufficient to alter the structure of lipid A in Francisella we did not demonstrate this effect
independent of the environment of the gut of a tick or the spleen of a mouse (both
relevant in vivo sites). The results from the studies described here confirm the
temperature accommodation function of Francisella lipid A in diverse in vivo models,
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both of which are maintained at different temperatures and would be expected to present
metabolically different growth conditions. Further, extraction of lipid A and direct
analysis thereof has not been previously shown due to the limited numbers of bacteria
available for extraction. Combining a microextraction approach with optimized lipid A
analysis by MS (Chapter 3) permits direct analysis of lipid A from in vivo model systems
of Francisella infection.
In addition to confirming the temperature-driven phenotype of lipid A, we also defined
the phospholipid-level modifications that contribute to the ability of Francisella to grow
at diverse temperatures. Again, developing and using appropriate analysis tools (TLCMALDI with extended limits of detection) enabled rapid, qualitative description of the
lipid repertoire produced at different growth temperatures. Our results show a
downregulation of lipid A1 at lower growth temperatures and a shift to lipid A2. This
may be linked to the abundance of antimicrobial peptides present in the tick midgut
during the intermediate temperature phase of growth (25°C). The presence of lipid A2 in
the Francisella membrane in the midgut of the tick may be protective against tick
defensins.
A global shift to increased incorporation of MUFA-containing phospholipids was
observed at lower growth temperatures, in both major phospholipid populations, PE and
PG. The presence of MUFAs decreases the gel-phase transition temperature of membrane
bilayers. Increased MUFA content was independent of lipid A structure, suggesting there
is very little role for lipid A control of membrane lipid content – unlike the regulation of
protein content and function by lipid A. Long chain fatty acids were also observed in the
cultures grown at lower temperatures complicating our understanding. Interestingly,
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Francisella makes long chain fatty acids, unlike many other Gram-negative bacteria. The
purpose and role of these long chain fatty acids is yet unknown. Finally, there are a
number of unique phospholipid species observed in one alternative growth condition. It is
possible that these lipids are structurally unique, for example hydroxyl, odd chain or
branched fatty acids. Ongoing work to define the structure and biological role of these
lipids is underway.
Overall, the improvement in detection limits of characteristic bacterial lipids
demonstrated in Chapter 3 facilitated the studies described here. Using these techniques
we observed the major structure of lipid A in vivo and modeled the phospholipid
alterations resulting from diverse growth temperatures. The approach presented here can
be translated to the study of other mesophilic pathogens; especially the clinically relevant
obligate intracellular bacteria. Phospholipids can be important mediators of inflammation
and immunity; therefore knowing the phospholipid composition of human pathogens is
an important undertaking. The data presented here demonstrate the importance of
developing new tools to probe existing questions. By testing the limits of extraction
techniques, we have confirmed in vitro reports of the temperature-regulation of lipid A
structure in vivo. This finding is significant because the structure of lipid A in Francisella
and other bacterial species is dependent on the surroundings. Lipid A structure in
Pseudomonas aeruginosa infection of the lungs of patients with Cystic Fibrosis (CF) is
structurally different than that of patients without CF, which was linked to a change in the
metabolic environment.
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Chapter 5
Mapping and Characterization of Pathogen and Host
Inflammatory Lipids in Mouse Spleens by MSI
Introduction
Francisella tularensis (Ft) is a Gram-negative, facultative intracellular organism, the
causative agent of tularemia in humans, and a Tier 1 select agent (Centers for Disease
Control). Tularemia disease results in an average of 130 cases in the Unites States per
year. Several routes of infection, especially cutaneous and inhalation can lead to
fulminant Ft infection (ulceroglandular and pneumonic, respectively) and even death if
treatment is delayed. Ft is highly virulent and maintains numerous host immune evasion
strategies, the result of which is the rapid dissemination of the bacteria into the blood and
other organs. Further understanding of the pathogenic mechanisms of Ft is necessary to
effectively seek new treatment options and therapeutic targets. Molecular histology
techniques such as Mass Spectrometry Imaging (MSI) offer a new approach to discovery
in studying host-pathogen dynamics.
Mass Spectrometry Imaging (MSI) has been used extensively for pharmacological,
metabolic, and cancer studies because it offers both hypothesis- and discovery-driven
results from a single data set. To date, MSI has been minimally employed to address
topics in infectious disease research, but recent reports indicate it can be a valuable tool
to understand the molecular basis of pathogenesis and host response. (117, 157) Though
few reports exist of MALDI-MSI for infectious disease, we recently reported the use of
MSI to delineate a lipid-mediated pathological mechanism in Influenza-infected mouse
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lungs.(117) This publication, reprinted in Appendix 3 of this work, illustrates the power
of MSI to discover and describe pathogenic mechanisms.
Since MSI is monitoring and mapping molecular mass, structures unique to a species
could be used to define the relative location of bacteria within infected tissue. Such a
candidate molecule for Francisella is lipid A (also, endotoxin), the membrane anchor
region of lipopolysaccharide (LPS) in Gram-negative bacteria, which has a characterizing
mass at m/z 1665. Direct mapping of a bacteria-borne product has not yet been
demonstrated by MSI; Francisella lipid A mapping marks the first example. Unlike the
highly stimulatory endotoxin derived from enteric bacteria, lipid A derived from
Francisella species does not stimulate the canonical endotoxin pattern recognition
receptor (PRR), Toll-like receptor 4 (TLR4). Avoidance of innate PRR detection is one
of the many host evasion strategies employed by Francisella species.
During the course of a Francisella infection, host evasion is one of the first
mechanisms that extends the time to an effective host response, thus allowing a window
of time for the bacteria to invade phagocytes, escape the phagolysosome, and replicate
freely in the cytosol. Secondary manipulations of the host response include ubiquitinmediated degradation of MHCII, blocking of naïve T cell maturation, and regulation of
lipid-mediated inflammation. These host evasion mechanisms have been shown to be a
function of prostaglandin E2 (PGE2) release following infection. Directly infected
macrophages (Fth LVS) release the lipid mediator PGE2, which blocks T cell
proliferation, in a manner that uses not only cytosolic phospholipase A2 (cPLA2) and
cyclooxygenase-2 (COX-2), but also phospholipase D (PLD) and diacylglycerol lipase
(DAGL) to circumvent cPLA2. The role of PGE2 is complex and can result in both pro-
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and anti-inflammatory effects, the division of which is largely temporal. The biochemical
pathways controlling PGE2 release in Francisella infected cells has been well described,
but to date, little is known about the systemic effects and dynamics of PGE2 production
resulting from infection.
The source of the PGE2 precursor in the cell membrane, arachidonic acid (AA) is well
known and the enzymes responsible for subsequent oxidation and isomerization are
characterized. In relatively homogenous cell populations, such as in vitro macrophages,
the cell membrane content is similar and the pool of available AA is relatively constant.
However, in a complex systemic infection there are innumerable bystander cell
populations with different membrane phospholipid content and capacity to liberate AA
for PGE2 production, potentially amplifying the downstream PGE2 effects of the PGE2
released by directly-infected cells. Additionally, every cell type involved with a lethal
infection has the potential to amplify this pool. Therefore, we sought to use MSI, which
can locate the histological source of AA-containing membrane phospholipids to map the
location of AA liberation during the course of a Francisella infection.
Using MSI, we characterized the AA release from the membrane phospholipid 1stearoyl, 2-arachidonyl phosphatidylinositol (SAPI) in the spleen of mice infected with
Francisella novicida, a BSL2 model organism. SAPI was recently shown to be an early
phase donor of AA to the lipid pool for COX-2 processing following stimulation.
Coupled to bacterial mapping using Francisella lipid A by MSI, we were able to model
the SAPI/AA/PGE2 bystander response in infiltrating monocytic populations in the
spleen, before splenic macrophages are directly infected. These results suggest that
pharmaceutical control of the COX-2 mediated inflammatory lipids is a potential target to
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ease the rapid pro-inflammatory activity that occurs before local Francisella infection
and subsequent tissue damage.

Section 1: Experimental Methods
Bacterial Strains and Growth Conditions for Infections
Francisella novicida strain U112 wildtype was grown in Tryptic Soy Broth (Difco, place)
containing 0.1g/L L-cysteine (Sigma-Aldrich, St. Louis, MO) (TSBC, same formulation
for agar plates) without antibiotic. Cultures were struck from frozen stocks onto TSBC
agar plates and grown overnight. A 5mL TSBC liquid culture was inoculated for
expansion at 37°C, overnight. Three hours prior to infection a large volume subculture
(1:200) was inoculated and allowed to grow for three hours. Bacteria were harvested by
centrifugation and resuspended in sterile phosphate buffered saline (PBS) (Lonza,
Walkersville, MD) for OD600 measurement. Infectious dose estimates were calculated for
300 CFU/dose in PBS and final inoculum (CFU) was counted in duplicate on agar plates.
All cultures for infection were grown at 37°C with orbital shaking at 225RPM.

Mouse Infections and Tissue Collection
Female C57BL/6 mice, 6-8 weeks old, were obtained from Jackson Laboratories. Mice
were housed in an aBSL2 microisolator caging with negative pressure flow. Food and
water were provided ad libitum. Infectious material was delivered subcutaneously using a
tuberculin syringe and animals were monitored twice daily for signs of
morbidity/mortality as well as recording of clinical progression scores. Mice were
euthanized by carbon dioxide narcosis and secondary thoracotomy; tissues were excised
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post-mortem for MALDI-MSI. Tissues were collected every twelve hours through the
lethal time point at seventy-two hours post infection. All studies were performed under
humane guidelines according to the Institutional Care and Use Committee of the
University of Maryland, Baltimore, approval number 0814005.

Tissue Preparation for MALDI-MSI, SIMS-Imaging, and Histology
Tissues for MALDI-MSI were frozen at a controlled rate using a foil float in a liquid
nitrogen pool. MALDI-MSI tissues were sectioned at 12 micron thickness on a Leica
cryomicrotome (Buffalo Grove, IL). Thin sections were moved to slides with brushes and
heat mounted in place at 37°C. Tissues for SIMS-Imaging were formalin fixed (10%
neutral buffered formalin) for eighteen hours and switched to PBS. Fixed tissues were
snap frozen before cryosectioning. Following MSI, sections were stripped of matrix in
70% ethanol and stained by hematoxylin and eosin (H&E) as previously described.(158,
209) Tissues for pathology were fixed for eighteen hours then embedded in paraffin. Thin
formalin-fixed paraffin-embedded (FFPE) sections were cut and stained by the University
of Maryland, Baltimore Medical School Histology Core. Digital scans of all H&E stained
slides were captured on an Aperio Slide Scanner and visualized in ImageScope software
(Aperio, Leica Microsystems, Buffalo Grove, IL).
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Histology of Infected Spleens
Spleens from fourteen mice, infected subcutaneously with Fn were analyzed by a blinded
fashion by Resident Physician in Anatomic Pathology at the University of Washington,
Seattle, WA (Dr. Joshua Lieberman). Two spleens representing biological replicates at
seven different time points (naïve, 12, 24, 36, 48, 60, 72 hours) post infection were
analyzed. Two sections for each spleen were cut, Hematoxylin & Eosin stained, and
scanned to digital image files using Aperio Image Scope software. Digital slide images of
spleen sections were evaluated for white pulp (WP) and red pulp (RP) architecture, as
well as cell population and cytology; bacteria were noted when applicable.
MALDI-MSI
For MALDI-MSI, thin tissue sections mounted on ITO slides (above) were sprayed with
matrix for imaging as follows: lipid A imaging – 12 mg/mL NRM in 2:1:0.5 (v:v:v)
chloroform:methanol:water; phospholipid imaging – 10 mg/mL NRM in 1:2:0.5 (v:v:v)
chloroform:methanol:water. In both cases, approximately 10 mL total volume was
applied in a Bruker ImagePrep nebulization device. Lipid A images were captured in
negative ion mode on a Bruker UltraFlex with 50 micron rastering over a mass range of
m/z 600-1700. Phospholipid images were captured in both positive and negative ion
modes at 50 micron resolution over a mass range of m/z 600-1500. Calibration to 50ppm
was performed on a peptide calibrant spotted on the slide in NRM matrix. All time course
tissues were mounted on the same MALDI slide and captured in arbitrary order to avoid
collection order bias and minor effects from matrix sublimation during the capture. Lipid
fragmentation analysis was performed on-tissue by MALDI-TOF/TOF (Bruker
UltraFlex) in negative ion mode. Images were captured and analyzed using flexImaging
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3.0 (Bruker). Images were normalized to total ion current (TIC) and visual display range
was optimized (frequency vs. intensity) for each mass feature shown. Images (histology
and MALDI-MSI) were exported as .tiff files and cropped for presentation in GIMP.
Flow Cytometry and SAPI Relative Quantitation
Single cell suspensions were prepared from 4 combined spleens by mechanical
dissociation, strained through 100 µm nylon mesh, and depleted of erythrocytes in ACK
Lysis Buffer (Gibco). Cells were then suspended in degassed PBS + 0.5% BSA, 2mM
EDTA, and magnetically sorted using the Miltenyi CD11b mouse/human MicroBead kit,
as per manufacturer’s instructions. Briefly, cells were labeled with anti-CD11b magnetic
MicroBeads (Miltenyi), washed, and subsequently stained with Pacific Blue-conjugated
anti-CD11b (clone M1/70, BD Biosciences) and PE-conjugated anti-F4/80 (clone BM8,
eBiosciences). CD11b+ cells were then positively selected on a Miltenyi LS column,
washed, and FACS-sorted on a BD FACSAria II (BD Biosciences). Lipids were
extracted from all cell subpopulations using the Bligh & Dyer method previously
described above. Lipids were dried under a gentle stream of nitrogen and then
reconstituted using 1 uL per 10,000 input cells of a solution of 2:1 (v:v)
chloroform:methanol containing an internal spike (MPL at 0.05mg/mL). One microliter
of this solution was spotted in triplicate with 1 microliter of NRM matrix (10 mg/mL) in
2:1 C:M. Negative mode MALDI spectra were acquired on a Bruker MicroFlex
(Billerica, MA) calibrated to 50ppm using a peptide calibrant mix (Agilent Tuning Mix,
Agilent, Santa Clara, CA). Relative abudances of SAPI (m/z 885.5) were determined as a
ratio of the intensity of the SAPI monoisotopic peak divided by the MPL monoisotopic
peak. Standard SAPI:MPL curves demonstrate a linear ratio over at least two logs.
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SAPI:MPL relative abundance ratios were normalized within an experimental cell group
to the naïve control sample (naïve = 1). Total cell counts are given as applied population
percentages calculated from the total cells analyzed.
SIMS-Imaging
Mouse spleens from an infection timecourse (Francisella novicida) were bisected and
fixed in 10% neutral buffered formalin overnight for either paraffin embedding and
histological analysis or for SIMS-imaging (histology as described above). Fixed spleens
were snap frozen and cryosectioned (12 micron thickness) for SIMS on a ThermoFisher
cryostat (Fisher Scientific, Pittsburgh, PA). Cryosections were heat mounted onto a glass
slide, untreated for SIMS-imaging. SIMS-imaging was performed on tissue only, without
metal or matrix enhancement. A C60 ion gun in a SIMS-TOF system from
PhyElectronics (Minneapolis, MN) was used to capture data in both positive and negative
ion modes. 500 micron tiles were captured across the entire area of the tissue for a
nominal resolution of ~2 microns per pixel. Data was captured from both naïve and forty
eight hour post infected tissues for comparison.
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Section 2: Results and Discussion
Tissue Pathology of Francisella Infected Spleens Characterized by End-Stage Sepsis
and Immune Exhaustion
Spleens from 14 mice representing different time points (n=2 from naive, 12, 24, 36, 48,
60, and 72 hours post-infection) during the course of a lethal Francisella infection were
analyzed for tissue integrity by Dr. Joshua Lieberman at the University of Washington,
Seattle. Overall, the spleens presented with a range of phenotypes that ultimately
progressed to multi-system failure consistent with sepsis and multi-organ dysfunction
syndrome (MODS) – the incremental derangement of physiological function in individual
organs.(29) The spleens in the early phases of infection (twelve hours post infection)
show normal red pulp architecture, without hemorrhage or congestion, and with rare and
focal hematopoietic elements – a normal finding in mouse spleens.(210) The white pulp
in these spleens contained a mixed population of lymphocytes (large and small) and rare
histiocytes, with small and focal germinal center activity. Early phase spleens (twelve to
twenty-four hours post infection) appear to have an expanded population of
polymorphonuclear cells (PMNs) and hemosiderin-laden macrophages in the red pulp.
Mid phase spleens (twenty-four to thirty-six hours post infection) appear more reactive,
with expanded white pulp and active germinal centers (thirty six hours post infection).
The red pulp in these mid phase spleens have congested blood vessels and increased
hemosiderin-laden macrophages and PMNs, and more prominent immature lymphoid
cells, evidence of systemic stress.(66, 211) The late phase spleens (forty-eight to sixty
hours post infection) have more significant alterations. The blood vessels in these organs
show consistent congestion with subcapsular hemorrhage and intravascular thrombi.
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Cellular debris is present in foci of hemorrhagic necrosis and white pulp architecture is
focally lost due to hemorrhage. Many very small, round, basophilic cells are noted in the
extracellular space and similar structures are identified within histiocytes; these are
identified as Francisella organisms. By the terminal tissue collection at seventy-two
hours post infection, the spleens have lost distinction between red and white pulp. At
seventy-two hours post infection white pulp is essentially replaced by red blood
corpuscles, there is extensive cellular debris, numerous Francisella organisms, as well as
intravascular thrombi and lakes of RBCs.
The spleens in this time course represent a clear progression from normal architecture
to reactive change, finally progressing to frank hemorrhage consistent with end-stage
sepsis and immune system activation and exhaustion. This progression is notable for the
amount of damage that appears to occur late in the infection. This is in contrast to the
slow immune activation with a gradual increase in hematopoietic elements, leading to
rapid, late stage immune exhaustion and hemorrhagic replacement of lymphoid tissue.
These results are similar to previous reports of Francisella sepsis and underline the
fidelity of the model system.(211-213) In addition, these pathology findings highlight the
immigration of hematopoietic cells in the mid phase of the infection and demonstrate the
presence of bacteria both intracellular and extracellular in the mid to late phases of the
infection.
Francisella Infection to Model Lipid Responses for MSI Profiling
In preparation for mapping lipid A within infected model tissue mice were infected with
325 CFU of Francisella novicida, subcutaneously. As previously discussed in Chapter 1
(Figure 1.3), the expected progression of a cutaneous inoculation commences as a cellular
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phase in which the bacteria invade phagocytes, replicate, and then progress to a
disseminated infection with bacteria present in the blood and tissues beyond the injection
site. In order to capture the initial kinetics of dissemination, we harvested tissues every
twelve hours post-infection until sixty hours post infection, just prior to the lethal time
point at seventy-two hours. Spleen, liver, and lung were collected for MSI and RNA
extraction as described in the methods illustrated in Figure 5.1. Briefly, the tissues were
bisected and half was fresh-frozen for MSI and the other half was homogenized in Trizol
RNA extraction reagent and frozen. In a second, parallel experiment, whole cardiac blood
was collected every twelve hours (n=3) for enumeration of bacteria to verify the timeline
of transition to bacteremia and disseminated infection, As predicted, bacteria are present
in the blood at 24 hours (~800 CFU per milliliter of blood). (Figure 5.2A) and the
bacterial load in spiked between 24 and 36 hours. At 36 hours post infection, the average
bacterial burden in the blood is 3000 CFU per mL. Based on these results transition to a
disseminated infection occurred approximately 36 hours post infection.
A second, independent confirmation of the presence of bacteria in the infected mouse
spleens was performed by detecting bacteria-specific transcripts in the opposing half of
the spleens imaged by MSI. As described in Figure 5.1, the spleens were excised and
bisected, one half was imaged by MSI, the other half was processed for extraction of total
ribonucleic acid (RNA). This approach allowed paired confirmation of both host- and
pathogen-transcriptional activity in the exact spleen from which imaging data was
collected. Primers were designed to amplify the Francisella-specific dnaK gene sequence
that is absent in the host genomic sequence. Gene-specific quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR) was used to detect the bacterial
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Figure 5.1: Mouse model of Francisella infection and tissue collection for
MALDI-MSI. A subcutaneous infection of Francisella novicida was given (325
CFU) per mouse in triplicate for each twelve hour timepoint through 60 hours. Naïve
mice were given a sham injection of phosphate buffered saline. Spleen, liver, and lung
tissues were collected from triplicate animals at each twelve hour timepoint postinjection. Half of the tissue was processed for RNA extraction and the remaining half
was frozen for MALDI-MSI.
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Figure 5.2: Bacteremia is parallel to infection markers and induction of lipidmediated inflammation. A. Colony forming units (CFU) of Francisella detected in
1mL of blood, bacteria are present in at 24H and spike at 36H. B. Ratio of Francisella
specific RNA dnaK transcript:host HPRT transcript demonstrates presence of bacteria
at 24H and spiking in abundance at 36H. C. & D. qRT-PCR of IL-1β and TNF-α, as
labeled, confirming activation of an innate immune reaction. Onset of fulminant
infection during the 24 hour to 36 hour transition. Averages with standard deviation
shown, n=3.
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transcript of Francisella in the spleen total RNA extracts. The Francisella-specific
transcript was initially detected above threshold at 24 hours post-infection (Figure 5.2B).
Unsurprisingly, a drastic increase in bacterial transcript was observed at 36 hours postinfection (Figure 5.2B). These data correspond with the CFU data collected from blood.
(Figure 5.2A) At 24 hours post-infection, bacteria are disseminating through the
bloodstream and are detected at low levels both by transcript in the spleen and CFU in
blood. Twelve hours later (36 hours post-infection), the Francisella infection has fully
disseminated and the bacteria are replicating in tissues, hence the increase in bacterial
RNA.
Given the rapid and dramatic dissemination and replication of the bacteria, we sought
to confirm the presence of an intact innate immune response. Two of the earliest
hallmarks of innate immune activation in general are the induction of interleukin-1 beta
(IL-1β) and tumor necrosis factor-alpha (TNF-α). Using the same RNA extracted from
spleen for bacterial transcript confirmation, we performed qRT-PCR with primer sets for
mouse IL-1β and TNF-α. As expected, IL-1β was significantly induced by 24 hours post
infection and TNF-α was substantially induced between 24 and 36 hours, significantly by
36 hours. (Figure 5.2 C, D) These results confirm the presence and activation of a robust
innate immune response following a Francisella infection, thus the early phase
dissemination was not due to the absence of innate stimulation.
Together, these results suggest that bacteria are present in the blood and are actively
disseminating to distal sites 24 hours post infection. Regardless of route of access to the
bloodstream, bacteria are present in the tissues at 36 hours post infection and an innate
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immune response is detectable. Given this understanding of the infection model, the
opposite half of the spleen was processed to identify and map lipid A by mass signature.

Lipid A Mapping of a Disseminated Francisella Infection by MALDI-MSI
Following the success of the lipid A extraction from biological matrix experiments
(Chapter 4), we sought to map a bacterial infection in a mouse model using the in situ
molecular mass of lipid A, one of the most structurally unique molecules available.
Several goals were addressed in mapping lipid A within infected tissues. In addition to
structural information, it was possible to map the location and progress of the infection
with lipid A as a positional marker.
As above, mice were subcutaneously infected with 325 CFU Francisella novicida and
three mice were euthanized every twelve hours post infection. During necropsy, spleens,
lungs, and livers were collected for MSI by snap freezing. Spleens were sectioned at 13
µm thickness and sections were heat-fixed onto ITO slides at 37°C for at least 2 minutes
followed by room temperature desiccation. Tissue sections were prepared for MSI
through nebulization chamber depositing NRM as previously described. MALDI-MSI
was performed in negative ionization mode with 50 µm spatial resolution. Further details
regarding sample preparation are presented in the Methods section above.
Lipid A imaging within infected mouse spleens yielded both expected and unexpected
results. First, the expected results: the m/z 1665 structure for lipid A1 was detected in
mouse spleens beginning at 24 hours post-infection, increasing in abundance through 60
hours post infection. (Figure 5.3) Specific lipid A signal was minimal at 24 hours with a
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Figure 5.3: Lipid A signature of Francisella detected in infected mouse spleens. (TOP) Yellow intensity
map demonstrates detection of m/z 1665 in spleens from mice infected with Francisella novicida wildtype.
(BOTTOM) Co-registered histology from the sections in the top panel, stained by hematoxylin & eosin. Note
the deterioration of the white pulp (darker staining regions) as the infection progresses. By 48 and 60 hours
post-infection there are necrotic centers present in the white pulp, lipid A is also detected in these necrotic
centers. Intensity bar 0-50%.
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spike in abundance and distribution occurring between 24 and 36 hours post infection.
Lipid A mapped primarily to the red pulp of the spleen, especially early in the infection
(36 hours post infection). Unexpectedly, later in the infection, lipid A was detected in the
white pulp primarily in the center of the white pulp mass. This was an interesting result
because as the infection progresses, apoptotic and necrotic events begin in the center of
the white pulp, becoming a hallmark of the profound tissue damage resulting from this
infection. Presence of freely replicating bacteria in the white pulp necrotic centers late in
infection was previously shown by Conlan et al and by lipid A these bacteria are detected
as well.(30)
Finally, we demonstrated the presence of Francisella bacteria in the splenic white pulp
by staining parallel formalin-fixed paraffin embedded (FFPE) using both hematoxylin
and eosin (H&E) stain and a Gram-stain modified for use on tissues. The Brown and
Brenn modification of the traditional Gram-stain uses picric acid as a counterstain to
visualize the tissue matrix yellow while preserving the saffron-stained Gram-negative
bacteria and violet stained Gram-positive bacteria.(214) Together, these stains
demonstrated the presence of Francisella bacteria in the spleens at 36 hours postinfection.
Mapping of host-associated lipid response to infection in spleen by MALDI-MSI
Secondary to the in situ lipid A imaging work presented in Chapter 5, we sought to
profile and describe the host lipid response to a Francisella infection in an untargeted
discovery study. Serial sections from the same tissues profiled in Figure 5.3 were
processed for phospholipid imaging. Spectral features were mapped on-tissue and these
ion maps were screened for known dynamics of an infected spleen to cultivate a list of
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lipids that may have a role in infection. Figure 5.4 demonstrates the lipid signal from
three different lipids, screened for interesting map patterns along the time course of
infection.
The first ion of interest, m/z 887.7 (Figure 5.4, green, top panel) was mapped to the red
pulp of the spleen in the naïve, twelve hours post infection and twenty-four hours post
infection tissues, with some modest, background signal detected in the white pulp.
Following dissemination of the Francisella bacteria to the spleen between twenty-four
and thirty-six hours post infection, the baseline signal remains in the white pulp, but is
slowly lost in the red pulp beyond forty-eight and sixty hours post infection. This pattern
was interpreted to be either a specific depletion of the parent lipid by oxidation,
enzymatic processing, or other degradative mechanisms. It is also possible that the
depletion of m/z 887.7 signal in the late time points was an ion suppression effect
resulting from the changing population of lipids in the red pulp, either due to a change in
cell population (death or immigrant cells) or due to the presence of bacterial in the red
pulp. For these reasons, it was important to interpret results only among the most similar
tissue subregions across the time course rather than to compare diverse tissue regions
within a tissue. For example, white pulp could be compared to other white pulp, but red
pulp comparisons to white pulp may not offer the most accurate data interpretations due
to cellular dissimilarity.
Another lipid signature that underlined the complexity of the splenic tissue was the ion
detected at m/z 750.5 (Figure 5.4, cyan, middle panel). In naïve tissue, this signature
mapped to both the red and white pulp of the spleen, however subtle segregation within
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Figure 5.4: Differential distribution of three species of phospholipid following infection with Francisella.
Serial sections of tissues in Fig. 5.3: three ions [m/z 887.7, green, top; m/z 750.5, cyan, middle; m.z 885.7, pink,
bottom] were mapped in mouse spleens infected with Francisella (wildtype). m/z 887.7 is predicted to be PI
18:0/20:3 and m/z 885.7 was confirmed by MS/MS to be PI 18:0/20:4 (SAPI). The ion at m/z 750.5 is unknown.
Scale and histology given in Figure 5.3.
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the white pulp was observed. At 12 and 24 hours post infection (p.i.), however, this ion
maps fairly ubiquitously through the spleen. One interpretation of this dynamic was that
this specific lipid was possibly associated with an early immigrant cell population, one
that has not yet regionally organized. Again an inflection point was observed at 36 hours
p.i. with the m/z 750.5 signal localizing with the white pulp with similar intensity to the
pre-dissemination time points, but the red pulp signal is decreased.
Lastly, we observed a high abundance lipid at m/z 885.7 (Figure 5.4, pink, bottom
panel) that appeared to localize in the white pulp of the spleen, almost exclusively (minor
background signature in the red pulp) in the uninfected spleen. Over the course of the
infection, this localization is generally maintained, though the overall abundance and
intensity begins to decrease at 36 hours p.i. and continues to deplete through the end of
the time course. In the naïve spleen, this ion signature shows an intense distribution in the
periphery of the white pulp and many of the white pulp centers are less intense in
comparison. Shortly following infection at 12 hours p.i., the m/z 885.7 signature becomes
very intense in the white pulp, suggesting a link to an early innate mechanism, such as
polymorphonuclear cell (PMN) infiltration as described in the pathology study. As with
other ion maps at 24 hours p.i., the signature becomes disorganized, but order is restored
at 36 hours p.i. Beginning sharply at 36 hours p.i., the intensity and total distribution of
m/z 885.7 decreases and is nearly absent by 60 hours p.i. Given the early intensity
increase and dramatic temporal changes observed in the ion maps of this molecule we
sought to identify and understand it’s role in infection.
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Identification and Characterization of the Role of SAPI in Infected Spleens
To characterize the structure represented by the m/z 885.7 ion, the ion was subjected to
tandem MS on tissue (also, MS/MS). Figure 5.5 demonstrates the fragmentation pattern
and resulting identity of the m/z 885.7 ion. As predicted, the ion was identified as
phosphatidylinositol 18:0/20:4, where the attached fatty acids are 18:0 and 20:4 carbons
in length. Numbers to the right of the colon represent the number of unsaturated bonds.
The resulting major fragments of the molecule are all readily identifiable in negative
mode MALDI, including the phosphoinositol fragment at m/z 241.3, the stearoyl group
(C18, R1) fragment at m/z 283.5, and the arachidonyl group (C20:4, R2) at m/z 303.5.
The common chemical name of this lipid is 1-stearoyl-2-arachodonylphosphoglyceroinositol, abbreviated to SAPI. Of interest is the presence of the
polyunsaturated fatty acid (C20:4 - PUFA) arachidonic acid (AA), because of the link to
host inflammatory mechanisms.
Membrane lipids containing arachidonyl and other polyunsaturated fatty acids (PUFAs)
are very interesting in the context of inflammation because they contribute to the pool of
inflammatory lipid mediators. The source, processing, and effects of lipid regulators is
covered extensively in Chapter 1. Briefly, PUFAs are liberated from membrane lipids via
a phospholipase enzyme. Cytosolic PUFAs are then subject to enzymatic processing by
the COX, LOX, and CYP450 pathways resulting in the production of lipids capable of
triggering diverse inflammatory effects. Based on the SAPI mapping data we postulated
that the depletion observed in the later phases of infection were due to liberation of AA
from SAPI for processing by the lipid mediators pathway(s).
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Figure 5.5: Confirmation of SAPI identity by tandem MS. (TOP) Predicted lipid
structure, SAPI, based on mass prediction from m/z 885.7 identified in Figure 5.4.
(BOTTOM) Tandem MS spectrum of peak m/z 885. 7. Three characteristic fragments
for SAPI detected at m/z 241.3 (inositol headgroup), 283.5 (stearoyl fatty acid), and
303.5 (arachidonyl fatty acid). Negative mode MALDI-MS/MS.
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Gomez et al observed an interesting phenomenon of PUFA-containing lipid dynamics
in stimulated macrophage cells.(215) In this study, macrophages in culture were
stimulated with zymosan, lipid extracts were made from these cells, and the population of
phospholipids containing the PUFA, AA were quantitated by LC/MS. The most depleted
phospholipid (PUFA-containing) after stimulation was SAPI, followed by a PUFAcontaining phosphatidylcholine (PC). This study then profiled a pool of di-AA
phospholipids formed after stimulation. We were interested in the initial depletion of
SAPI in the mapped spleens because of the potential link to both early-phase
inflammation and cellular infiltration of the spleen.
SAPI Response is a Feature of Lethal Infection, Not Presence of Bacteria
To determine whether the SAPI response observed in Figure 5.4 was related to the lethal
dynamics of a wildtype Francisella infection we infected mice with an attenuated mutant
of Francisella. As described in the introduction the lpxD genes are involved in acylation
of the amine groups on the glucosamine backbone of LPS. We have developed a mutant
of LPS biosynthesis in which lpxD1 (Fn ΔlpxD1) is deleted resulting in a strain that is
both attenuated and protective due to the shortened lipid A structure and resulting
membrane sensitivity. As a control for SAPI activation in a lethal infection we dosed
mice with 6x106 CFU, subcutaneous, of the Fn ΔlpxD1 mutant. A crucial feature of this
control infection is that the bacteria disseminate and reach the spleen, to a level of
approximately 5x105 CFU/spleen at 48 hours, similar to the bio-burden in a wildtype
infection at 36 to 48 hours post infection. By the same MSI approach as in the wildtype
infection, we profiled SAPI in the spleens of the mutant infected mice. SAPI signal was
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not depleted at 48 hours post infection, Figure 5.6. This result links the SAPI dynamic to
the lethality feature of the wildtype infection. The presence of abundant bacterial load in
the wildtype infection also controls for any potential ion suppression effects stemming
from the bacteria that may have been a concern in the results of the wildtype infection.
We postulated that the SAPI effect must therefore be linked to either cell death and/or an
activated cellular response of overactive inflammation, such as overly aggressive
activation of the lipid mediated inflammatory pathways.

SAPI is Imported by Infiltrating Monocytes and Depleted by Enzymatic Cleavage and
Cell Death
Based on the SAPI dynamics observed in Figure 5.4, we proposed a model to explain and
validate these observations. For reference, Figure 5.7 demonstrates the m/z 885.5 ion
from Francisella-infected spleens on the bottom of the figure. The center panel depicts
the relative estimate of SAPI abundance and intensity in the mapped spleens. Note the
baseline level in the naïve spleen is higher than the final, 60 hours post infection
timepoint since there is a substantial baseline level in the naïve spleen. At 12 hours post
infection and partially at 24 hours post infection there is an increase in both abundance
and intensity of SAPI, shown as a relative increase along the line. Finally, from the peak
intensities at 12 and 24 hours post infection a gradual reduction in SAPI signal is
depicted.
Several hallmarks of an early phase innate immune reaction were predicted along this
SAPI timeline, demonstrated in yellow in the top panel of Figure 5.6. First, early markers
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Figure 5.6: SAPI is not depleted in spleens infected with an avirulent mutant of
Francisella. (TOP) SAPI, as in Fig. 5.4, is shown in the white pulp of the naïve
mouse spleen. At 48H post-infection with an avirulent mutant the level of SAPI does
not decrease as was seen with the wildtype, fully virulent, Francisella infection.
(BOTTOM) ΔlpxD1 is an avirulent mutant of the Francisella LPS biosynthetic
pathway, with 16 carbon fatty acids in the N-linked positions.
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production (IL-1b) and the induction of lipid processing enzymes (cPLA2 and COX-2). (CENTER) Pink line trace
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white text. (BOTTOM) SAPI panel from Figure 5.4 for reference.
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of innate immune activation are present in the form of inflammatory cytokines. Figure
5.2 demonstrates activation of the early innate cytokines IL-1β and TNF-α at 12 hours
post infection and 24 hours post infection, respectively. Second, if SAPI is indeed
donating AA to the lipid mediated inflammatory pathway(s), then transcriptional
activation of both the phospholipase and downstream processing enzymes should be
observed. These two features are demonstrated as cytosolic phospholipase A2 (cPLA2)
and cyclooxygenase 2 (COX-2). Finally, timeline markers of the Francisella infection
itself are also shown as sepsis (confirmed at 24-36 hours post infection transition, Figure
5.7) and lethality at 60-72 hours post infection. Using this model, we sought to
understand the role of SAPI in the spleen at different phases of infection.
Rasmussen et al (66) demonstrated that in a sublethal Fth LVS infection several
subtypes of cells infiltrate the spleen, including red pulp macrophages (F4/80++
MHCII+), immature myeloid cells (IMCs) (F4/80+ Gr-1+ CD11b+), and CD8 T cells
(CD3+ CD8+) with the IMCs being the largest population of infiltrating cells. Further,
the population of IMCs can be broken into two distinct populations, monocytic IMCs and
granulocytic IMCs. IMCs have been shown to play a role in T cell suppression in cancer
models, highlighting their role in a complex systemic immune response.
To determine the association of SAPI to the cellular infiltration of the spleen following
infection, we separated three distinct macrophage and/or immature monocytic (myeloid
lineage) cell subsets from infected spleens at 12 hours post infection and 36 hours post
infection and profiled the SAPI content, the flow separation schema is given in Figure
5.8. The three cell subsets were defined as follows: one, red pulp macrophages (F4/80++
CD11b+), two, white pulp macrophages/monocytes A (F4/80- CD11bhi), and three, white
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Figure 5.8: Flow cytometry scheme to separate and collect red vs. white pulp
macrophages and monocytes. (Left) Side scatter vs. forward scatter flow cytometry
plot demonstrates the separation of lymphocytes from the macrophage, monocyte,
and granulocyte populations sought. Non-lymphocytes were gated into an F4/80 vs.
CD11b plot. (Right) F4/80 vs CD11b flow cytometry plot. Three distinct populations
++
+
were sorted: Red Pulp Macrophages (F4/80 , CD11b ), White Pulp
hi
Macrophages/Monocytes A (F4/80 , CD11b ), and White Pulp Macrophages/Other
lo/mid
Myeloid B (F4/80 , CD11b ). These sorted populations were used for lipid
extraction and characterization of SAPI dynamics per cell.
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pulp macrophages/other myeloid B (F4/80lo/-CD11bmid). Cells were first positively
selected for the CD11b marker by beads and subsequently flow sorted by F4/80 levels,
pelleted, and lipids were extracted as given in the methods. Total SAPI was analyzed by
MALDI-MS relative quantitation as described in the methods section on a per cell basis
and all SAPI ratios were normalized to naïve by time point.
Regardless of the inter-subset SAPI levels trending up or down at different phases of
infection, the high levels of SAPI per cell in two populations known to infiltrate the
spleen following Francisella infection is an interesting finding. SAPI may be a selective
marker for cells of a macrophage or immature monocyte lineage. The MSI observation of
SAPI increasing at 12 and 24 hours post infection may simply be a visualization of the
immigration of these two subsets into the spleen following the launch of an innate
immune response. Only the white pulp macrophage/monocyte B cell populations
analyzed for SAPI increased at twelve hours post-infection, yet both populations
decreased at 36 hours. (Figures 5.9, 5.10) This confirms the importation of SAPI via
monocytic cell migration into the spleen at twelve hours post infection as given in the
model.
The white pulp macrophage/other myeloid B population of cells is a relatively
homogenous cell population consisting of mostly natural killer cells (NK cells) that are
present in the naïve spleen and are a major source for IFN-γ. IFN-γ is crucial for the
clearance of Francisella infection.(216) Figure 5.9 shows that the relative SAPI level per
cell in this population is stable at both 12 hours and 36 hours post infection. This may be
due to the homogeneous nature of this cell population. At 12 hours, no change in the total
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Figure 5.9: SAPI per cell ratio of F4/80 CD11b (white pulp B) at 12 and 36
hours post infection. Lipids were extracted from sorted splenic cell populations from
Figure 5.8 and relative quantitiy was normalized on a per-cell basis using an internal
spike standard. SAPI ratios from White Pulp Macrophage/Other Myeloid B were
normalized to naïve at both 12 (A) and 36 (B) hours post-infection. Average cell
numbers (n=2) are given at each timepoint. Relative quantitation by negative mode
MALDI-MS.
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Figure 5.10: SAPI per cell ratio of F4/80 CD11b (white pulp A) at 12 and 36
hours post infection. Lipids were extracted from sorted splenic cell populations from
Figure 5.8 and relative quantity was normalized on a per-cell basis using an internal
spike standard. SAPI ratios from White Pulp Macrophage/Monocytes A were
normalized to naïve at both 12 (A) and 36 (B) hours post-infection. Average cell
numbers (n=2) are given at each timepoint. Relative quantitation by negative mode
MALDI-MS.
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number of these cells is observed, however by 36 hours post-infection there is a 3-fold
loss of these cells. Although the total cells in this population change at 36 hours, there is
no evidence that the level of SAPI per cell changes. These cells are therefore not likely to
be responsible for changing SAPI levels in the MSI data (Figure 5.7).
In contrast, a heterogeneous population of the defined IMC cells comprises the white
pulp macrophage/monocyte A population (Figure 5.10). This cell population consists
primarily of Gr-1+ staining cells of both Ly6C+ and Ly6G+ nature (data not shown).
This population of cells is the IMC population involved in immune suppression and has
been previously defined. The total number of these cells in the spleen at 12 hours post
infection nearly doubles and is likely part of the increase in SAPI observed by MSI. The
average ratio of SAPI per cell at this time point is similar to the naïve cells. By 36 hours
there is over a 4-fold decrease in this cell population, underlining that these cells are
probably dying or in the process of dying at 36 hours. Loss of SAPI signal due to cellular
destruction may be responsible for the loss of SAPI signal observed at 36 hours.
Curiously, the overall ratio of SAPI per cell increases in the surviving cells at 36 hours.
This could be explained by the heterogeneous nature of this cell population. There may
be a surviving subset of cells in this population that have a higher endogenous ratio of
SAPI per cell that is lost upon averaging. In either case, the loss of these cells is in part,
linked to the observed loss of SAPI in the spleens at 36 hours. Further studies will be
needed to determine if the SAPI contributions are linked to the monocytic IMCs (Ly6C+)
or the granulocytic IMCs (Ly6G+).
Release of AA from SAPI into the cytosol of a directly infected or stimulated
macrophage would result in the initiation of lipid mediators of inflammation and perhaps
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other cell types (T cells, B cells, follicular dendritic cells, erythrocytes) may not need to
have a pool of AA immediately available. The role of SAPI as an early-use pool for AA
will be the focus of follow up studies.

Upregulation of Lipid Mediated Inflammatory Pathways Following Francisella
Infection
To confirm the activation of the lipid mediated inflammatory pathways, we extracted
total RNA from the opposite halves of the infected spleen series from the MSI tissues
(Figure 5.1). These RNA samples were also used to confirm the presence of bacteriaspecific transcripts. Primers specific for the genes cPLA2 and Ptgs2 (COX-2) were used
to amplify these transcripts by qRT-PCR. As predicted in the model (Fig. 5.7), cPLA2
was induced starting at 12 hours post infection but not significantly until 36 hours post
infection and continued to accumulate until the final timepoint at 60 hours post infection
(Figure 5.11). Similarly, COX-2 was induced early, at 24 hours post infection with a
significant and striking increase at 36 hours post infection and remaining highly induced
until 60 hours post infection. These results support the model proposed for the role of
SAPI given in Figure 5.7 in which cPLA2 and COX-2 induction precede the depletion of
SAPI levels observed in the white pulp.
In addition to the COX-2 induction described in this work, previously published reports
of COX-2 pathway engagement suggest further investigation.(217) Given the diversity of
fates for PUFAs released from the membrane it is possible, even likely, that multiple lipid
mediator pathways are engaged simultaneously. Potent and selective inhibitors exist or
are in development for multiple enzymes and receptors along these pathways, from
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Figure 5.11: Transcriptional upregulation of genes involved in lipid mediated
inflammation during Francisella infection. (A) qRT-PCR of cPLA2 gene (mouse
HPRT control) is significantly induced by 36 hours post-infection, though induction
begins at 12 hours post-infection. (B) qRT-PCR of Ptgs2 gene (encoding COX-2;
mouse HPRT control) is significantly induced at 36 hours post infection, but a ten-fold
induction begins at twenty-four hours post-infection. Fold change expression and
standard deviation, tested by Student’s t-test. (n=3 per timepoint, asterisk: p≤ 0.05.)
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initiation to effector function of the downstream products, making this an interesting
pathway for future study. It will be crucial to understand the role of these pathways in the
context of a systemic response to acute or sublethal Francisella infection. Although it is
unlikely that inhibition of these pathways could completely clear a lethal dose infection,
it is possible that the course of the infection could be altered to the benefit of the host
perhaps conferring a protective advantage. Targeting the role of these lipid mediated
inflammatory pathways in a systemic response will be the focus of future work, discussed
in Chapter 6.
PG and Cholesterol Accumulation Following Francisella Infection Demonstrated by
SIMS-Imaging
To assess global sterol and phospholipid class changes following infection with
Francisella we assayed naïve and 48 hours post infected tissue by SIMS microscope
mode imaging in both positive and negative ion modes using a C60 ion gun. SIMSImaging is a tool commonly used to identify and map lipids in tissue. In particular, this
technique tends to fragment phospholipid head groups, making head group classes of
phospholipid visible as a map. Sterol-based lipids such as cholesterol are also particularly
well suited to analysis by SIMS.
Figure 5.12 demonstrates the accumulation of the PG head group (m/z 153 - PG head
group fragment with loss of a water) in Francisella infected spleens. In the naïve control
spleens, PG head group is present throughout the tissue in moderate abundance. 48 hours
after infection, at a time when bacteria have fully disseminated in the spleen, there is an
overall increase in PG head group abundance. Based on our understanding of the

	
  

154

	
  

H&E
Top Half Spleen (FFPE)

m/z 153 Phosphoglycerol –H2O
Bottom Half Spleen

48 Hours
48 Hours
100%
Intensity

5x104
CFU/mL
Blood

Control

0%

0
CFU/mL
Blood

Control

Figure 5.12: Increased phosphoglycerol head group is a proxy marker for
bacteria in Francisella infected spleens by SIMS-Imaging. (TOP) Francisella
Infected Spleen at 48 hours post-infection. (BOTTOM) Naïve control spleen. Ion
shown is the phosphoglycerol head group of the PG phospholipid, with a water loss at
m/z 153. Half mouse spleen, formalin fixed and frozen, sectioned at a thickness of
12µm. C60 SIMS-Imaging, negative mode.
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Francisella membrane at 37°C growth, this result is not surprising. At 37°C there is
abundant PG present in Francisella and an increase in PG in heavily infected spleens
suggests that the increase is directly related to influx of bacteria. Generally, the PG
increase is ubiquitous in the infected tissue and not exclusively in the red pulp as was
seen with the lipid A distribution, though some subcapsular regions are particularly
intense. The subcapsular space is composed of red pulp and was previously noted in the
pathology report to have bacteria present. With respect to all of our characterizations:
bacterial staining, pathology, dnaK transcript abundance, and lipid A mapping, the PG
accumulation correlates well with the hypothesis that we can directly image bacterial
proxy molecules by MSI.
With respect to imaging lipids involved in the host response we also investigated the
sterol lipids of naïve and Francisella infected spleens. Cholesterol is an interesting
molecule because of its role in stabilizing membrane lipid rafts for immune receptor
clustering and function.(218) Clustering of immune receptors on myeloid and lymphoid
effector cells is important for rapid activation of intracellular signaling cascades that
trigger cellular function. Given the expectation of dramatic myeloid cell infiltration of the
spleen following infection detecting a change in total cholesterol level would be
expected.
In the naïve control spleens, cholesterol is detectable throughout the spleen, though
there is greater density in the red pulp (Figure 5.13). At forty-eight hours post infection
with Francisella, there is an increase in cholesterol signal throughout the spleen. This
increase in cholesterol is most likely related to the IMCs infiltrating the spleen and
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Figure 5.13: Cholesterol accumulation in Fn infected spleens detected by SIMSImaging. (TOP) Francisella Infected Spleen at 48 hours post-infection. (BOTTOM)
Naïve control spleen. Ion shown is cholesterol at m/z 369. Half mouse spleen,
formalin fixed and frozen, sectioned at a thickness of 12 µm. C60 SIMS-Imaging,
positive mode.
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expansion of lymphocytes in the white pulp. Both cell types are expanding during the
midpoint of the infection although they fail to mount a collectively useful immune
response. Further studies will be necessary to determine the discrete cellular source of the
cholesterol increase following infection.

Conclusions
For the first time, we have directly mapped a known bacterial virulence factor by MSI, in
vivo. Prior to this work, MSI studies in infection models have focused on molecules
involved in the host response. Here, we identified a molecule that can serve to localize
the bacteria within tissues and by incorporating data from host lipid profiling, we have
identified a molecule involved in the host response to infection. The spatial and temporal
regulation of SAPI during a Francisella infection will be the focus of future work. The
work presented in Chapter 5 demonstrates that SAPI does bear an arachidonyl group and
the appropriate pathways to process this molecule into a lipid mediator in inflammation
are upregulated. In addition to use of AA from SAPI (resulting in a visual depletion of
the SAPI pool at 36 hours post infection), we have shown that the resident and immigrant
myeloid cell populations of the spleen may be importing SAPI, causing the early phase
increase in signal. The depletion of SAPI signal in the mid- to late-phase is most likely a
combination of both cellular usage of SAPI for AA, as well as cell death. Both events
would contribute to a visualized signal loss.
In addition to lipid A imaging and profiling of host lipids by MALDI-MSI, we have
also demonstrated an increase in bacterial-associated phospholipids (PG) and hostassociated lipids (cholesterol) by SIMS-Imaging. In both cases there is an increase in the
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spleen following infection. The increase in PG head group is most likely related to the
influx of bacteria, similar to the lipid A MALDI-MSI map. There is a trend toward
greater PG in the subcapsular areas, which corresponds with the previously described
bacterial localization making increased PG another marker for bacteria in tissue. Finally,
an increase in cholesterol observed in the infected tissue could be linked to immune cell
infiltrate and function. This is an interesting finding and will be a focus of future studies.
Overall, this work presents a new line of thinking for the role of membrane lipids in
infection. Visualizing the host lipid response has allowed us to gain new insights into the
whole-tissue level host response to infection. These findings represent the first MALDI
image of bacterial-borne molecules, widening the potential application of MSI for the
field of microbiology. Future applications of MSI in diverse infection models will help to
improve our understanding of the crucial role of lipids in host-pathogen interactions.
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Chapter 6
Conclusions, Ongoing Work, and Future Directions
Introduction
Francisella is a complex pathogen with few efficacious treatments. Improved
understanding of the relationship between host and pathogen are necessary to discovery
new treatment modalities and preventative approaches. By MSI we have demonstrated
that regulation of lipids is a component of the ineffective host immune response to
Francisella infection. We have identified a role for the lipid SAPI in both the early and
late phases of infection. Our results demonstrated that a loss of SAPI late in infection can
be linked to both cell death and engagement of the lipid mediated inflammatory
pathways. Similarly, increased levels of total cholesterol in the spleen following infection
were also demonstrated. These discoveries have led to ongoing and future work that will
focus on controlling the relative abundance and/or enzymatic processing of these lipids in
therapeutic efforts. The following is a summary of the findings and conclusions
stemming from this work and a description of the ongoing work to target inflammatory
lipids to control an acutely lethal Francisella infection.

Section 1: Conclusions from Francisella Infection Model and the Role of Individual
Lipids in the Host Response
Using MSI, we identified an AA-bearing phospholipid, SAPI with distinct dynamics in
the spleen following infection with Francisella. SAPI levels increase at twelve and
twenty-four hours post infection, but decrease following thirty-six hours post infection.
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This work has linked the influx of IMCs to the early phase increase of SAPI resulting in a
two-fold mechanism of both cell death and upregulation of lipid processing enzymes..
Based on previously published reports, liberation of AA from membrane phospholipids,
including SAPI not surprising. To extend this study further, we are actively profiling the
total AA-bearing phospholipid populations in the spleen across the time course of
infection at twelve hour time points. By LCMS and multiple reaction monitoring (MRM)
– a process by which all lipids containing a given fragment are identified and quantitated
– we will quantitate each phospholipid that contains an AA group. The results of this
study will aid in understanding if a phospholipid head group preference is present for the
cPLA2 enzyme. If processing of SAPI to a lysophospholipid and AA is consistently
happening before other AA-bearing phospholipid classes, then the enzyme may have a
head group preference that could potentially be controlled with a drug.
The usage of SAPI and other AA-bearing phospholipids by different cellular subsets
will also be the origin of future work. We demonstrated that the heterogeneous
population of IMCs infiltrating the spleen thirty-six hours after infection have a higher
ratio of SAPI per cell than at twelve hours. We postulate that this is due to the death of a
specific cell population within the heterogeneous IMCs. This cell population should have
a relatively low SAPI per cell ratio, as compared to the higher ratio we observe is in
surviving cells. To confirm this, we will need to further purify the cells within the IMC
population that minimally include dendritic cells, immature monocytes, resident white
pulp macrophages, and other myeloid cells. Profiling the AA-bearing phospholipid levels
in these subpopulations of cells may reveal novel cell-specific functions.
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We also observed an increase in cholesterol levels in Francisella infected spleens. It is
likely that the increase in cholesterol is due to the PMN influx into the spleen. The
granulocytic function of these cells is ultimately linked to efficiency of surface receptor
signaling that is influenced by cholesterol. Cholesterol helps to stabilize lipid rafts in the
membrane where immune receptors cluster for rapid signaling.(131) If cholesterol is
accumulating in the Francisella infected spleens due to PMN influx, then perhaps
controlling systemic cholesterol levels will be an advantageous treatment option.(219)
Statin drugs are used to control cholesterol levels in human patients with dyslipidemia by
inhibiting cholesterol synthesis.(220) One side effect of this drug class is the modulation
of inflammatory responses by reducing the stability of lipid rafts. (221) In an infection
where the acute inflammatory response is pathogenic, downregulation of the
inflammatory response may be beneficial.(222, 223) These drugs are approved for human
use and would be a logical choice for development of off-label use.
Finally, the spleen is an interesting organ for the complex histological structures (RP
and WP) and the dynamic nature of the composition of the spleen in the context of an
immune response. However, the spleen is not a necessary organ and the resultant damage
to the spleen from infection is not the sole cause of death by organ failure, rather, the
liver and lungs are the crucial organs. Initially, we focused on the spleen though the liver
and lungs were collected and stored for future analysis following both intranasal and
subcutaneous infections. Specifically, we are interested in the lipid response by AAMs
polarized by Francisella infection of the lung. Our preliminary findings confirm that
PUFA-containing lipids accumulate at the airway linings of the lung as previously
shown.(169) The density of PUFAs at this barrier site is interesting and will be one focus
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of future work. Another consideration are the lipids involved in the function of airway
macrophages and other surveillance cells such as the type II pneumocytes that contribute
to the innate immune response to an intranasal Francisella infection.(224) In summary,
several new research aims have resulted from the work presented here. Future studies will
focus on attenuation of lipid-mediated inflammation by drug inhibition as well as on the
contribution of lipids to the inflammatory process.

Section 2: Ongoing Work to Determine the Relevance of Cyclooxygenase-Mediated
Inflammation in a Systemic Francisella Infection
Our results point to the involvement of the lipid mediated inflammatory pathways in the
spleen following Francisella infection. Specifically, we demonstrated upregulation of the
genes cPla2 and Ptgs2 (cPLA2 and COX-2, respectively) thirty-six hours post infection.
Several studies have previously shown that Francisella infected cells produce more of the
downstream product of these enzymes, PGE2. However, these studies were all done in
vitro. Further, PGE2 has been shown to halt appropriate polarization of naïve T cells.
Following our conclusion that SAPI release of AA for downstream production of lipid
mediators of inflammation, such as PGE2, we sought to further understand the in vivo role
of the COX pathway in a systemic Francisella infection. Both COX-1 and COX-2
activity can lead to production of PGE2, the major difference is that the COX-2 enzyme is
induced as part of an inflammatory response, whereas COX-1 is constitutively expressed.
An alternative hypothesis is that the availability of AA also activates the LOX pathway
leading to lipoxin production. The downstream products of the LOX pathway are
involved in anti-inflammatory activity, smooth muscle contraction, and leukotaxis.(225)
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Dysregulation of any of these pathways could be deleterious for the host in the context of
infection.
In follow up to the MSI results indicating a role for the COX enzymes, we have begun
preliminary studies to examine whether pharmacological inhibition of these enzymes
alters the presentation of a Francisella infection. Selective and non-selective inhibitors
exist for the COX enzymes. Indomethacin is a nonselective COX inhibitor that was
approved for human use in 1965.(226) Celecoxib is a COX-2 selective inhibitor approved
for human use in 2000.(227) Similarly, a selective inhibitor of the 5-LO enzyme is used
for research purposes, CAY10606 (2-(3-chlorobenzyl)-5-hydroxy-1H-benzo[g]indole-3carboxylate).(228) The goal of these future studies is to determine if Indomethacin,

Celecoxib, or CAY10606 can alleviate early symptoms or even shift the mean time to
death in an acute Francisella infection. A full-scale dose response study is beyond the
scope of this present work, however, fixed-dose pilot studies suggest that early clinical
signs of infection can be alleviated. Five mice were dosed with 200 micrograms of
Celecoxib, Indomethacin, or 50 micrograms of CAY10606 (intravenous) starting two
hours prior to infection with Fn (46 CFU, subcutaneous) followed by a second dose at six
hours post-infection and a final dose at thirty hours post-infection. These animals were
monitored for clinical scores and signs of morbidity/mortality every twelve hours postinfection.
Figure 6.1 demonstrates that the drugs and doses used in this study were not able to
shift the mean time to death. However, group clinical scores were slightly different in the
early time points. The group given the selective COX-2 inhibitor, Celecoxib did not show
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Figure 6.1: Pharmaceutical inhibition of cyclooxygenases or lipoxygenases does
not protect from Francisella lethality, but delays clinical progression. Mice were
pre-treated with Indomethacin, Celecoxib, or CAY10606, intravenously at 2 hours preinfection, 6 hours post-infection, and 30 hours post-infection. Animals were
challenged with 46CFU Francisella novicida, subcutaneous. Survival (TOP) and
clinical scores (BOTTOM) were monitored every twelve hours during the acute
infection. n=5 each.
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any difference in clinical scores, contrary to the expected result. This could be related to
an insufficient drug dose or delivery, further studies will be necessary to delineate this
discrepancy. The group of animals given the nonselective COX inhibitor Indomethacin
had very little clinical manifestation of the infection until the end of the second day.
Similar results were observed in the CAY10606 dosed group as well. While it is
important to respect the preliminary nature of these findings, these results may be
highlighting a previously underappreciated role for the LOX pathway as well as the COX
pathway. Future studies include a dose and delivery study to confirm these observations
and to target a therapeutic dose range.
Since it is not plausible to completely inhibit the COX enzymes pharmacologically, we
repeated the infection in a Ptgs2 knockout mouse (COX-2-/-, COX-2 KO) versus wildtype
(WT, C57BL/6). Mice were infected with 209 CFU of Fn and monitored every twelve
hours for clinical presentation and signs of morbidity/mortality. Figure 6.2 shows the
survival and clinical scores of infected WT and COX-2 KO mice. All wildtype C57BL/6
animals succumbed to the infection at 72 hours post infection. Whereas the median timeto-death in the COX2 KO mice was significantly shifted to 96 hours post infection.
These preliminary results suggest that the time to morbidity/mortality is delayed in the
COX-2 KO mice, however, there was an interesting split in clinical scores. Typically by
forty-eight hours post infection, wild type mice are nearing a clinical score of 2. A
clinical score of 2 corresponds to decreased responsiveness to handling and piloerection
(Figure 6.1B and extensive unpublished data from the Ernst Lab). At forty-eight hours
post-infection the COX-2 KO mice had barely discernable signs of infection. The animals
were active, well groomed, and fully responsive to handling with no perceptible loss of

	
  

166

	
  
A

Francisella novicida Survival

Percent survival

100

Wildtype
COX-2 KO

75
50
25

*

p=0.0143

0

0

24

48

72

96

120

Hours Post-Infection

B

Francisella novicida Infection Progression

Clinical Scores

6

Wildtype
COX-2 KO

4

2

0

0

24

48

72

96

120

Hours Post-Infection

Figure 6.2: Francisella novicida lethality, clinical scores are delayed in COX-2 KO
mice. Mice deficient for the Ptgs2 gene (encoding COX-2) were infected with
Francisella novicida (209 CFU), subcutaneous. Survival (TOP) and clinical scores
(BOTTOM) were monitored every twelve hours during the acute infection. n=3
wildtype, n=4 COX-2 KO mice.
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muscle tension. By sixty and seventy-two hours post infection the clinical scores climb
sharply to an average of 2 and 3, respectively. While these experiments are preliminary
they do suggest that the overall wellbeing of the animal in the early phase of infection
may be directly linked to the activity of the COX-2 pathway products. The implications
of delayed lethality observed in the COX-2 KO mice warrants further study. Future
studies will focus on the disconnect between improved clinical scores and unaltered
lethality.

Section 3: Progress Toward Mapping and Characterization of Lipid Mediators by
MSI
To date, no report exists of detection of prostaglandins by MALDI-MSI, though there is
one report of eicosanoid mapping by DESI-MSI.(229) We have made several attempts to
directly image PGE2 using MALDI-MSI but have not yet been able to detect the
molecule in a lipid mapping experiment. Ongoing experiments are aimed at alternative
solvent conditions for matrix delivery that may be more amenable to solvating the
eicosanoids, such as alkyl ethers and hexane mixtures. Alternatively, mapping of the
eicosanoids may be better suited for SIMS-Imaging as different fatty acid fragments and
similarly sized lipids can be detected and identified only by SIMS.
To this goal, we have successfully mapped and characterized other small regulatory
lipids in an alternative bacterial infection model and are applying the lessons learned
from these experiments to the attempt to detect prostaglandins. Bordetella pertussis (Bp),
the causative agent of whooping cough, is a bacterial infection of the lungs causing
dramatic fits of coughing and respiratory distress. The secreted toxin, pertussis toxin (PT)
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is responsible for inhibition of neutrophils to the lungs resulting in delayed clearance of
the bacteria.(230-232) Sphingosine-1-Phosphate (S1P) and the S1P receptor (S1PR) are
involved in neutrophil chemotaxis and they are potentially functional targets of PT
activity.(233, 234) In collaboration with Dr. Nick Carbonetti, (University of Maryland –
Baltimore), we tested the hypothesis that in a lung infection with a PT knockout strain of
Bp (ΔPT Bp) S1P would be more abundant versus a wild type Bp (WT Bp) infection by
MSI. S1P is a small lipid with a molecular mass of 279 and is readily detected as a
deprotonated ion in negative mode (m/z 278.2, [M-H]-). By our MSI sample preparation
method described in the methods in Chapter 5, S1P was not detectable in infected lung
tissue. However, when the tissue sections are pre-incubated in a chloroform vapor
saturated chamber and then prepared for MSI, S1P is detectable. (Figure 6.3) Similar
results were also shown for free AA at m/z 303. In the case of both AA and S1P, there is
increased abundance in the superior lung of mice infected by ΔPT Bp versus WT Bp.
While the biological finding is interesting and confirmed the hypothesis, these
experiments also yielded important insights for future development of sample preparation
techniques and will be the basis of upcoming studies.
Section 4: Future Directions
Numerous questions have arisen from the discovery datasets generated by both MALDIMSI and SIMS-Imaging in the Francisella infection model. As previously detailed, the
cells infiltrating the spleen during this infection are a heterogeneous mixture of
monocytes, granulocytes, antigen presenting cells, and numerous others. Our results
suggest that these cells all have different intrinsic levels of various classes of lipids and
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Figure 6.3: Detection of arachidonic acid (AA) and small, signaling lipids in mouse tissue. (A)
Sphingosine-1-Phosphate (S1P), a small, immune signaling lipid is readily detected by MALDI in negative
mode at m/z 378.2. No host tissue (lung) signal is predicted to interfere with detection. (B) S1P is detected in
the summated spectrum from Pertussis Toxin null (ΔPT) Bordetella pertussis (Bp) infected lungs by MSI, but
not appreciably in wildtype (WT) Bp infected lungs. (C) MSI mapping data at 75 micron rastering of the
infected lungs from (B). Arachidonate also detected in the ΔPT Bp lungs. Negative mode MALDI-FT-ICR.
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that these levels have functional consequences. It is possible that many of the lipid
phenotypes described by MSI are due to a unique cell subset, whether it be a cancer
model, infection model, or chronic disease model. By describing the baseline and
infiltrating cell populations in these models, we can assign lipid markers for functional
cell subsets and potentially use them as biomarkers for cellular infiltration. These studies
are starting on a small scale as a follow up to this work.
We developed new insights into the role of lipids in the Francisella mechanism of
pathogenesis. Our results pointed to a druggable pathway and testing that pathway has led
to some interesting conclusions. The COX-2 pathway appears to have a role in the
presentation of the infection, but the absence of COX-2 does not protect from lethality.
This, combined with our preliminary 5-LO inhibitor study suggest that lipid mediated
inflammation in Francisella is far more complex than previously described. We are
actively studying both the COX and LOX lipid mediator pathways to determine their
contribution to Francisella pathogenesis.

Conclusion
The outcomes of the work described herein are two-fold: improved methodology and
discovery. By optimizing matrix and MS conditions we can now observe bacterial
virulence factors from zero-passage isolates, meaning it is now possible to observe
phenotypic changes in lipid A structure directly from infected tissue and fluids. This is an
important advancement since lipid A modifications can be both inducible (and thus
transient) and an indicator of antibiotic resistance. Assaying lipid A structure directly
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from tissue – before these phenotypes are lost in ex vivo culture could contribute to better
antibiotic treatment decisions and improved patient outcomes.
In addition to clinical considerations, direct observation of lipid A in tissues will
facilitate a better understanding of lipid A structural regulation in in vivo models systems.
Here, we have demonstrated that lipid A grown in a tick has a lower mass than that of
lipid A grown in a mouse. These results recapitulate the in vitro conditions and validate
the previously published model for temperature-driven regulation of lipid A in
Francisella. Follow up studies can now be done to study in vivo conditional regulation of
lipid A in other pathogen models, for example Pseudomonas aeruginosa and Yersinia
pestis – both of which alter lipid A structure in response to growth condition. Extracts of
in vivo grown bacteria can now be used to validate these findings.
Improvement of lipid A detection conditions has also led to the development of lipid A
mapping by MSI. Having both the lipid A structural and location information in an
infection model will be a powerful tool for understanding how the immune system
influences bacterial membrane lipids. Here, we have not only demonstrated that lipid A is
a marker for bacterial burden, but we have correlated increased presence of PG, which is
highly abundant in bacterial membranes, with disseminated infection. In this way, PG can
also serve as a secondary proxy for a bacterial infection and could potentially be
developed as a diagnostic marker ad part of a combined lipid profile.
Lipids are also an underappreciated component of the inflammatory response and
subsequent adaptive immune response. Specifically, Francisella infection controls
activation of the lipid mediated inflammatory pathways and this affects the quality of the
resultant immune response. Therefore, profiling the total lipid repertoire and mapping the
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contribution of those changes to histological features is important. We have identified
two lipids – SAPI and cholesterol - that are recruited to the spleen during a Francisella
infection. Our studies show these lipids are imported during the monocytic influx. These
immigrant cells are a heterogeneous population and may have different per-cell levels of
SAPI and cholesterol, this finding is for future studies. Many lipid MSI studies of other
immune-mediated models (cancer, chronic inflammation) have been reported and
demonstrate changes in relative abundance of specific lipids. From these studies we infer
that the lipid profile changes among all of these models is due to infiltrating myeloid and
lymphoid cells. Given this, we propose that abundance of specific lipids (for example,
SAPI and cholesterol) may be biomarkers for immune infiltration and could be developed
as prognostic markers for patient outcome in infection and cancer models.
Finally, we have demonstrated that the COX-mediated pathway of inflammation serves
a complex role in the progression of a Francisella infection. While the pathway
contributes to disease presentation and is activated following infection, the absence of the
enzyme does not protect from lethal infection. Preliminary inhibitor studies also
demonstrate engagement of the LOX pathway, parallel to COX. Further studies are
needed to fully understand the role of Francisella-controlled lipids such as the
downstream COX-2 product PGE2 and the contribution of LOX-mediated products in a
systemic response.
The work presented in this thesis represents a major advancement in MSI of infection
and immunity models. Having the ability to simultaneously analyze bacterial virulence
factors and the resultant host immune response in the same tissue will lead to new
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insights and many future research directions. This work will be broadly applicable to
numerous fields including infection, inflammation, and immunity.
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APPENDIX 1
The following article was published as both a review of MSI application to a biomarker
discovery pipeline and reporting of novel findings in a mouse model of radiation-induced
tissue injury. This publication was also the basis for the journal cover, given as Figure
7.1. The article is reprinted here under authorship permission from Health Physics
Journal. Abbreviations in the Appendix stand alone as defined and are not incorporated in
the abbreviations table.
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Figure 7.1: On the cover: Biomarker discovery via matrix-assisted laser
desorption ionization – mass spectrometry imaging (MALDI-MSI) of mouse
lung. Unique ion markers visualized in mouse lung: (Left side, top to bottom) cyan,
m/z 838; magenta, m/z 783; yellow, m/z 616. (Center) overlay of cyan, m/z 838;
magenta, m/z 783; yellow, m/z 616. (Right side, top to bottom) green, m/z 707; white,
m/z 761; hematoxylin and eosin (H&E). Pixel saturation is representative of relative
abundance of the ion in MALDI-MSI images. See Scott et al., “Mass Spectrometry
Imaging Enriches Biomarker Discovery Approaches with Candidate Mapping.”
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ABSTRACT
	
  
Integral to the characterization of radiation-induced tissue damage is the identification of
unique biomarkers. Biomarker discovery is a challenging and complex endeavor
requiring both sophisticated experimental design and accessible technology. The
resources within the National Institute of Allergy and Infectious Diseases (NIAID)sponsored Consortium, Medical Countermeasures Against Radiological Threats
(MCART) allow for leveraging robust animal models with novel molecular imaging
techniques. One such imaging technique, MALDI (matrix-assisted laser desorption
ionization) mass spectrometry imaging (MSI), allows for the direct spatial visualization
of lipids, proteins, small molecules, and drugs/drug metabolites – or biomarkers - in an
unbiased manner. MALDI-MSI acquires mass spectra directly from an intact tissue slice
in discrete locations across an x, y grid that are then rendered into a spatial distribution
map composed of ion mass and intensity. The unique mass signals can be plotted to
generate a spatial map of biomarkers that reflect pathology and molecular events. The
crucial unanswered questions that can be addressed with MALDI-MSI include
identification of biomarkers for radiation damage that reflect the response to radiation
dose over time and the efficacy of therapeutic interventions. Techniques in MALDI-MSI
also enable integration of biomarker identification among diverse animal models.
Analysis of early, sublethally-irradiated tissue injury samples from diverse mouse tissues
(lung and ileum) shows membrane phospholipid signatures correlated with histological
features of these unique tissues. We will discuss the application of MALDI-MSI for use
in a larger biomarker discovery pipeline.
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INTRODUCTION
The spectrum of techniques in molecular histology is rapidly expanding from more
traditional antibody- or probe-based approaches to include novel mass spectrometry
imaging approaches, allowing for discovery of biomarkers or description of targets
lacking specific reagents.(155, 156) Mass spectrometry imaging is a developing
technique that couples more traditional molecular histological approaches with advanced
mass spectrometry resulting in mass-based tissue imaging. Front-end sample ionization
techniques include matrix assisted laser desorption/ionization (MALDI), desorption
electrospray ionization (DESI), and secondary ion mass spectrometry (SIMS), each
having intrinsic power and utility.(190) Matrix assisted laser desorption/ionization - mass
spectrometry imaging (MALDI-MSI) is currently the most widely published technique in
molecular histology with reports of its use in identifying an array of molecular classes,
including lipids, proteins, peptides, and metabolites.(159, 160) At its core, a MALDIMSI experiment consists of mass spectra acquisition directly from an intact tissue section
in discrete locations across a grid pattern. Collected spectra are then rendered into a
spatial distribution map to identify the location of individual molecules of interest on a
tissue slice. The spatial resolution of these MSI techniques ranges from micron scale
(MALDI) to nanometer scale (SIMS) and is dependent on instrument setup. Unbiased
data acquisition is a powerful feature of MSI experiments, particularly with respect to
biomarker detection and characterization.
Discovery experiments, however, are not the only types of experiments suited for
MALDI-MSI. In the context of a known target molecule MALDI-MSI studies can
provide additional insight from the sub-histological localization of a target molecule and
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the localized concentration of a target of interest. Following identification and spatial
mapping of candidate biomarkers in one model system, this untargeted approach can be
used to interrogate the same or similar molecules in diverse model systems, allowing for
cross-strain and cross-species biomarker validation. Additionally, by using alternative
combinations of MALDI matrices, solvent systems, tissue preparation, and ionization
modes a variety of targets can be queried without bias.
Biomarker studies, in particular, can benefit from including a targeted or untargeted
MALDI-MSI experiment. Traditional biomarker discovery studies have included
elements of broad techniques such as genomics, transcriptomics, proteomics, and
metabolomics to identify quantifiable correlates of a biological outcome. Generally, these
techniques revolve around the extraction of potential biomarkers from a biological fluid
or tissue sample, which results in the destruction of important histological information
and loss of significant differences observable only as a localized target concentration. By
including an untargeted MALDI-MSI biomarker study, it is possible to identify target
molecules that may be locally concentrated and represent a significant correlate; a
correlate that may lose significance on dilution during tissue extraction steps. Targeted
MALDI-MSI studies can add power to a traditionally identified biomarker by adding
histological information, which could lead to the starting point for future mechanistic
studies. Combining MALDI-MSI to existing biomarker discovery techniques, including
mass spectrometry (MS) profiling, makes a powerful pairing that enriches both the
discovery and validation phases. (Figure 7.2)
Recent developments have resulted in the application of MALDI-MSI to better
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Figure 7.2: Discovery power of paired biomarker characterization techniques.
The biomarker discovery process begins with a straightforward goal of defining
measurable targets that correlate with an outcome. Within the goals of the consortium
on medical countermeasures against radiological threats (MCART), we seek to define
molecular correlates of radiation exposure, dosage experienced, countermeasure
efficacy, and cross-species utility, to name only a few. To achieve these goals,
MCART has established a cyclical biomarker discovery and target validation approach
centered around two complimentary methods: matrix assisted laser desorptionionization – imaging mass spectrometry (MALDI-MSI) and mass spectrometry (MS)
profiling. Both techniques have specific advantages, but their commonalities for use
in unbiased characterization (lipidomics, proteomics, metabolomics, etc.) make them
particularly strong when used together. For example, where MS profiling can quantify
changes in abundance of a target-of-interest, MALDI-MSI can aid mechanistic work
by providing histologically significant spatial information. Similarly, MALDI-MSI
may detect robust differential abundance of a target-of-interest within a localized
tissue feature, information that may be lost to dilution or extraction during sample
preparation for MS profiling.
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understand a wide variety of biological problems. MALDI-MSI has been used to identify
differential lipid distributions in mouse brain, mapping peptides in leeches, localizing
drug metabolites in rats, and characterizing metabolic signals between pathogenic
bacteria.(161-163) In addition, retrospective studies of human cancers have identified
molecular correlates of disease or pathology, a molecular-level cancer signature.(156,
164) MSI is not, however, a standalone discovery technique. In the context of hypothesisdriven research, MSI experiments may be included to develop new leads, but more
traditional techniques would necessarily follow to confirm and validate targets, including
immunohistochemistry (IHC), in situ hybridization, traditional histological stains,
component extracts, and quantitative mass spectrometry.(160) Evident throughout MSI
literature is the discovery power, regardless of disease, target molecular class, or model
species.(165) These advantages make MSI a natural addition to the Medical
Countermeasures Against Radiological Threats (MCART) research program.
Early molecular correlates, or biomarkers, of radiation exposure are particularly
valuable as they can be used to identify individuals early in the progression of the acuteand delayed-onset syndromes for which interventional therapy may be recommended.
Identification of biomarkers begins with understanding a measurable sentinel event,
usually downstream components of molecular cascades that may be traced back not only
to direct initiation, but also to concomitant events that may lead to alternative biomarker
candidates. An ideal biomarker is easily sampled (circulating in blood or collected in a
minimally-intrusive manner), readily and reliably measured, and is unambiguously
correlated with an outcome (radiation exposure, presence of tissue damage, response to
mitigator).

	
  

182

	
  
The MCART Consortium is uniquely equipped to address the lack of biomarkers
available for various endpoints in radiation research. MCART has established a series of
appropriate animal models, murine and primate, to study the physiology of both acute
radiation syndrome (ARS) and delayed effects of acute radiation exposure (DEARE),
organ-specific response to radiation exposure, and efficacy of medical countermeasures
(MCM).(235-241) Two hallmark organs of survivable, radiation-induced damage are the
gastrointestinal tract (GI) and lung in mouse models. GI remodeling and lung injury are
two long-term consequences of exposure to sublethal-irradiation with crypt remodeling
and collagen-deposition noted in the ileum and fibrosis and vascular lymphocytic cuffing
observed in the lung.(237, 241) In this preliminary study, we sought to assess the utility
of MALDI-MSI in these specific tissues, mouse lung and GI, to address its use in a
broader biomarker discovery and validation pipeline.

MATERIALS AND METHODS
Mice
Specific pathogen free (SPF) C57BL/6 mice (50/50 male/female; Jackson Laboratory,
Bar Harbor, Maine) were received at 10 weeks of age and housed up to 5 mice per age in
microisolator cages on sterilized direct contact bedding (Alpha Dri). Mice were provided
certified commercial extruded lab rodent chow (Harlan 2018SXC) ad libitum in cage
hoppers and acidified water (pH 2.0-3.0) in sipper tube bottles. Animal rooms on a 12hour light/dark cycle were maintained at 21±3ºC with 30-80% relative humidity and at
least 10 air changes per hour of 100% conditioned fresh air. All studies were approved by
the Indiana University School of Medicine Institutional Animal Care and Use Committee.
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Irradiation and dosimetry
Mice (16-17w/o) were placed in single chambers of a Plexiglas irradiation apparatus and
exposed to 0.65 Gy of gamma radiation delivered as a single uniform total body dose
from a 137Cs radiation source (GammaCell 40; Nordion International, Kanata, Ontario,
Canada) at an exposure rate of 0.57-0.61 Gy/minute. Exposure was confirmed using
Inlight Dot dosimeters (Landauer Inc.) placed inside of a parafilm mouse phantom and
irradiated along with the mice. Dosimeters were read using a validated Landauer
microStar reader calibrated with standard Dot dosimeters exposed with a NIST-traceable
137

Cs source (Battelle Memorial Institute, WA). Reproducibility of individual dots was

3±1% with accuracy of 4±2%, well within the 10% industry standard for experimental
radiation dosimetry.

Tissue collection
Forty-eight hours after irradiation, mice were euthanized by CO2 inhalation followed by
exsanguination. Lungs, small intestine, colon, sternum, liver, and heart were harvested
and snap-frozen (unfixed) by floating on foil in liquid nitrogen. Intestine samples were
not cleared of lumenal contents prior to freezing, but were staged in inch-long, straight
sections for ease of handling. Tissue samples were stored frozen (-80°C) prior to
sectioning or extraction.
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Tissue preparation and matrix application
Frozen, unfixed tissues were cut into 12 µm sections on a Leica AM1925 cryomicrotome
(Leica Microsystems, Buffalo Grove, IL), mounted and heat-fixed onto an Indium Tin
Oxide (ITO)-coated MALDI glass slide (Bruker Daltonics, Billerica, MA) by holding a
finger on the slide directly underneath the section. All slides were stored in a vacuum
desiccator for at least 20 minutes prior to preparation for MALDI-MSI (or storage at 20°C). For lipid-targeting experiments a 12.5 mg/mL solution of norharmane (NH), 9HPyrido[3,4-b]indole hydrochloride (Sigma-Aldrich, St. Louis, MO), a bivalent MALDI
matrix, solvated in a solution of chloroform:methanol:water (5:10:4, v:v:v) was spraycoated onto slides. For those experiments targeting proteins or peptides, slides were spray
coated with 30 mg/mL sinapinic acid (SA) in 70% acetonitrile, 0.1% trifluoroacetic acid
or 12 mg/mL alpha-Cyano-4-hydroxycinnamic acid (CHCA) in 50% acetonitrile, 0.3%
trifluroacetic acid. All matrices were applied using a Bruker Daltonics ImagePrep spray
chamber (Billerica, MA). Unless otherwise specified, all reagents were purchased from
Sigma-Aldrich (St. Louis, MO).

Mass spectrometry and image analysis
MS data were collected in positive mode (detection range: m/z 400-900 for lipids, m/z
2,000-20,000 for proteins, and m/z 1,000-3,000 for peptides) and negative mode
(detection range: m/z 400-900 for lipids), raster width 50 µm, 500 shots per raster, on a
Bruker Daltonics Ultraflex Extreme Matrix-Assisted Laser Desorption Ionization Timeof-Flight/Time-of-Flight Mass Spectrometer (MALDI-TOF/TOF MS) using flexControl
software (version 3.4.105). Subsequently, data were analyzed using the software
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packages flexImaging (version 3.4.54) and flexAnalysis (version 3.4.57). All MALDIMSI specific materials, equipment, instruments, and software were obtained from Bruker
Daltonics (Billerica, MA).

Post-MSI histology
Tissue sections were analyzed by MALDI-MSI then stripped of matrix in 70% ethanol.
Post-processed tissues were stained with one of two traditional histological stains, H&E
(hematoxylin and eosin from Sigma-Aldrich, St. Louis, MO) or Masson’s Trichrome
(Polysciences, Warrington, PA) according to manufacturer’s protocols. Images were
captured on a ScanScope CS2 slide scanner at 20x resolution and exported as high
resolution tiff files using ImageScope software (Aperio, Vista, CA). Images were
processed (rotation and cropping) in GNU Image Manipulation Program (GIMP, version
2.8.3, freeware).

Data analysis & prediction software
Molecular predictions for lipid-like ions were made using the Lipid Mass Structure
Database (LMSD) available from Lipid Metabolites and Pathways Strategy (LIPID
MAPS Consortium, La Jolla, CA). Peptide identifications were performed by processing
MS/MS peptide mass fingerprints through the MASCOT Database (Matrix Sciences,
Boston, MA).
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RESULTS
MALDI-MSI workflow
Tissues were extracted and processed for MALDI-MSI according to the workflow
diagrammed in Figure 7.3. Based on sample optimization reports, the tissues were
cryosectioned unfixed and unembedded at 12 µm thickness.(242) As we were initially
interested in investigating the location of individual lipid ions, our tissue samples were
not washed in alcohols as suggested by many protocols. For the analysis of peptides as
well as other molecular classes, tissue samples were washed and dehydrated in due to the
potential for lipid signals to convolute small peptide mass signatures.(243, 244) Multiple
MALDI matrices were used in combination with targeted solvent systems to optimize
detection of disparate molecular classes: sinapinic acid in a solution of acetonitrile and
trifluoroacetic acid for proteins, cyano-4-hydroxycinnamic acid in a solution of
acetonitrile and trifluoroacetic acid for peptides, and 9H-pyrido[3,4-b]indole
hydrochloride in a chloroform, methanol, and water solution for lipids.

MALDI-MSI maps unique ions to histological features in mouse lung
Following radiation exposure, the lungs can undergo slow and permanent damage. The
most notable long-term effects in the lung include perivascular lymphocytic cuffing and
fibrosis via extracellular matrix deposition, both of which contribute to decreased
physiological function.(241) Given this delayed, organ-specific response and the
potential for meaningful damage mitigation by MCM, the lung was an obvious starting
point for testing the suitability of MALDI-MSI to detect and map unique ion signatures.
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Figure 7.3: MALDI-MSI workflow. A MALDI-MSI experiment begins with tissue
extraction from an in vivo model system, the sample is snap-frozen (unfixed) and
cryosectioned. Sections are lifted onto an indium tin oxide (ITO) coated slide, fixed
into place, and prepared for use. Matrix, dissolved in a solvent, is applied to the slide
with a vibrational nebulizer to achieve uniform matrix application. Following matrix
application, an x,y coordinate grid is assigned, the MALDI laser is rastered across the
tissue capturing data at each point on the grid, finally, the entire series of mass spectra
(m/z, mass over charge) are summated. From the summated spectra, peaks are
selected, the intensity of the peak is mapped by individual spectrum back to the x,y
coordinate and displayed color intensity (green and red selections). Post-MALDI-MSI
the tissue is stripped of matrix and stained by traditional methods and scanned at high
resolution to highlight useful histological features and facilitate co-registration of the
tissue image and mass signals.
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Lungs from control (age matched, non-irradiated) and sublethally-irradiated (6.5 Gy)
adult mice were necropsied two days post-irradiation and processed for MALDI-MSI.
Initially, two sets of tissue sections were prepared to target lipid ions, in either negative
ion mode or positive ion mode, using a solvent mixture of chloroform and methanol to
apply a bivalent MALDI matrix. Scanning in both positive and negative modes is
advantageous and results in detection of a wider variety of phospholipids due to the
diverse chemical nature and polarity of the phospholipid head groups. A series of
negative and positive lipid-like ions were detected and spatially correlated by intensity
back to the tissue (Figure 7.3A, B). Identities of lipid-like ions were predicted in silico
using database tools available from Lipid Metabolites and Pathways Strategy (Lipid
MAPS, www.lipidmaps.org). The dominant lipid types were predicted to be
glycerophospholipids (PL) of various classes defined by the polar head group; PLs can be
further characterized by the length and degree of unsaturation of the component fatty
acids. Of interest are the unique distribution types observed in negative MALDI mode in
the lung (Figure 7.4A), including ions localized primarily in the lining and interior of the
major airways (bronchi) (m/z 1450.9, cardiolipin), ions mapping to smaller airways
(bronchioles) [red, m/z 885.7, phosphatidylinositol, PI 38:4 (phospholipid class
carbons:unsaturations)], and ions distributed throughout the tissue parenchyma, but
excluded from the large airways (green, m/z 746.4, phosphatidylethanolamine, PE 36:0).
Additional lipid-like ions were detected in positive ion mode with similar tissue
correlation patterns (Figure 7.4B). Fatty acid length variants of PLs can be predicted as
m/z Δ28 (C2H4) changes and unsaturations can be predicted as m/z Δ2 (loss of two
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Figure 7.4: Differentially mapped molecules of interest in mouse lungs. Lung
tissue from mouse processed by MALDI-MSI targeting (A) lipids in negative ion
mode, (B) lipids in positive ion mode, and (C) small proteins in positive ion mode, 3
unique m/z signals are shown for each. Pixel saturation representative of relative
abundance of the ion. (A) False color, [M-H-] mass/charge ratio, predicted identity:
cyan, m/z 1450.9, cardiolipin; red, m/z 885.7, phosphatidylinositol; green, m/z 746.4,
phosphatidylethanolamine. (B) False color, [M+H+] mass/charge ratio, predicted ion
identity: magenta, m/z 782.5, phosphatidylcholine; yellow, m/z 806.5,
phosphatidylcholine; cyan, m/z 706.5, phosphatidylcholine. (C) False color, positive
mode mass/charge ratio: yellow, m/z 17,785; green, m/z 15,533; red, m/z 14,546.
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hydrogens) decreases from the molecular mass of the saturated fatty acids, both features
can contribute to fine-tuning of membrane fluidity and permeability. (70) Tree predicted
acyl variants of the PL class phosphatidylcholine (PC) are represented in Figure 7.4B. PC
is an abundant PL in eukaryotic membranes and was predicted to be a large proportion of
the relative PL constituency.(245) Two PC ion signatures, m/z 782.5 (magenta, PC 36:4)
and m/z 806.5 (yellow, PC 38:6) were both detected in the bronchi and bronchioles, but in
low abundance in the rest of the tissue, whereas a third ion signature, m/z 706.5 (cyan, PC
30:0) mapped to regions of the lung directly associated with oxygen exchange. This
unique pattern of tissue distribution may provide further insight into the individual role of
each of these predicted PC molecules. Dipalmitoyl-PC (DPPC, PC 32:0) ions, a lipid
made by type II pneumocytes and a known component of lung surfactant, were also
detected in abundance in the lung.(246) As expected, DPPC signatures were largely
localized in the oxygen exchange regions, supporting the use of MALDI-MSI to link ion
identity with physiological function (data not shown). Together, these results highlight
the use of MALDI-MSI for understanding the mechanism of disease by supplementing
molecular identity with histological information.
In addition to targeting lipid-like molecules, we also queried total, intact proteins. We
interrogated mouse lung tissue from a serial section as the lipid slide series. Using a
solution of acetonitrile (ACN) and trifluoroacetic acid (TFA) to apply a matrix
appropriate for whole proteins (sinapinic acid), we were able to detect several unique ion
signals in the lung, m/z 17,785, 15,533, and 14,546 (yellow, green, red, respectively),
shown in Figure 7.4C. While it was possible to detect ion signatures throughout the lung
tissue, the technical problems with identifying and characterizing intact proteins were
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clear, especially the narrow mass detection range (roughly less than 25,000 daltons),
troublesome for routine MALDI-MSI experiments. However, these issues illustrate the
power of redundancy built into our biomarker discovery scheme (Figure 7.2); if a protein
identity was predicted by mass spectrometry profiling (bottom-up proteomics) then the
protein should be easier to identify and address in MALDI-MSI either by predicting m/z
or by an alternative MALDI-MSI techniques, on-tissue proteolytic digest.

Early molecular response in irradiated mouse ileum
Another tissue that can undergo dramatic and lasting damage and reconstruction
following radiation exposure is the GI tract. GI, specifically ileum, the distal-most region
of the small intestine was the other natural choice to evaluate the use of MALDI-MSI as a
discovery tool for biomarkers.
Ileum from control and sublethally-irradiated (6.5 Gy) mice showed no obvious tissue
damage at 2 days post-irradiation by gross histology, as expected.(237) Figure 7.5A and
B represents ileum tissue processed for lipid targeting by MALDI-MSI in negative and
positive mode, respectively. Of note, these GI samples were not flushed of lumenal
contents prior to cryopreservation. The spatial distribution of three unique lipid-like ions
identified in negative mode are demonstrated in Figure 4A. An ion, m/z 885.7 (cyan, PI
38:4), localized to the gut lining, but was not observed in the lumenal contents. Similarly,
the ion m/z 632.7 (red, PE 28:1) is distributed throughout the gut lining and lumenal
contents in control tissue, but this ion is observed in notably lower abundance within the
gut lining and lumenal contents of the irradiated tissue. Interestingly, differential
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Figure 7.5: Localization of unique molecular targets in mouse ileum. Ileum tissue
from mouse processed by MALDI-MSI targeting (A) lipids in negative ion mode, (B)
lipids in positive ion mode, and (C) low molecular weight proteins in positive ion
mode, 3 unique m/z signals are shown for each. Pixel saturation representative of
relative abundance of the ion. (A) False color, [M-H-] mass/charge ratio, predicted
identity:
cyan,
m/z
885.7,
phosphatidylinositol;
red,
m/z
632.7,
phosphatidylethanolamine; yellow, m/z 1450.9, cardiolipin. (B) False color, [M+H+]
mass/charge ratio, predicted ion identity: white, m/z 762.6, phosphatidylcholine;
green, m/z 734.6, phosphatidylcholine; azure, m/z 786.6, phosphatidylcholine. (C)
False color, positive mode mass/charge ratio: red, m/z 3710; white, m/z 14,330; green,
m/z 8,615.
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abundance of an ion, m/z 1450.9 (yellow, cardiolipin), is observed between control and
irradiated ileum. The predicted cardiolipin ion is evenly distributed through lumenal
contents and localizes in modest abundance and intensity in the ileum lining of control
tissue, whereas in irradiated tissue the lumenal abundance is decreased and the tissuelocalized abundance and intensity are increased. Further investigation of this ion
distribution pattern is pending, however, these types of differential distribution patterns
highlight the importance of the imaging aspect of MALDI-MSI. These results illustrate
the possibility that the concentration of this ion after tissue extraction might be equal
between the control and irradiated sample and this differential result may be lost.
Figure 7.5B demonstrates the tissue-localized abundance of three predicted PC ions
detected in positive mode, m/z 762.6 (white, PC 34:0), m/z 734.6 (green, PC 32:0), and
m/z 786.6 (azure, PC 36:2), all likely representing acyl length variants of PC. These three
ions have been previously reported to be present in abundance in the gut.(247) As
expected, these ions localize predominantly to the ileum tissue and not to the lumenal
contents, further highlighting the capacity of imaging to discriminate not only ion
abundance, but also spatial correlation.
The complexity of a MALDI-MSI experiment increases when the mass and molecular
character of targets is highly variable. Figure 7.5C demonstrates some of the complexities
present when targeting intact proteins by MALDI-MSI. Three ion signatures, m/z 3,710
(red), m/z 14,330 (white), and m/z 8,615 (green), are detected across the tissue and in the
lumenal contents. Ion m/z 3,710 appears to localize with higher intensity to the ileum
tissue in irradiated animals compared to control. A second, larger ion, m/z 14,330 is
detected across both the control and irradiated tissue, but may be present in higher
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abundance in the control. Finally, a third ion signature, m/z 8,715 is observed in the tissue
of both control and irradiated samples. Positive identification of these ions is possible,
but can be difficult without additional information. Smaller range ions (m/z 2000-10,000)
could be representing larger proteins carrying multiple charges or could be endogenous
peptides, in either case with more information positive identification is possible. Larger
range ions (m/z 10,000-20,000) could represent small, intact proteins, but identification
remains difficult unless other methods are applied (on-tissue digest, correlation to total
protein extracts). Spatial mapping of intact proteins may be better suited for targeted
imaging experiments, where the ion identity is predefined. Correlation of spatial mapping
and protein identity can be best facilitated by on-tissue protein digest, which has been
used to identify unknown targets.(244)

Protein identification by peptide digest
Given the inherent challenges with identifying unknown, intact proteins, alternative
methods are employed to positively identify proteins while maintaining the rich, spatial
information afforded by MALDI-MSI. Several protocols have been reported for on-tissue
proteolytic digest coupled to MALDI-MSI, simply, in situ trypsin digest and tandem
mass spectrometry (MS/MS) for peptide identification. Tissue sections are prepared and
then washed (to reduce lipid interference and semi-fix the tissue) and a mass
spectrometry-grade protease solution is applied to the tissue by nebulization, Figure 7.6.
Following an incubation period, matrix appropriate for peptide ionization is applied to the
tissue and the MALDI-MSI process follows as in Figure 2. After a peak-of-interest is
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Figure 7.6: On-tissue proteolytic digest facilitates protein identification. (A)
Distribution of m/z signal (representative) in control mouse ileum and reference
histology (H&E). (B) Illustrated control experiment with half of tissue excluded from
protease application (top) and half incubated with protease (bottom). (C) Peptide mass
signatures present in abundance in protease-incubated tissue (note m/z representative
ion, circled in blue), positive identification of protein targets through database search
of peptide MS/MS spectra.
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selected, peptide identification achieved by first fragmenting the peptide by tandem mass
spectrometry then predicting peptide identity by querying a peptide MS/MS database
such as Mascot. These results can then be validated through other proteomic techniques
or antibody-based detection techniques including western blotting and
immunohistochemistry.

DISCUSSION
We have proposed a systematic, parallelized pathway to biomarker discovery. Our
approach of complimentary rounds of mass spectrometry profiling and MALDI-MSI
present MCART with the power to succeed in biomarker identification and validation.
Targeting specific questions in radiation biology, we have described a series of methods
to discover molecular correlates of: radiation dose, onset of ARS and DEARE, predictors
of syndrome severity, and indicators of successful mitigation. The discovery approaches
include MALDI-MSI and mass spectrometry profiling, both techniques allow for
characterization of proteins, lipids, metabolites, and other molecular target types.
Proof-of-concept studies were performed to characterize the MALDI-MSI aspect of this
complimentary biomarker discovery approach. Here, we showed detection of unique lipid
profiles in mouse tissues, a sample of intact protein survey data, and a working pathway
to identify protein targets through on-tissue tryptic digest. Notably, the histological
information is retained in rich detail, considering these tissues were unfixed and stained
following MALDI-MSI and matrix stripping. The unique ability to map these diverse
molecules supports the logic of using MALDI-MSI as a component of a cyclic biomarker
discovery pathway to solve problems in radiation biology.
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In mouse lung and ileum tissue, we have detected m/z signals corresponding to diverse
phospholipid classes, including CL, PE, PI, and PC. Within these subclasses of
phospholipid we have also identified acyl-length variants, most strikingly with the
abundant PCs 30:0, 32:0, 36:4, and 38:6. Additionally, we identified mono-and polyunsaturations on a fatty acid chain within these phospholipid subclasses by investigating
neighboring m/z values differing by 2 mass unit decreases (in the case of singly charged
ions) from the predicted saturated fatty acid (PC X:0). Using these predictive techniques
we have observed oxidized phospholipids (117) that have been shown to be differentially
present in irradiated tissue compared to control.(247) Alterations in phospholipid
abundance and presence of oxidative lesions thereof can serve as downstream sentinels of
global cellular response and stress from reactive oxygen species.(248) Therefore, the
ability to detect and characterize lipid responses is crucial to our biomarker discovery
pathway. By applying this approach to dose-range studies and timing tissue collection to
the nadir of each specific sequelae, we aim to correlate tissue damage with specific
molecular responses that can be validated as biomarkers and serve as powerful research
tools for the radiation research community.

CONCLUSIONS
We present a rational, complimentary approach to biomarker discovery. By pulling from
the strengths of the individual techniques, MALDI-MSI and traditional analytical mass
spectrometry, we can search for novel correlates of both ARS and DEARE in diverse
species and tissues. Subsequently, with identified biomarkers, we will be empowered to
study the correlation to radiation dosage and develop molecular readouts for medical
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countermeasure efficacy. When combined with the realistic, well-defined model systems
described previously by the MCART consortium, the true discovery power of our
complimentary untargeted (MALDI-MSI) and targeted (MS) systems will be clear. With
this approach it will be possible to link key sequelae and organ-specific syndromes across
model systems at the physiological and histological levels as well as the molecular level.
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APPENDIX 2
The following article was published in PLOS Pathogens in 2012 and demonstrates how
we used TLC-MALDI to identify discrete lipids controlled by viral infection. The article
is reprinted here under authorship rights from PLOS Pathogens and under the Creative
Commons License 4.0 for Open Access information. Abbreviations in the Appendix
stand alone as defined and are not incorporated in the abbreviations table.
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ABSTRACT
All positive strand (+RNA) viruses of eukaryotes replicate their genomes in association
with membranes. The mechanisms of membrane remodeling in infected cells represent
attractive targets for designing future therapeutics, but our understanding of this process
is very limited. Elements of autophagy and/or the secretory pathway were proposed to be
hijacked for building of picornavirus replication organelles. However, even closely
related viruses differ significantly in their requirements for components of these
pathways. We demonstrate here that infection with diverse picornaviruses rapidly
activates import of long chain fatty acids. While in non-infected cells the imported fatty
acids are channeled to lipid droplets, in infected cells the synthesis of neutral lipids is
shut down and the fatty acids are utilized in highly up-regulated phosphatidylcholine
synthesis. Thus the replication organelles are likely built from de novo synthesized
membrane material, rather than from the remodeled pre-existing membranes. We show
that activation of fatty acid import is linked to the upregulation of cellular long chain
acyl-CoA synthetase activity and identify the long chain acyl-CoA syntheatse3 (Acsl3) as
a novel host factor required for polio replication. Poliovirus protein 2A is required to
trigger the activation of import of fatty acids independent of its protease activity. Shift in
fatty acid import preferences by infected cells results in synthesis of phosphatidylcholines
different from those in uninfected cells, arguing that the viral replication organelles
possess unique properties compared to the pre-existing membranes. Our data show how
poliovirus can change the overall cellular membrane homeostasis by targeting one critical
process. They explain earlier observations of increased phospholipid synthesis in infected
cells and suggest a simple model of the structural development of the membranous
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scaffold of replication complexes of picorna-like viruses, that may be relevant for other
(+)RNA viruses as well.
Introduction
(+)RNA viruses of eukaryotes are a very successful group of pathogens infecting
organisms from unicellular algae to humans. In spite of adaptation to diverse hosts the
basic processes of genome expression and replication are highly conserved among these
viruses. One such feature shared among all (+)RNA viruses is the association of RNA
replication machinery with cellular membranes. It has been proposed that assembly of
replication complexes on membranes may facilitate infection in several ways: increase
local concentration of viral proteins; provide structural scaffold for assembly of
replication machinery; hide viral dsRNA replication intermediates from the cellular
innate immunity mechanisms.(249, 250)
Poliovirus (PV) is a prototype species of the Picornaviridae family. Its genome RNA of
about 7500 nucleotides is directly translated into one polyprotein, which is cleaved coand post-translationally into a dozen of structural and replication proteins. Proteins
encoded in the P2-P3 region of the viral genome as well as the intermediate products of
the polyprotein processing are responsible for RNA replication. Other members of the
Picornaviridae family share the same basic genome organization and expression strategy
with minor modifications.(251)
PV infection induces rapid development of new membranous agglomerates harboring
viral replication complexes. The current models of the development of picornavirus
replication structures suggest hijacking of either elements of the cellular secretory
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pathway or autophagy machinery.(252-254) However even closely related viruses vary
greatly in their sensitivity to the inhibitors of the secretory pathway, and effects of
manipulation of autophagy may vary even for the same virus, suggesting that these
cellular processes are not obligatory for the development of replication complexes.(255257) At the same time previously accumulated data show that diverse picornaviruses
similarly induce strong stimulation of phospholipid biosynthesis, especially
phosphatidylcholine (PC), upon infection.(258-261)
PC constitutes about 50% of the total phospholipid content in eukaryotic
membranes.(75) Phospholipids found in cellular membranes include fatty acids (FAs)
with C16 and longer carbon atoms chains.(262) In mammalian cells fatty acid synthase
can de novo synthetize palmitic acid (C16:0), which can subsequently be processed into
other FA species.(263, 264) However, most of the cells import the majority of long chain
FAs from extracellular media. The mechanism of FA transport through plasma membrane
is not yet completely understood, however it is believed that acyl-CoA synthetase activity
plays a key role in this process. According to the current model of vectorial acylation,
long chain FAs as hydrophobic molecules can freely diffuse through lipid bilayers, and
inside the cell they are converted into hydrophilic acyl-CoAs that can no longer escape.
Indeed most proteins that have been shown to facilitate FA uptake possess acyl-CoA
synthetase activity and its inactivation prevented transport of FAs into cells.(265-268)
Thus lipid biosynthesis is intrinsically dependent on acyl-CoA synthetases, which
activate FAs derived from either external or internal cellular sources.
There are 26 different acyl-CoA synthetase genes in human genome.(269) Five
members of the long chain acyl-CoA synthetase (Acsl) family; six proteins of the very
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long chain acyl-CoA synthetase family also known as fatty acid transport proteins (Acsvl
or FATP); and two bubblegum acyl-CoA synthetases (ACSBG) can activate long chain
fatty acids. Their differential tissue expression and sub-cellular localization, existence of
multiple splice isoforms, and enzymatic preference towards certain classes of FA provide
foundation for complex pattern of uptake and channeling of FA into different metabolic
pathways.(270)
In this study we show that PV infection results in fast upregulation of long chain FA
uptake due to activation of cellular long chain acyl-CoA synthetase activity, and we
identify long chain acyl-CoA synthetase 3 (Acsl3) as a novel host factor required for
polio replication. We found that in mock-infected cells the newly-imported FAs are
mostly channeled to lipid droplets, while in infected cells they are immediately utilized
for highly upregulated PC synthesis. The infected cells demonstrate preference for import
of different FAs than mock-infected cells, resulting in significant changes in the spectrum
of PC molecules. The enrichment of phosphatidylcholine species with short palmitoyl
(C16:0) moieties likely generates more fluid membranes with intrinsic capacity to
assemble into convoluted tubular matrix of the membranous replication organelles. We
find that stimulation of FA import requires PV protein 2A, but is independent of its
protease activity, thus revealing a new important function this protein plays in alteration
of the cell metabolism. The activation of FA import is observed upon infection of diverse
picornaviruses in different cell types. Our work explains previous data on stimulation of
membrane synthesis and morphology of replication structures in picornavirus-infected
cells, and provides a new model of the development of the membranous scaffold of the
replication organelles apparently shared by diverse picornaviruses.
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Results
Poliovirus infection increases cellular long chain FA import and prevents their
targeting to lipid droplets
The increase of phospholipid synthesis in PV-infected cells should be sustained by
sufficient supply of corresponding precursors including long chain FAs.(258, 260, 261)
To monitor FA import we pulse-labeled PV-infected HeLa cells with a fluorescent fatty
acid Bodipy 500/510 C4, 9 (bodipy-FA) which is believed to mimic FA with 18 carbon
atoms backbone. This and similar molecules are extensively used in lipid metabolism
research and it was previously shown to be rapidly utilized by cellular lipid synthesis
machinery and incorporated into phospholipids, triglycerides and other natural
lipids.(271-275) The cells were infected at a multiplicity of 50 PFU/cell to ensure
simultaneous development of infection, and bodipy-FA was added for 30 min at 4 hours
post infection (h p.i.), in the middle of the infectious cycle. The infected cells showed
strongly increased import of bodipy-FA (Figure 8.1A and B). In mock-infected cells the
label was distributed into multiple round structures in the cytoplasm and was also found
in intracellular ER-like staining (Figure 8.1C, mock). The round bright dots were
identified as lipid droplets since they co-localized with a well-established lipid droplet
marker ADRP.(276) (Figure 8.1D) Note that some ADRP-positive structures did not
accumulate bodipy-FA during 30 min labeling period (Figure 8.1D, arrow), consistently
with the previous results that individual lipid droplets accumulate newly-synthesized
lipids at different rates.(277) In infected cells, bright bodipy-FA fluorescence surrounded
the nuclei and often occupied the total cytoplasmic area reflecting robust development of
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Figure 8.1: Poliovirus infection induces strong activation of fatty acid import.
HeLa cells were infected with poliovirus at 50 PFU/cell, and at 4 h p. i. Bodipy
500/510 C4–C9 (bodipy-FA) was added for 30 min. A. low magnification view of
infected vs mock-infected cells. B. FACS analysis of the fluorescence of infected
(mock-infected) cells after 30 min pulse label with bodipy-FA at 4 h p. i., or control
samples incubated without bodipy-FA. C. Higher magnification image showing that
bodipy-FA probe is redistributed preferentially into lipid droplets in mock-infected
cells and into membranes in infected cells. D. A confocal image of HeLa cells
expressing pmCherry-ADRP protein (a marker for lipid droplets) and labeled with
bodipy-FA for 30 min. Arrow marks a lipid droplet that did not accumulate the newlysynthesized lipids during the labeling period and also indicate lack of bodipy
fluorescence leakage into the red channel. E. A confocal image of infected (mockinfected) HeLa cells labeled at 4 h p. i. with bodipy-FA and Hoechst-33342 (cell
permeable DNA stain) for 30 min showing localization of bodipy-FA staining. F. A
confocal image of polio-infected HeLa cells incubated for 30 min with bodipy-FA at 4
h.p.i. and processed for staining for a viral membrane-targeted protein 2B showing colocalization of the viral antigen and imported FA.
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the poliovirus replication complexes (note pycnotic nuclei in infected cells, characteristic
of polio-induced cytopathic effect) (Figure 8.1E). For the experiment shown on Figure
8.1 the cells were incubated in serum-free media during the labeling period, so bodipyFA was the only fatty acid available exogenously. We also monitored FA transport when
cells were incubated in normal growth media supplemented with fetal bovine serum
which provides ample supply of natural FA and other lipids. As expected, the level of
fluorescent signal was lower in the presence of serum, due to competition with the fatty
acids from serum, but the overall picture of strong stimulation of fatty acid import upon
infection was the same (not shown). Cells on Figure 8.1C and E are imaged directly after
formaldehyde fixation without further detergent permeabilization which we found to
deteriorate the fine structure of the distribution of the bodipy-FA label, especially in
weakly labeled mock-infected cells. Staining of cells for a viral antigen 2B, a marker of
membranous replication complexes, revealed extensive co-localization of bodipy-FA
fluorescence with polio replication structures, especially in the cells where viral protein
staining could still be visualized as discrete domains in the confocal plain (Figure 8.1F,
arrowheads, also co-localization panel). With the further development of infection
staining for both viral proteins and bodipy-FA tend to occupy all available perinuclear
space reflecting massive development of membranous replication complexes. Staining for
other membrane-targeted poliovirus replication proteins 2C and 3A revealed similar
pattern of distribution of a viral antigen and bodipy-FA label (not shown).
Thus in PV-infected cells the import of FAs from media is strongly increased, their
intracellular targeting is different from mock-infected cells, and they are used for
building of viral membranous replication complexes.
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Imported FAs are directed to highly increased phosphatidylcholine synthesis in
infected cells
To investigate the metabolic targeting of the imported FAs we pulse-labeled cells with
bodipy-FA for 30 min at 4 h p. i., extracted the lipids and resolved them by thin layer
chromatography (TLC) using solvent systems optimized for separation of either neutral
or polar lipids. The chromatograms were first photographed in a fluorescence imager to
reveal the newly synthesized lipids, and then developed with conventional stains to
visualize the total lipid material. We did not recover noticeable amount of free bodipyFA. Virtually all the fluorescence was found in newly synthesized complex lipids, thus
validating the use of bodipy-FA in our system. There were no dramatic differences due
incubation of cells in the presence or absence of serum, but as expected the fluorescent
signal recovered from the serum-free samples was higher, about 1.56 for mock-infected
cells and, for virus-infected cells as quantitated from the fluorescence of the total lipid
spots loaded at the start position before TLC resolution (not shown).(273) In the mockinfected cells incubated without serum significant amount of fluorescent label appeared
in a spot on neutral lipids plate likely representing triglycerides with abnormal mobility
due to the presence of bodipy-FA (Figure 8.2A, lane 4), correlating with the microscopy
observation of fluorescence accumulation in lipid droplets. Note that free bodipy-FA in
the neutral lipid separation system moved much slower than the long chain free FA
markers, while in the polar lipid separation system its mobility was close to C18 long
chain free FAs and 5 (stearic acid C18:0), 6 (palmitic acid C16:0), 7 (linoleic acid C18:2)
on neutral and polar lipid plates). We cannot exclude that this spot represents some other
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Figure 8.2: In infected cells synthesis of neutral lipids is shut down and imported
fatty acids are directed to strongly stimulated synthesis of phosphatidylcholine.
HeLa cells were infected (V) or mock-infected (M) with poliovirus at 50 PFU/cell and
incubated in medium with or without serum as indicated. Bodipy-FA was added for 30
min at 4 h p. i.; after that total lipids were extracted and resolved by thin layer
chromatography. A. Neutral lipids resolved in hexane:ether:acetic acid (80:20:1)
system. Bodipy-FA-lipids represent fluorescent fatty acid-containing lipids
synthesized during 30 min labeling period. Total lipids show all neutral lipids stained
with bromothymol. B. Polar lipids resolved in chloroform:ethanol:water:triethylamine
(30:35:7:35) system. Bodipy-FA-lipids represent fluorescent fatty acid-containing
lipids synthesized during 30 min labeling period. Total lipids show all phospholipids
stained with Phostain. PC: 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine
(phosphatidylcholine marker).
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type of neutral lipid, but in any case synthesis of this compound is active in mockinfected cells and shut down in infected cells. In the lipids isolated from infected cells
almost no fluorescence was resolved in the non-polar system, (Figure 8.2A compare lanes
3 and 4), indicating that synthesis of neutral lipids is shut down. In fact in the TLC
system optimized for neutral lipids most of the labeled lipids isolated from infected cells
remained as a bright spot at the loading position (Figure 8.2A, lanes 1 and 3). In contrast,
on the TLC plate resolved using the polar solvent system we observed a very strong
signal for newly synthesized PC in infected cells (Figure 8.2B, compare lanes 1, 3 and 2,
4). The staining of the TLC plates for total lipid content did not reveal significant
differences between infected and mock-infected cells (Figure 8.2). It should be noted that
the samples were analyzed after 4 h p. i., meaning that the period of up-regulated
synthesis of new lipids was relatively short, and they apparently did not significantly
change the overall lipid content of the cells. Thus, PV infection does not only increase the
level of FA import but modifies their metabolic channeling by down-regulating synthesis
of neutral lipids, and redirecting the newly imported FAs for the highly up-regulated
production of PC.
Long chain acyl-CoA synthetase activity in infected cells is up-regulated and exhibits
substrate preference towards shorter FA
Import of FAs is inextricably connected to activity of acyl-CoA synthetases.(270)
Transport of saturated or unsaturated long-chain fatty acids containing 18 or fewer
carbons across biological membranes is rapid and not thought to be rate-limiting.(278,
279) Thus the increased uptake of FFA probe suggests that long chain acyl-CoA
synthetase activity must be upregulated upon infection. To measure this activity we
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prepared lysates from HeLa cells infected at the multiplicity of 50 PFU/cell and
incubated without serum for different times post-infection. The infected cells
demonstrated elevated level of acyl-CoA synthetase activity as early as 2 h p. i., which
steadily increased at later times (Figure 8.3A).
Cellular acyl-CoA synthetases have different preferences for the backbone length and
degree of saturation of FA, although the substrate specificity is generally not very strict
and one enzyme can activate multiple FA species.(270, 280) To assess the substrate
specificity of acyl-CoA synthetases activated upon infection we performed FA import
competition assay by labeling the cells at 4 h p. i. with bodipy-FA in the presence of 1256
molar excess of competitor FAs. If the competitor FA is a preferred substrate over the
bodipy-FA probe, it should result in the corresponding reduction of fluorescence. The
control samples showed that infected cells incorporated more than 250% of bodipy-FA
relative to mock-infected cells, in agreement with microscopy and TLC data (Figure 8.3
B–E). In mock-infected cells incubated with serum no FA tested showed significant
influence on the incorporation of bodipy-FA, likely because of the substantial amount of
FAs already present in serum (Figure 8.3B, C). In mock-infected cells incubated without
serum the strongest competition was shown by palmitic acid (C16:0) (,37% of mock
control) while myristic acid (C14:0) demonstrated a weaker effect (,22% of mock
control) (Figure 8.3D). The addition of unsaturated FAs to mock-infected cells incubated
without serum actually significantly enhanced incorporation of bodipy-FA, up to more
than 100% in case of linolenic (C18:3) acid (Figure 8.3E), indicating that they were
stimulating FA uptake by the cells starved without exogenous FAs for 4 hours. The virus-
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Figure 8.3: Modulation of long chain acyl-CoA synthetase activity in poliovirusinfected cells. A. Acyl-CoA synthetase activity is stimulated as early as 2 h p. i. and
continues to increase during the time-course of infection. Acyl-CoA synthetase activity
in vitro assay was performed with lysates of HeLa cells collected at indicated times
post infection, the data are normalized to the activity of the lysate from mock-infected
collected at 2 h p. i., p-values are shown. B. and C. Fatty import competition assay
performed with the cells incubated in serum- supplemented medium during the whole
experiment. HeLa cells were infected (or mock-infected) with poliovirus at 50
PFU/cell; at 4 h.p.i. bodipy-FA was added for 30 min in the presence of 1256 molar
excess of the indicated long chain fatty acids. No competitor fatty acid was added to
control samples. The data are normalized to the signal from the mock-infected control
sample; p-values are shown. D. and E. Fatty import competition assay performed with
the cells incubated in serum-free medium during the whole experiment. HeLa cells
were infected (or mock-infected) with poliovirus at 50 PFU/cell; at 4 h.p.i. bodipy-FA
was added for 30 min in the presence of 1256 molar excess of the indicated long chain
fatty acids. No competitor fatty acid was added to control samples. The data are
normalized to the signal from the mock-infected control sample; p-values indicating
significant differences are shown.
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infected cells showed a completely different pattern. Unsaturated FAs: oleic (C18:1),
linoleic (C18:2) and linolenic (C18:3), mildly reduced bodipy-FA incorporation in the
presence and in the absence of serum (Figure 8.3C, E). Palmitic acid (C16:0) inhibited
import of the fluorescent label in the presence of serum from 270% to 220%, and in the
absence of serum from 250% to 190% (Figure 8.3A and C).The strongest competitor for
the bodipy-FA incorporation in infected cells was myristic acid (C14:0) inhibiting
bodipy-FA incorporation in the presence of serum from 270% to 150% and from 250% to
130% in the absence of serum (Figure 8.3B, D). These data show that acyl-CoA
synthetase activity in infected cells is strongly stimulated from the early time post
infection and that its substrate preference is changed.
Poliovirus-infected cells accumulate different molecular species of PC than noninfected cells
The competition experiments suggest that the pool of acyl-CoAs available for new
phospholipid synthesis should be different in infected and mock-infected cells. To
investigate the changes in the spectrum of PC molecules, TLC-MALDI was used to
couple the power of solvent resolution of phospholipids by TLC to the mass
identification capacity of matrix assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) (Figure 8.4A). PC was first identified by characteristic
TLC migration, and reflectron positive mode MALDI-TOF-MS was used to scan the
TLC lane. The mass to charge ratio (m/z) was used to secondarily identify the major PC
molecules and acyl variants (Figure 8.4B). We observed a substantial drop in the
diversity of the PC molecules containing long C18 chains, running in the high Rf
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Figure 8.4: Shift in phosphatidylcholine spectrum following infection
demonstrated by TLC-MALDI. A. Schematic representation of TLC- MALDI, blue
spots represent phospholipid migration on TLC plate, hash marks represent stepwise
MALDI data capture. B. HeLa cells were infected with poliovirus at 50 PFU/cell and
processed for the total lipid extraction at the indicated time points post infection. TLCMALDI data shown at phosphatidylcholine (PC) migration (Rf) range, fatty acid chain
lengths noted, intensity of signal at respective mass to charge ratios (m/z) (blue scale).
C. PC diversity (unique m/z signatures) shifts in abundance from higher Rf to lower Rf
during time course of infection. D. Percent change of PC subset/PC total ratio
compared to mock. Results from a representative experiment are shown.
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chromatography zone, and correspondingly a rapid increase in the PCs with shorter acyl
chains from the low Rf zone upon infection (Figure 8.4C). The analysis of the individual
PC classes demonstrates a fast shift in the composition of PCs during infection. At 2 h p.
i. there is already a significant increase in PCs with C18/C18 acyl chains, as well as
C16/C18 ones, accompanied by a noticeable drop in the abundance of the C14/C16 and
C16/C16 PCs, compared to mock-infected cells. This general trend continues later in
infection with an especially strong increase in the C16/C18 PC species at 4 h p. i. (Figure
8.4D). Changes in lipid abundance at 6 h p.i. do not follow the general trends observed at
2 and 4 h p.i. likely due to the significant degree of cell lysis observed at this late stage of
infection at high MOI. It should be noted that while the competition assay showed a
strong preference for import of C14 myristic acid to infected cells, it only reflects the
changes in the prevalent cellular acyl-CoA synthetase activity induced by polio infection,
and cannot be directly interpreted as that myristic acid is the predominant imported FA in
natural conditions. The actual composition of intracellular acyl-CoA pool will be shaped
by the availability of the corresponding FA substrates. The resolution of TLC-MALDI is
not sufficient to separate PC molecules with saturated and unsaturated FA chains with the
same number of carbon atoms. Thus, PV infection does not only up-regulates the overall
synthesis of PC but specifically changes the molecular composition of this structural
phospholipid indicating that membranes of PV replication complexes are significantly
different from the pre-existing cellular membranes.
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Increase of FA import in infected cells does not require new cellular genes expression
and once activated is independent of viral RNA replication and translation
We investigated effect of different inhibitors of cellular metabolism and viral replication
on the activation of FA import. The possibility that a PV protein(s) may have acyl-CoA
synthetase activity is unlikely since all known acyl-CoA synthetases have signature of
two conserved motifs lacking in the PV polyprotein. PV replication proceeds in the
cytoplasm and induces rapid shut-off of cellular mRNA translation, inhibition of nuclear
transcription and disruption of nucleo-cytoplasmic barrier.(251, 269) Indeed replication
of poliovirus is not affected by actinomycin D (AMD), an inhibitor of nuclear
transcription, our observations (not shown).(281, 282) We assessed the effect of
inhibition of cellular transcription on increase of fatty acids import upon polio infection.
The cells were pre-incubated with AMD for 30 min before the infection, and the inhibitor
was present in the media further on during the whole time of infection and bodipy-FA
labeling. Consistent with the sufficiency of pre-existing cellular factors for poliovirus
replication, we observed that actinomycin D had no effect on the activation of bodipy-FA
import in infected cells. We also investigated if continuous synthesis of PV RNA and
proteins are required to sustain the elevated FA uptake by infected cells. The infection
was allowed to proceed normally for 3.5 h without the inhibitors, and then guanidineHCl, a strong specific inhibitor of PV RNA replication, or cycloheximide, a general
inhibitor of translation, were added.(283) After 30 min incubation with the inhibitors, the
medium was replaced with the labeling media that contained bodipy-FA and the
corresponding inhibitors, and the cells were incubated for another 30 min. Thus the
labeling was performed when synthesis of the viral macromolecules was already
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inhibited for 30 min. The experiment shows that inhibition of polio RNA and protein
synthesis did not prevent enhanced import of fatty acids. Since infection in the control
sample effectively proceeded an hour more than in the inhibitor-treated samples (30 min
pre-incubation +30 min labeling in the presence of inhibitors), control infected cells show
higher bodipy-FA accumulation, consistently with the correlation between the amount of
viral proteins and the level of FA import stimulation. Thus, increase of FA import in
infected cells does not depend on new expression of cellular genes and likely relies on
activation of pre-existing cellular factors by viral proteins.
Long chain acyl-CoA synthetases undergo limited proteolysis and changes in
membrane association in infected cells, and Acsl3 is required to support effective
poliovirus replication
The human genome contains genes for 13 long and very long chain acyl-CoA synthetases
that may facilitate FA uptake by the cells.(269) The data on expression profiles of these
proteins as well as on their contribution to cellular metabolism are still very fragmentary
and controversial.(284) First, we monitored by western blot several long-chain acyl-CoA
synthetases for which the reliable antibodies were available. We observed specific
proteolytic cleavage of FATP3 and to a lesser extent Acsl3 proteins in infected cells,
suggesting that their activity is being actively regulated (Figure 8.5A, arrows). Western
blots of Acsl5 and FATP4 did not reveal obvious modifications of these enzymes in
infected cells (Figure 8.5A). To see if association of acyl-CoA synthetases with cellular
components is changed upon infection we treated the cells with digitonin. The
membrane-targeted viral proteins 2C and 2BC were virtually totally recovered from the
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Figure 8.5: Cleavage and redistribution of long chain acyl-CoA synthetases in
infected cells and requirement of functional Acsl3 for polio replication and FA
import. A. HeLa cells infected at 50 PFU/cells were incubated for 2, 4, and 6 hours
post infection and collected for Western blot after permeabilization with digitonin for
5 min at room temperature (lanes 5–8); control cells (lanes 1–4) underwent the same
treatment but without the detergent. Actin is shown as loading control. Arrows indicate
cleavage products detected with anti-FATP3 and Acsl3 antibodies. Arrowhead points
to the loss of FATP3 after digitonin treatment from infected cells. B. Acsl3 knockdown severely impairs polio replicon replication (top panel) while showing minimal
cytotoxicity (lower panel). siRNA knock-down efficiency of Acsl3 protein is shown.
C. Expression of a fusion protein GFP-Acsl3-HA reduces poliovirus replication. HeLa
cells were transfected overnight with either empty pUC plasmid, pEGFP-N1 plasmid
or pGFP-Acsl3-HA plasmid. Cells were infected (V) with poliovirus at 50 PFU/cell or
mock-infected (M) and collected for analysis at 4 h p.i. Polio 2C band intensity is
normalized to the EGFP expressing sample. Expression of GFP-Acsl3 protein is
detected with either anti-Acsl3 antibodies (second panel) or anti-GFP antibodies (third
panel) which also show expression of EGFP (forth panel). Actin is shown as loading
control. D. Knock-down of ACSL3 expression reduces activation of FA import upon
expression of poliovirus proteins. Western blot shows ACSL3 knock-down, actin is
shown as a loading control.
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permeabilized cells. At the same soluble proteins 3D and 3CD were mostly lost upon cell
permeabilization confirming optimal permeabilization conditions (Figure 8.5A). Some
amount of 3D and 3CD is expected to remain associated with the membrane-bound viral
replication complexes. We observed significant loss of FATP3 protein from
permeabilized cells at 4 and 6 h p.i. indicating that its association with cellular
components is changing (Figure 8.5A, arrowhead). FATP3 was previously shown to be
an-ER-localized protein with its N-terminus inserted into the ER lumen, and would be
expected to remain in cells after digitonin treatment, as we see in the mock-infected
cells.(268) Thus its loss from the infected samples demonstrates that association of this
protein with cellular structures is changing upon infection. Interestingly, FATP3 is one of
the two long chain acyl-CoA synthetases undergoing proteolytic processing upon
infection.
To implement an unbiased approach to identify acyl-CoA synthetases that support
replication of poliovirus we performed screen with siRNA pools targeting all 13 long
chain acyl-CoA synthetases. Only siRNA against FATP5 showed significant toxicity in
HeLa cells likely due to some non-specific effect since this protein is believed to be
expressed only in liver.(285) Depletion of other acyl-CoA synthetases was well tolerated
by the cells, the apparent slight toxic effect rather reflects somewhat slower growth of
cells treated with certain siRNA pools. Our initial screen identified three siRNA pools
that induced a significant 80% reduction of replication: anti-acyl-CoA synthetase
Bubblegum 2 (AcsBG2), FATP3 and Acsl3. Western blot analysis of the targeted
proteins revealed that only effect of Acsl3 siRNA was specific. AcsBG2 was not
expressed in our HeLa cells as expected, since this protein was previously shown to be
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specific for brain stem and testis, and treatment of cells with either pooled or individual
siRNAs against FATP3 did not result in significant reduction of the amount of the protein
(not shown).(286) All siRNAs from the anti-Acsl3 pool resulted in reduction of the
targeted protein and decreased replication of PV, siRNA #2 was the most potent. The
specificity of the ACSL3 knock-down effect was confirmed by rescue of polio replication
by expression of the ACSL3 with mutated siRNA #2 targeting sequence. The strongest
reduction of polio replication with the least cellular toxicity was observed after treatment
of cells with the all four anti-Acsl3 siRNAs pool (Figure 8.5B). We also monitored PV
infection in the cells expressing recombinant protein GFP-Acsl3-HA. Accumulation of
viral proteins was significantly delayed in such cells, compared to cells expressing just
EGFP, or transfected with an empty pUC plasmid (Figure 8.5C), suggesting that fusion
protein GFP-Acsl3-HA works like a dominant-negative mutant in the context of polio
infection. Note that transfection efficiency of HeLa cells is about 60–80% and protein
accumulation is measured in the total cell population, therefore the actual reduction of
polio replication in transfected cells only should be even stronger. Since knock-down of
Acsl3 expression inhibits polio replication, it is impossible to directly examine the role of
Acsl3 in activation of FA import upon infection. Thus we expressed poliovirus nonstructural P2P3 polyprotein fragment (Figure 8.6A) in cells treated with control or
ACSL3-targeting siRNAs with the help of vaccinia virus expressing T7 RNA
polymerase.(287) This system is independent of polio replication and is discussed in
details in the section below. Expression of poliovirus proteins was induced by infection
of cells with vaccinia-T7 virus 72 hours post siRNA transfection. At 4 hours post
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Figure 8.6: Activation of fatty acid import requires polio protein 2A. A. Schematic
representation of poliovirus genome and truncated constructs used for expression of
polio proteins. B. Only expression of the full P2P3 region activates import of bodipyFA label (Arrows). HeLa cells were transfected with plasmids coding for the indicated
polyprotein fragments under control of T7 promoter (empty vector for the control
sample) The next day the cells were infected with vaccinia-T7 virus and labeled with
bodipy-FA for 30 min at 4 h p. i. Poliovirus antigen 3A is detected as a marker of
expression of viral polyprotein fragments 2A-3D (complete P2–P3), 2B-3D and 2C3D. C. Protease activity of 2A is dispensable for activation of fatty acid import
(arrows). HeLa cells were transfected with plasmids coding for the indicated
polyprotein fragments under control of T7 promoter (empty vector for the control
sample) The next day the cells were infected with vaccinia-T7 virus and labeled with
bodipy-FA for 30 min at 4 h p. i. Poliovirus antigen 2B is detected as a marker of
expression of the wt and 2A-mut containing P2–P3 polyprotein. D. Parallel samples to
those shown in C were collected and analyzed for 2A protease activity and expression
of viral proteins. Processing of eIF-4G (black arrow) is detected only in the sample
expressing functional 2A protease (top panel). Accumulation of viral proteins detected
by viral antigen 3D is comparable in all samples showing that the lack of 2A protease
activity is because of the mutation, not because of the insufficient expression (lower
panel).
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vaccinia infection bodipy-FA probe was added to the media for 30 min. The cells treated
with control siRNA, which were positive for a polio antigen showed strong activation of
FA import (Figure 8.5D, arrows), while import of bodipy-FA in the cells with ACSL3
knock-down was significantly lower (Figure 8.5E, arrowheads). The statistical analysis
confirmed that bodipy-FA fluorescence normalized to polio protein 2B signal strongly
declined in ACSL3 knockdown cells (Figure 8.5D).
Our data show specific limited proteolysis of Acsl3 and FATP3 in infected cells,
accompanied by the loss of membrane association of FATP3, which likely leads to
modulation of activity of these enzymes, and demonstrate that functional Acsl3 is
required for polio replication and is directly involved in import of FA upon expression of
polio proteins.
Poliovirus protein 2A is required but not sufficient for activation of FA import
independent of its protease activity
To identify a PV protein(s) responsible for activation of FA import we expressed
fragments of the viral polyprotein with the help of the vaccinia virus expressing T7 RNA
polymerase.(287) The cells are transfected with a plasmid coding for a viral protein under
control of T7 RNA polymerase promoter, and the next day they are infected with a
vaccinia virus expressing T7 RNA polymerase gene. Thus the gene of interest is only
expressed when T7 RNA polymerase accumulates in vaccinia-infected cells. This system
provides rapid expression of high amount of recombinant proteins independent of nuclear
transcription and RNA processing machinery, thus allowing synthesis of poliovirus
proteins uncoupled from replication of viral RNA, on the timescale similar to the normal
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polio infection. It was successfully used previously to assess effects of individual PV
proteins on cellular membrane architecture.(288) The P1 region of poliovirus genome
codes for the structural proteins, which are dispensable for replication, so we focused on
the non-structural proteins encoded in the P2P3 genomic region (Figure 8.6A). The cells
transfected with the plasmids coding for fragments of PV cDNA were infected with
vaccinia virus, and bodipy-FA probe was added to the media for 30 min at 4 hours post
vaccinia infection. All cells displayed significant vaccinia-induced CPE at that time
(Figure 8.6 B and C). Three of the polio proteins: 2B, 2C, 3A have membrane
localization domains, and they have long been implicated in membrane rearrangements in
infected cells.(289) However individual expression of 2B, 2C, 2BC, 3A, as well as 3CD
and 3D did not result in increased FA import (not shown). Expression of the whole P2P3
polyprotein (2A-3D) (Figure 8.6A) induced strong increase in bodipy-FA import (Figure
8.6B 1 and 5, arrows). Expression of the 2B-3D or 2C-3D polyprotein fragments (Figure
8.6A) never stimulated accumulation of bodipy-FA to the level comparable to the 2A-3D
expressing cells (Figure 8.6B) showing that 2A is the protein responsible for triggering
activation of FA import. Compared to the control cells infected with vaccinia-T7 virus
after transfection with an empty vector, cells expressing 2B-3D fragment showed small,
but reproducible increase in the baseline level of bodipy-FA accumulation. In the context
of the P2P3 2A is expressed together with all the other non-structural poliovirus proteins
and thus the activation of fatty acid import may depend on coordinated action of 2A and
other viral factors. To investigate if expression of 2A alone can induce activation of FA
import we generated a construct that expresses the 2A protein with an HA tag between
amino acids 144–145 since suitable anti-2A antibodies were not available. This position
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was previously identified to tolerate insertions in the context of the polio genome.(290)
The full-length polio RNA with 2A-HA had the same infectivity as the wt RNA, although
it displayed somewhat smaller plaque phenotype (not shown), showing that 2A-HA is
fully functional in the viral life cycle. When we expressed the 2A-HA protein
individually it did not induce activation of FA import on its own (not shown). To
investigate the requirement for 2A protease activity we engineered a point mutation in the
2A sequence substituting the catalytic amino acid C109 to A.(291) The lack of the
protease activity of the 2A C109A mutant was confirmed by the absence of processing of
eIF-4G, a well-established cellular target of 2A (Figure 8.6D). Expression of the P2P3
piece of the PV polyprotein with the inactive 2A induced activation of the FA import like
the wt construct (Figure 8.6C), showing that complex role of 2A in modification of
metabolism of infected cells is not restricted to the proteolytic processing of cellular
proteins. Thus poliovirus protein 2A is necessary for activation of FA import,
independent of its protease activity, but expression of 2A alone is not sufficient and
requires contribution from other viral non-structural proteins from the P2P3 region.
Increase of FA import is a general phenomenon of picornavirus infection
Viruses in the animal host encounter diverse cellular environments, even when their
tropism is limited to a few specific tissues. At the same time the core essential processes
of replication machinery are expected to operate similarly in every cell type permissive
for viral infection. To see if the activation of long chain FA import is a universal attribute
of picornavirus infection, we assessed FA import in different types of cells upon infection
with different picornaviruses. PV replication induced strong activation of bodipy-FA
import in Vero (green African monkey kidney), 293HEK (human embryonic kidney) and
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SH-SY5Y (human neuroblastoma) cells similarly to what we observed previously in
HeLa cells (Fig. 7A–D). The Figure 8.7B shows that only Vero cells actively expressing
polio proteins demonstrate high FA import phenotype. To see if different viruses induce
activation of FA import we compared PV-infected HeLa cells with the cells infected with
Coxsackie virus B3 (CVB3), another enterovirus related to polio; as well as with a
significantly more distantly related encephalomyocarditis virus (EMCV). These viruses
efficiently replicate in HeLa cells with similar duration of their infection cycles (not
shown). The cells infected with all these viruses showed strong activation of the bodipyFA import, which was distributed into similar membranous structures (Figure 8.7 E–F).
These data show that activation of long chain FA import is a universal mechanism of
altering host cell membrane metabolism activated by diverse picornaviruses in different
cell types.

Discussion
The generation of the membranous replication platforms is an indispensable step in the
life cycle of all (+)RNA viruses of eukaryotes. The double membrane compartments
observed at certain conditions in PV-infected cells prompted a hypothesis of the
autophagy contribution to their formation which is also supported by the processing of
the LC3 protein, a hallmark of autophagosome development, in infected cells.(292) The
available data also show that PV hijacks components of the cellular secretory pathway
which carries coated vesicles between cellular organelles and plasma membrane. Rust et
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Figure 8.7: Activation of long chain fatty acid import is a general phenomenon of
picornavirus infection. A–C. 293HEK (human embryonic kidney), SH-S5Y5 (human
neuroblastoma) or Vero (green African kidney) cells were infected with poliovirus at
50 PFU/cell and incubated for 4 hours before 30 min label with bodipy-FA.
Fluorescent and phase contrast images of infected and mock-infected cells are shown.
D. Higher magnification of Vero cells infected with poliovirus and labeled with
bodipy-FA like in C, showing that bodipy-FA accumulation is activated only in cells
actively expressing viral proteins (arrow). E, F. HeLa cells were infected with either
Coxsackie B3 virus or encephalomyocarditis virus at 50 PFU/ cell and incubated for 4
hours before 30 min label with bodipy-FA. Fluorescent and phase contrast images of
infected and mock-infected cells are shown.
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al. showed co-localization of PV protein 2B with the components of the COPII coat.(254)
GBF1, a guanidine-nucleotide exchange factor for small GTPase Arf1 that coordinates
formation of COPI-coated vesicles was shown to be a critical host factor for PV and
CVB3 replication.(293, 294) Hsu et al. proposed that activation of Arf1 by GBF1 in
infected cells results in recruitment of phosphoinositol-kinase 4 III b (PI4KIIIb) instead
of COPI coat. PI4KIIIb generates PI4P lipid and diverts membranes from the secretory
pathway to building viral membranous replication organelles.(252) However while the
model of generation of viral replication membranes through subversion of the natural
membrane remodeling machinery of the secretory cargo vesicles formation or autophagy
seems logical and aesthetically appealing, it is difficult to reconcile with all the
experimental data and it cannot explain membrane remodeling by even related viruses.
Picornaviruses show drastically different sensitivity to inhibition of the secretory
pathway. PV is very sensitive to BFA, an inhibitor of GBF1, while EMCV or FMDV are
totally refractory to the drug, and other picornaviruses demonstrate intermediate
sensitivity to the inhibitor.(295-297) It is likely that the components of the secretory
pathway are necessary for the functionality of the poliovirus replication complexes, rather
than for the development of the membranous scaffold of these structures. The
characteristic membrane remodeling could be induced by expression of poliovirus
proteins in the presence of BFA, showing that the functional GBF1-dependent pathways
are not required to induce morphogenesis of the replication platforms.(294)
Similarly picornavirus response to manipulation of autophagy varies greatly.
Replication of human rhinovirus 2 was reported to be either dependent on induction of
autophagy, or completely non-sensitive to manipulation of this pathway in different
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systems. Moreover, electron tomography studies show that replication organelles of PV
and CVB3 represent complex tubular structures, rather than clusters of vesicles expected
to be generated by vesicle-forming machinery of the secretory pathway or
autophagy.(298, 299)
The similar morphology of the replication structures of all picornaviruses strongly
suggests that the mechanisms of their formation should be shared among different
viruses.(300) An intriguing clue comes from the old observations on the phospho-lipid
synthesis in infected cells. Both poliovirus and EMCV were shown to strongly stimulate
phospholipid synthesis, while the former is sensitive BFA and the latter is completely
resistant to the inhibitor.(301) Our data presented here suggest that building of viral
replication organelles to the large extent may rely on new membrane synthesis, unique to
the infected cells, rather than on remodeling of pre-existing organelles through hijacking
of membrane trafficking pathways. We demonstrate a rapid increase in long chain FA
import into poliovirus-infected cells linked to activation of acyl-CoA synthetase activity.
The overall cellular acyl-CoA synthetase activity was elevated as early as 2 hours post
infection. Mock-infected cells largely incorporated FA in the lipid droplets, while in
infected cells the imported FA was utilized mostly in highly activated PC synthesis,
reflecting the rapid development of membranous replication platforms. The different
substrate preference of acyl-CoA synthetase activity in infected cells translated into the
overall significant perturbations in the composition of the PCs and increase of the
diversity of PCs with shorter acyl chains. While we observed strong preference for import
of C14 myristic acid in infected cells during the competition experiment, the cells
preferentially accumulated C16/C18 PC species. This apparent controversy reflects the
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fact that during the competition assay the cells were incubated with bodipy-FA label and
only one species of fatty acid was present in the media, while the cells assessed for
changes in PC composition were incubated in standard media supplemented with serum.
It is also possible that while myristic acid is being the preferred substrate for import into
the infected cells, myristoyl-CoA may not be the preferred substrate for synthesis of PC.
The actual composition of the pool of acyl-CoAs that eventually will be used for
synthesis of new PC molecules is determined to a large extent by the availability of the
corresponding FA substrates. Human serum for example may contain almost 30 times
more palmitic (C16:0) and stearic (C18:0) acids than myristic acid.(302)
The human genome contains 13 genes for acyl-CoA synthetases capable of activation
of long and very long chain FAs (C12–C26).(269) They have different expression
profiles and distinct, although often overlapping substrate specificity, contributing to the
complex tissue-specific regulation of the FA metabolism.(303) siRNA knock-down and
protein over-expression experiments show that polio replication requires functional
Acsl3. Interestingly, both siRNA knock-down of Acsl3 and over-expression of a fusion
protein GFP-Acsl3-HA was detrimental for poliovirus replication. It is possible that GFP
and/or HA tags of the fusion protein specifically interfered with the Acsl3 function
required to support the viral infection. It was reported that addition of the HA tag could
significantly change cellular localization of a lipid droplet protein.(277) On the other
hand, it is possible that the inhibition of polio replication resulted from the excess of
Acsl3 activity in the cells over-expressing GFP-Acsl3-HA construct. For example it was
shown that both depletion and over-expression of a chaperon protein DNAJC14 reduces
replication of flaviviruses, suggesting that at least some cellular factors can support viral
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replication only at a narrow range of concentrations.(304) We cannot exclude that other
acyl-CoA synthetases are supporting viral replication. In this study we followed only the
results of the siRNA screen that showed the most significant reduction of polio
replication. It is possible that during the siRNA treatment targeting one acyl-CoA
synthetase the cells would compensate this loss by increasing synthesis of other related
proteins. Our siRNA data underscore that validation of the knock-down results on protein
level is very important and that without it the popular high-throughput siRNA-based
screens for host factors important for viral replication should be interpreted with caution.
The available data on expression, cellular localization and activity of long chain acylCoA synthetases is still fragmentary and often frustratingly contradictory. Acsl3 was
reported to contribute to FA uptake by mammalian cells. In our experiments Acsl3
appeared to be directly involved in the activation of import of FA upon expression of
polio proteins. Interestingly, rat Acsl3 preferentially activates short saturated FAs lauric
(C12:0) and myristic (C14:0) in a biochemical assay consistent with the strong effect of
myristic acid in our competition experiments.(305) Import of FAs into infected cells and
polio replication were relatively insensitive to triacsin C (not shown), an inhibitor of rat
acyl-CoA synthetases 1, 3, and 4.(306, 307) However sensitivity of human and rat
proteins to triacsin C may not be the same, moreover, as was reported for Acsl5,
conflicting results could be observed in different assays for the same enzyme.(308, 309)
It is also possible that sensitivity to the inhibitor may change upon interaction of Acsl3
with viral factors.
We also observed proteolytic cleavage of Acsl3 and FATP3 and loss of association of
FATP3 with cellular structures upon infection, suggesting that modulation of acyl-CoA
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synthetase activity in infected cells is very specific. Poliovirus proteases 2A and 3C
recognize YG or FG, and GQ bonds respectively, but the actual utilization of the
cleavage sites depends on protein conformation and surrounding sequences. Potential
cleavage sites for the viral proteases that can generate the observed fragments are present
in the Acsl3 and FATP3 sequences, but whether 2A or 3C actually directly cleave Acsl3
and/or FATP3 or if the proteolysis is performed by cellular proteases requires further
investigation. The size of the small proteolytic products (30 KDa for FATP3 and 37 KDa
for Acsl3) suggest that the cleavage site is located between the two conserved motifs
characteristic of acyl-CoA synthetases, therefore the cleavage likely inactivates the
enzymes.(269) It should be noted that accumulation of the small cleavage products of
FATP3 and Acsl3 was not accompanied by a significant decrease of the full length
proteins, suggesting that proteolysis affects limited fractions of these proteins, possibly
only in specific cellular locations which may help to redirect fatty acids from triglyceride
synthesis pathway to production of PC.
Since poliovirus infection induces rapid shut-off of cellular cap-dependent mRNA
translation and nuclear transcription, the most plausible mechanism of stimulation of FA
import in infected cells is activation of pre-existing cellular acyl-CoA synthetases rather
than the up-regulation of de novo expression of the enzymes.(251) The lack of increase
of the total amount of at least some acyl-CoA synthetases in infected cells, as well as
resistance of stimulation of FA import to actinomycin D strongly support the idea of
activation of pre-existing cellular factors upon infection.
Very little is known about the rapid posttranslational regulation of long chain acyl-CoA
synthetases. It was shown that insulin may modulate acyl-CoA synthetase activity within
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rat adipocytes on the timescale of minutes, but the mechanism of this regulation is
unknown.(310) The fast activation of acyl-CoA synthetase activity in PV-infected cells
required the viral protein 2A. 2A is responsible for the first cleavage of the polyprotein
releasing the precursor of capsid proteins. It also cleaves cellular proteins rendering cell
environment favorable for viral replication. 2A-mediated cleavage of eIF4G results in
inhibition of translation of cellular mRNAs and reorganization of translation apparatus to
support IRES-driven translation of the PV RNA.(311) 2A proteases of PV and
rhinoviruses can directly cleave nucleoporines leading to rapid disintegration of nucleocytoplasmic barrier in infected cells.(312, 313) The requirement of 2A for activating FA
import independently of its protease activity represents a novel function of this protein in
virus-cell interaction. Interestingly, previous studies showed that 2A has some role in
polio replication unrelated to its protease function, but the nature of this contribution
remained unclear.(314) Our data explain previous observations on expression of the PV
proteins with known membrane-targeted sequences such as 2C and 2BC that failed to
activate synthesis of new lipids in spite of producing complex membrane rearrangements,
and shows that expression of the individual membrane-targeted proteins does not fully
recapitulate complex modulation of membrane metabolism in infected cells.(288)
Previous data show that replication of diverse (+)RNA viruses is intrinsically connected
to the metabolism of long chain FAs. Replication of some picornaviruses as well as other
(+)RNA viruses was shown to be sensitive to the inhibitors of the cellular FA
synthase.(315-318) Replication of brome mosaic virus in a yeast model depends on the
activity of Delta-9 fatty acid desaturase and acyl-CoA binding protein Acb1p, consistent
with the requirement for specific long chain FA for viral replication.(319-321) Changes
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in lipid composition of the replication membranes compared to the membranes in noninfected cells was reported for diverse (+)RNA viruses, supporting to the idea that viral
replication complexes represent products of mostly de novo synthesis of new membranes
with unique characteristics.(322)
Our data provide a foundation for a simple model that may explain the structural
development of the membranous replication organelles shared by at least picorna-like
viruses (Figure 8.8). Certainly many aspects of this model are hypothetical at this point
and require further investigations to elucidate the mechanistic details. The elevated acylCoA synthetase activity in infected cells inevitably increases import of FAs from the
extracellular media but also would activate FAs released from intracellular sources, thus
allowing utilization of resources in different cell types or growth conditions. The
resulting excess of long chain acyl-CoAs would stimulate further steps in phospholipid
synthesis and result in continuous extrusion of new membranes. Moreover the preference
of acyl-CoA synthetase activity in infected cells for shorter FAs would result in
generating membranes with higher fluidity with the intrinsic propensity to assemble into
tight tubular structures (myelin figures) surprisingly similar to the picornavirus
replication membranes.(298, 299, 323) These new membranes would need to be
decorated with the necessary viral and cellular factors to make them capable of
supporting viral replication, but the generation of the structural scaffold seems to be a
unique process activated in infected cells, independent of the elements of the secretory
pathway or autophagy. The distinct properties of the FA metabolism in infected cells and
the widespread reliance of diverse (+)RNA viruses on their activation represent an
attractive target for development of future broad spectrum antiviral therapeutics.
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Figure 8.8: A model of the structural development of picornavirus replication
complexes based on activation of cellular acyl-CoA synthetase activity by viral
proteins (2A is required, but is not sufficient in case of polio). Elevated acyl-CoA
synthetase activity leads to increased import of fatty acids (FA) form the media and
also to utilization of FA form intracellular sources (FAS- fatty acid synthase) resulting
in upregulated synthesis of altered species of phosphatidylcholines (PC). PCs with
short fatty acid moieties preferentially synthesized in polio-infected cells
spontaneously assemble into characteristic tightly packed convoluted tubular
membranes structures constituting structural scaffold of poliovirus replication
organelles.
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Materials and Methods
Cells and viruses
HeLa and 293HEK cells were maintained in DMEM medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), Vero cells were grown in Eagle’s MEM
medium with heat-inactivated 10% FBS. Poliovirus type 1 Mahoney, Coxsackie B3 virus
and encephalomyocarditis virus were propagated on HeLa cells and their titer was
determined in a standard plaque assay. For experimental infections cell monolayer was
washed once with serum-free DMEM, the virus was added according to the desired
multiplicity of infection for 30 min at room temperature in serum-free DMEM buffered
with 50 mM HEPES pH 7.4, after that the cells were incubated in standard or serum free
media in standard growth conditions according to the experimental design.
Plasmids
Plasmids pTM-2A-3D, pTM-2B-3D, pTM2C-3D coding for the corresponding fragments
of poliovirus cDNA under transcriptional control of T7 promoter and translational control
of EMCV IRES were a gift from Dr. Natalya Teterina (NIH). pXpA-RenR plasmid
coding for polio replicon with Renilla luciferase gene substituting capsid region of polio
genome was described elsewhere.(324) Plasmid pTM-2Amut-3D containing mutation
C109A in the 2A sequence was produced by point mutagenesis of the 2A sequence in
pXpA-P2P3 and recloning the PstI-SpeI fragment into pTM-2A-3D.(325) For plasmid
pXpA-SH-PV2A-HA coding for the full length polio cDNA containing 2A with HA tag
the SpeI-SnaBI fragment containing 2A-HA was generated by two sequential overlapping
PCRs and recloned into pXpA-SH.(325) Plasmid pTM-2A-HA for vaccinia-based
expression of 2A protein with HA tag PmlI-SalI fragment containing part of EMCV
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IRES and the whole coding sequence for 2A-HA was synthesized by Life technologies
and was cloned into pTM-1 vector (gift from Dr. Natalya Teterina, NIH). All polio
constructs were verified by sequencing. Plasmids pGFP-ACSL3-HA and pcDNA3ACSL3-HA were generously provided by Dr. Joachim Fullekrug, University of
Heidelberg, Germany. Plasmid pCI-ACSL3 was made by cloning the PCR fragment
coding for the wt ACSL3 sequence obtained from pcDNA3-ACSL3-HA into pCI
expression vector (Promega). pCI-ACSL3r was produced by mutating the anti-ACSL3
siRNA #2 targeting sequence (bold) GGAAATG-GATTACAGATGTTG into
GGGAACGGCCTTCAAATG-CTG coding for the same amino acids GNGLQML.
Plasmid HsCD00078974 coding for human ADRP protein (GenBank: BC005127.1) was
purchased from DNASU plasmid collection (Arizona State University). Plasmid
pmCherry-ADRP was constructed by cloning the PCR fragment coding for human ADRP
into pmCherry-C1 vector (Clontech). All constructs were verified by sequencing.
Vaccinia-T7 expression system
Purified recombinant vaccinia virus expressing T7 RNA polymerase (VT7-3) was a gift
from Dr. Natalya Teterina, NIH.(287) The day before experiment HeLa cells were
transfected with pTM- or pXpA-based plasmids coding for fragments of polio cDNA
under transcriptional control of T7 RNA polymerase promoter and translational control
of EMCV or polio IRES respectively, with Mirus 2020 DNA transfection reagent
according to manufacturer’s protocol. The next day cells grown on glass coverslips were
infected with vaccinia VT7-3 virus at a multiplicity of 10 PFU/cell in serum-free DMEM
for 1 hour at 37 C and then incubated for 4 more hours in standard growth media. After
that the media was changed to pre-warmed serum-free media supplemented with 5 mM
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of fluorescent fatty acid analog Bodipy 500/510 C4–C9 and the cells were incubated for
30 more minutes, then washed once with PBS and fixed with 4% formaldehyde in PBS
and processed for microscopy analysis.
Antibodies
Anti-Acsl3 mouse polyclonal antibodies were from Abnova; anti-Acsl5 mouse
monoclonal antibodies were from Abcam; rabbit polyclonal anti-FATP3, anti-FATP4,
anti-Acs bubblegum 2 were described.(286, 326, 327) Mouse monoclonal anti-polio 2B
and 3A antibodies were a gift from Prof. K. Bienz, University of Basel, Switzerland.
Rabbit polyclonal anti-polio 3D antibodies were made by Chemicon using recombinant
polio 3D protein as immunogen. Secondary anti-mouse and anti-rabbit highly crossadsorbed goat antibodies conjugates with Alexa 350, Alexa 498 and Alexa 595 were from
Molecular Probes.
Reagents
Fluorescent fatty acid Bodipy 500/510 C4–C9 (bodipy-FA) was from Molecular probes.
Unlabeled long chain fatty acids, Coenzyme A (CoA), a-cyclodextrin, ATP and neutral
and phospholipid standards were from Sigma-Aldrich. Phosphatidylinositol 4 phosphate
from porcine brain was from Avanti Polar Lipids. Fatty acid stock solutions were
prepared in DMSO. Neutral and phospholipids were dissolved in chloroform.
siRNAs
siGenome siRNA pools and corresponding individual siRNA oligos targeting human long
chain acyl-CoA synthetases were from Dharmacon. HeLa cells were plated at 10,000
cells/well in a 96 well plate and transfected with siRNA with Dharmafect 1 transfection
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reagent (Dharmacon) according to manufacturer’s recommendations. After 72 hours of
incubation with siRNA the cells were used for polio replicon replication assay. Toxicity
of siRNA treatment was assessed with Cell-Titer Glo luminescent assay (Promega).
Polio replicon replication assay
Polio replicon assay was performed as described in [51] with minor modifications.
Briefly, HeLa cells grown on 96-well plates were transfected with polio replicon RNA
with mRNA trans-It kit (Mirus) and incubated in TECAN Infinite M1000 plate reader at
37 C for 16 hours in standard growth media supplemented with 30 mM live cell Renilla
substrate EnduRen (Promega). Measurements of Renilla luciferase activity were taken
every hour post transfection, and the signal for each sample is averaged from at least 8
wells of the 96 well plate.
Microscopy
For immunofluorescent microscopy cells were fixed with 4% formaldehyde in PBS for
20 min. The cells labeled with Bodipy 500/510 C4–C9 were incubated with primary and
secondary antibodies in 0.02% saponin in PBS with 5% FBS for 1 hour and were washed
3 times with PBS after each incubation. Secondary antibodies conjugated to Alexa 350
were used for detection of viral antigens in Bodipy 500/510 C4–C9-labeled cells since we
found that Bodipy 500/510 emits strong fluorescence in both green and red spectra after
detergent treatment required for immunodetection of proteins, apparently due to the red
shift in fluorescent spectrum of Bodipy when the fluorescent groups come in close
contacts (Molecular Probes manual). Without detergent permeabilization red
fluorescence of Bodipy-labeled lipids was negligible, thus allowing use of pmCherryfused ADRP protein for detection of lipid droplets. Images were taken with Zeiss
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Axiovert 200M fluorescent microscope equipped with Axiocam Mrm monochrome
digital camera; confocal images were obtained with a Zeiss ApoTome AxioImager M2
microscope.
Image processing
Colors were artificially assigned to black and white microscope images using Adobe
Photoshop software according to the imaging channel. All software processing was
applied universally to the whole image and images from different samples were taken and
processed using identical conditions. Fluorescence intensity in individual cells was
evaluated with ImageJ software (NIH). Co- localization pattern was visualized with
ImageJ software (NIH) co- localization module by Pierre Bourdoncle, Institut Jacques
Monod, Service Imagerie, Paris.
Digitonin permeabilization assay
HeLa cells grown on 12-well plate were infected with poliovirus and incubated for 4
hours in standard growth conditions. Permeabilization was performed at room
temperature. The cells were washed once with KHM buffer (110 mM K-acetate, 2 mM
MgCl2, 20 mM HEPES-KOH, pH 7.4) and incubated for 5 min in 50 mg/ml fresh
digitonin solution in KHM (KHM buffer without digitonin for control cells). After that
the cells were washed twice with KHM and lysed with mild lysis buffer (0.1M Tris-HCl
pH 7.8; 0.5% Triton-6100) supplemented with protease inhibitors cocktail (SigmaAldrich). The lysate cleared by low-speed centrifugation was used for western blot
analysis.
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Western blot membrane stripping
Multiple western blots were performed after stripping the membrane with Re-Blot Plus
solutions (Chemicon) according to manufacturer’s recommendations. Western blots were
developed with ECL prime or ECL select chemiluminescence kits (GE Healthcare).
Fatty acid import assay
For fatty acid import assay infected or mock-infected cells were incubated in standard or
serum-free media depending on experiment design. After indicated time post infection
the media was replaced for new pre-warmed media with 0.4 mM Bodipy 500/510 C4–C9
and after 30 min incubation the cells were fixed with 4%formaldehyde in PBS for 20
min, washed with PBS and used for microscope imaging and/or fluorescence reading on
TECAN Infinite M1000 plate reader.
FACS analysis of bodipy-FA import
Cells labeled with bodipy-FA as described above were detached from the plate with
versen solution, fixed for 1 h with 1% paraformaldehyde in PBS and analyzed with
FACSAriaII cell sorter (BD). The total of 10,000 events were used for fluorescence
analysis with FloJo software after gating in FCS and SSC mode for single cell
population.
Fatty acid import competition assay
HeLa cells were grown on a 96 well tissue culture plate with transparent bottom
overnight and the next day infected with poliovirus at 50 PFU/cell. After infection the
cells were incubated either in standard or serum-free media as indicated. At 4 h p. i. the
media was replaced with the same type of pre-warmed media supplemented with 0.4 mM
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of bodipy-FA label, 50 mM of the competitor fatty acid and 1 mg/ml of cell-permeable
DNA stain Hoechst 33342. After 30 min incubation the cells were washed with PBS and
fixed with 4% formaldehyde in PBS and the Hoechst and bodipy-FA fluorescence were
read in TECAN Infinite M1000 plate reader at excitation/emission 340/455 and 490/520
respectively. The bodipy-FA signal was normalized to Hoechst to account for variability
in cell density and the data for each fatty acid are averaged form 12 wells. The data are
expressed as percentage of the signal from control mock-infected cells incubated without
any competitor fatty acid. Statistical analysis was performed with GraphPad PRIZM
software.
Acyl-CoA synthetase activity measurement
HeLa cells grown on T75 flasks were harvested, washed 3 times with cold PBS and resuspended in STE buffer (8.5% sucrose, 10 mM Tris-HCl pH 8. 0.5 mM EDTA)
supplemented with protease inhibitors cocktail (Sigma-Aldrich). Cells were lysed by
twice freeze-thawing and the protein concentration of the lysates was determined by
Bradford method. The assay mix containing 500 nM Bodipy 500/510 C4–C9 substrate
solubilized with a- cyclodextrin (10 mg/ml in 10 mMTris-HCI pH 8.0), 40 mM Tris-HCI
pH 7.5, 10 mM ATP, 10 mM MgCl2, 0.2 mM CoA, 0.2 mM dithiothreitol was assembled
on ice, and the reaction was started by addition of an aliquot of cell suspension containing
60 mg of total protein. Duplicate reactions were incubated at 37 C for 20 min and
terminated by the addition of Dole’s solution (isopropanol:heptane:2N H2SO4 40:10:1).
Newly synthesized fluorescent acyl-CoA was recovered in aqueous phase after 4
extractions with heptane and the fluorescence was measured by TECAN Infinite M1000
plate reader. Statistical analysis was performed with GraphPad PRIZM software.
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Lipid extraction
Lipid extraction was performed according to Folch method.(328) Cells grown on T75
flasks were harvested, resuspended in STE buffer (8.5% sucrose, 10 mM Tris-HCl pH 8.
0.5 mM EDTA) and the protein concentration of cell suspension was determined by
Bradford method. An aliquot of cell suspension containing 1500 mg protein was adjusted
to 250 ml by STE in a glass tube and 3.75 ml of chloroform:methanol (2:1) with 5 mM
HCl mix was added. The tube was vortexed for 300, then 0.75 ml H2O was added, and
the tube was vortexed again for 300 and centrifuged at 1500 rpm in a tabletop centrifuge
for 5 min. The top aqueous phase was discarded and lower organic phase was extracted 3
more times with Folch theoretical upper phase (chloroform:methanol:H2O 3:48:47).
After extractions lipid-containing organic phase was dried under a stream of nitrogen gas.
Lipids were re-suspended in 50 ml of chloroform before loading on TLC plates.
Thin-layer chromatography (TLC)
Thin layer chromatography glass silica plates (Analtech) were prewashed with
chloroform:methanol (1:1) and air-dried. Polar lipids were separated in
chloroform:ethanol:water:triethylamine (30:35:7:35) and neutral lipids were separated in
hexane:ether:- acetic acid (80:20:1). Phospholipids were stained with Phospray (Sigma
Aldrich) and neutral lipids were detected with bromothymol blue spray (Sigma Aldrich).
Lipid analysis by TLC-MALDI
Total lipid extracts of infected HeLa cultures were reconstituted in equal volumes 2:1
chloroform:methanol (v:v). 20% of the reconstituted lipids were spotted onto aluminumbacked silica gel 60 F254 TLC plates (Merck, Darmstadt, Germany). TLC plates were
developed in an equilibrated chamber of 65:25:4 chloroform:methanol:ammonium
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hydroxide (v:v:v), then removed and dried under a gentle nitrogen stream. Plates were
prepared for MALDI by spray-coating with at least 5 mL of a 20 mg/mL solution of
Norharmane (9H-Pyrido[3, 4-b]indole) in 2:1 chloroform:methanol (v:v). Plates were
dried under a gentle nitrogen stream and mounted to a TLC-MALDI adapter. TLCMALDI software within Compass 1.3 was used to define lane length, width, raster
distance, and total shots (300 per position, 900 shots summed from 3 x-step, width, 1 ystep per millimeter, height). Plates were read in reflectron-positive mode with a mass
window of 660–1060 m/z. Peak intensity values were used to summate PC intensity.
These intensities were transformed to ratios of PC subset/PC total. To accommodate for
lane-to-lane variation these ratios were normalized to mock infected ratios, represented as
a percentage change.
To evaluate changes in the diversity of PC species during infection the total PC spot was
deconstructed by Rf value and split into 2 groups, low Rf PC and high Rf PC. For each
group the number of unique m/z values detected were tallied within an experimental
group. Unique low or high values are represented as a percentage over total PC diversity.
These unique m/z values likely represent acyl chain unsaturation patterns, whose abundance, detection threshold, and exact identity cannot be adequately confirmed with this
technique. All reagents were obtained through Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. Commercial phosphatidylcholine (PC) standards were obtained from
Avanti Polar Lipids, Inc. (Alabaster, Alabama) containing different acyl chain
configurations. These PC standards were used to define TLC migration in the respective
solvent system and used as mass standards for MALDI identification, 2 carbon unit fatty
acid changes are easily identified first by m/z 28 unit changes and secondarily by subtle
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changes in migration. Autoflex Speed MALDI-TOF/TOF-MS, ImagePrep, and MSrelated software were sourced from Bruker Daltonics (Billerica, MA).
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APPENDIX 3
The following article was published in Nature in 2013 and demonstrates how we used
MALDI-MSI to identify immunogenic and pathologic lipids triggered by Influenza
infection of the lung. This article exemplifies the use of MSI to delineate pathogenic
mechanisms in infectious disease as part of a larger effort. The article is reprinted here
under authorship rights from Nature Publishing Group. Abbreviations in the Appendix
stand alone as defined and are not incorporated in the abbreviations table.
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Summary
There is a pressing need to develop alternatives to annual influenza vaccines and antiviral
agents licensed for mitigating influenza infection. Previous studies reported that acute
lung injury caused by chemical or microbial insults is secondary to the generation of
host-derived, oxidized phospholipid that potently stimulates Toll- like receptor 4 (TLR4)dependent inflammation.(118) Subsequently, we reported that Tlr4-/- mice are highly
refractory to influenza-induced lethality, and proposed that therapeutic antagonism of
TLR4 signaling would protect against influenza-induced acute lung injury.(329) Here we
report that therapeutic administration of Eritoran (also known as E5564)—a potent, welltolerated, synthetic TLR4 antagonist — blocks influenza-induced lethality in mice, as
well as lung pathology, clinical symptoms, cytokine and oxidized phospholipid
expression, and decreases viral titres.(330, 331) CD14 and TLR2 are also required for
Eritoran-mediated protection, and CD14 directly binds Eritoran and inhibits ligand
binding to MD2. Thus, Eritoran blockade of TLR signaling represents a novel therapeutic
approach for inflammation associated with influenza, and possibly other infections.
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Letter
Influenza continues to evolve, and new antigenic variants emerge annually, giving rise
to seasonal outbreaks. During annual influenza epidemics, 5–15% of the population is
affected with upper respiratory tract infections, with hospitalization and death occurring
mainly in the elderly and chronically ill. Annual influenza epidemics are estimated to
result in 3–5 million cases of severe illness and 250,000–500,000 deaths yearly
worldwide.(332, 333) In addition, strains to which humans have no prior immunity may
appear suddenly, and the resulting pandemics can be catastrophic, as illustrated by the
1918 ‘Spanish flu’ that killed millions.(334, 335) Logistical problems related to the
prediction of future immunogenic epitopes, and production and distribution issues, often
limit efficacy and/or vaccine availability. Moreover, increasing resistance to existing
antiviral therapy, coupled with the need to administer these agents within 2–3 days after
infection, limits their usefulness.(336-338) Thus, there is a critical need for a safe and
effective therapeutic adjunct and/or alternative to influenza vaccines and antiviral agents.
The prototype TLR4 agonist, Gram-negative lipopolysaccharide (LPS), is a highly
potent inflammatory stimulus that has been strongly implicated in Gram-negative septic
shock, including acute respiratory distress syndrome caused by endothelial leak(339) In
2008, a highly provocative paper proposed that induction of acute lung injury, induced by
acid aspiration, infection by respiratory viruses and bacteria, or exposure to their products
(for example, inactivated H5N1 influenza), was mediated by a common signaling
pathway: NADPH oxidase-dependent production of reactive oxygen species (ROS)
generated oxidized host phospholipids— for example, oxidized 1-palmitoyl-2arachidonoyl-phosphaticylcholine (OxPAPC)—that, in turn, potently stimulated
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TLR4.(118) The authors pro- posed that the ensuing cytokine storm, and in particular,
interleukin-6 (IL-6), mediated acute lung injury. Our subsequent findings that Tlr4-/-mice
were protected from lethality caused by mouse-adapted influenza virus (A/PR/8/34,
known as PR8), led us to propose that blocking TLR4 therapeutically would protect
against influenza infection.(329) Here we provide compelling data showing that Eritoran
(E5564; Eisai), a potent TLR4 antagonist, is highly protective when administered
therapeutically to mice infected with a lethal dose of influenza.(330, 331)
Figure 9.1a illustrates our initial protocol. On ‘day 0’, 6–8-week old, female C57BL/6J
mice were infected intranasally (i.n.) with a dose of PR8 that was determined to kill 90%
of mice (LD90). Two days later, the TLR4 signaling antagonist Eritoran (E5564) was
administered daily for 5 consecutive days (200 mg per mouse; days 2–6) intravenously
(i.v.). Each mouse was weighed and clinical symptoms (for example, lethargy,
piloerection, ruffled fur, hunched posture, rapid shallow breathing, audible rattling) were
scored daily for 2 weeks. Eritoran-treated mice were significantly protected from
influenza-induced lethality, whereas 90% of mice administered placebo (vehicle only)
died (Figure 9.1b, left). This was paralleled by more severe clinical scores (Figure 9.1b,
right) and weight loss (Figure 9.2A) in control mice versus Eritoran-treated mice.
Treatment of mice with tenfold less Eritoran (20 mg per mouse) decreased survival to
40% (4/10 mice survived; data not shown). The efficacy of Eritoran treatment decreased
from 90% survival in mice infected with 7,500 50% tissue culture infective dose
(TCID50) to 60% and 25% survival in mice infected with 10,000 and 20,000 TCID50,
respectively (Figure 9.2B). Treatment with Eritoran also protected mice infected with a
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Figure 9.1: Eritoran treatment protects mice from lethal influenza challenge. a,
Basic experimental protocol used to test Eritoran in mice infected with influenza.
C57BL/6J mice were infected with mouse-adapted influenza, strain PR8 (7,500
TCID50, i.n.; LD90). Two days later, mice received placebo (vehicle only) or E5564
(Eritoran; 200 mg per mouse i.v.) once daily for 5 successive days (days 2 to 6). b,
Mice were treated as shown in a. Left, survival was monitored daily (P<0.002). Right,
clinical scores (see Methods) were also measured daily. Each graph represents the
combined results of 2 separate experiments, each with 5 mice per treatment group per
experiment. c, Mice were infected as described in a, but treated with Eritoran starting
on days 2, 4 or 6 after infection. Left, survival (day 2 and day 4, *P<0.01; day 6,
*P<0.05); right, clinical scores. Results are combined results from 2–3 separate
experiments, with 5 mice per treatment group per experiment.
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Figure 9.2: Eritoran (E5564)-mediated protection is overcome by increased PR8
challenge doses. (A) Mice were infected (i.n.) with 7500 TCID50PR8. Mice were
untreated or treated with E5564 starting on day 2post-infection for 5 consecutive days.
Mice were weighed daily. The data represent data combined from 4 independent
experiments with 5 mice/treatment/experiment. (B)Mice were infected (i.n.) with
either 7500 TCID50, 10,000 TCID50, or 20,000 TCID50 PR8. Mice were left
untreated or treated with E5564 starting on day 2post-infection. Mice infected with
7500 TCID50 and treated with E5564 had 100% survival, while those infected with
10,000 TCID50 or 20,000 TCID50 and treated with E5564 had only 75% and 25%
survival, respectively. These are the combined results from 2 separate experiments,
each with 4-5 animals/ treatment group/experiment. (C) Mice were infected (i.n.) with
~107TCID50A/California/07/2009 H1N1. Mice were left untreated or treated with
E5564 starting on day 2 post-infection and treated for 5 consecutive days. Mice were
monitored for survival for 14 days. These are the combined results from 2 separate
experiments, each with 4-5 animals/ treatment group/experiment.
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lethal dose of the non-adapted 2009 human pandemic influenza strain
A/California/07/2009 H1N1 (Figure 9.2C).
Additional experiments were performed in which Eritoran treatment was started on day
2, day 4 or day 6 after infection. Figure 9.1c (left) illustrates that 90% of PR8-infected
mice that did not receive Eritoran treatment died, whereas mice that received Eritoran
starting on days 2, 4 or 6 had statistically significant survival rates of 90%, 53% and
33%, respectively. The clinical scores for these same mice (Figure 9.1c, right) illustrate
that the later mice began Eritoran treatment, the more severe their clinical scores. Mice
that did not receive Eritoran showed the most severe symptoms and highest clinical
scores. Similarly, weight loss was progressively greater the later treatment was initiated
after infection (data not shown). Thus, in contrast to current antivirals that must be
administered soon after infection, Eritoran treatment significantly enhanced survival,
even when started as late as 6 days after infection.
Eritoran treatment also led to a statistically significant reduction in influenza-induced
lung pathology. Groups of mice received saline only (‘mock’), PR8 only (‘PR8
untreated’), or were infected with PR8 and treated with Eritoran (PR8 1 E5564) starting 2
days after infection (Figure 9.1a), and were killed 7 days after infection. In mice infected
with PR8 only, extensive lung damage (that is, highly basophilic lining epithelium in the
bronchioles, focal degenerating cells undergoing apoptosis or necrosis, and extensive
cellular infiltrates (neutrophils, monocytes and lymphocytes)) were observed; however,
in infected, Eritoran-treated mice, 80% of each lung section examined exhibited nearly
normal lung architecture (similar to ‘mock’), whereas in 20% of each section,
inflammatory infiltrates could be observed, although to a lesser extent than in the lungs of
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mice infected with PR8 only (Figure 9.3a). These observations are supported by blinded
histological scoring (Figure 9.3b). By day 14 after infection, Eritoran-treated mice
showed normal lung architecture (data not shown). Previously, a direct correlation
between pulse-oximetry measurements of oxygen saturation and lung pathology, which
reflected the morbidity and survival of mice infected with PR8, was reported. By day 6
after infection, the oxygen saturation levels observed in mock-infected and PR8-infected,
Eritoran-treated mice were not significantly different. By contrast, PR8-infected mice
demonstrated a significant oxyhaemoglobin desaturation to 78%, suggesting a functional
consequence of the alveolar injury demonstrated histologically (Figure 9.3c).
To determine whether the therapeutic effect of Eritoran extends to other animal models
of human influenza infection, we performed experiments in cotton rats (Sigmodon
hispidus).(340, 341) A/Wuhan/359/95 (H3N2), a human non-adapted strain of influenza,
replicates in lungs of cotton rats on day 1 and produces peak lung pathology on day 4
after infection (Figure 9.3d, middle; and Figure 9.3e, H3N2 only). Animals treated with
Eritoran after H3N2 challenge showed significant reductions in lung pathology on day 4
compared with animals treated with vehicle (Figure 9.3d, right; and Figure 9.3e,
H3N2/E5564).
Figure 9.4a shows that by day 6 after infection, Eritoran treatment resulted in a
statistically significant decrease in lung viral titres that was further decreased by day 7
(Figure 9.4b) and day 8 (data not shown). This was not a direct effect of Eritoran on virus
replication. By day 14, all surviving mice had completely cleared the virus, regardless of
treatment. Because the effects of influenza infection are systemic, levels of the liver
enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were
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Figure 9.3: Eritoran treatment inhibits influenza-induced lung pathology and
lung function. a, Eritoran treatment improves lung pathology induced by PR8
infection. Representative haematoxylin and eosin (H&E)-stained sections were
derived from mice treated as described in the text (4–5 mice per treatment group)
killed on day 7 after infection. b, Histological scoring for PR8-infected mice with or
without Eritoran treatment + standard error of the mean (s.e.m.). c, Pulse oximetry
data collected on day 6 after infection + s.e.m. (P<0.001, comparing PR8 only with
mock-infected or PR8 plus E5564; 4–6 mice per treatment group). d, Eritoran
treatment improves lung pathology ofH3N2 infection of cotton rats. Scale bars, 500
µm. e, Histological scoring for H3N2-infected cotton rats with or without
Eritoran treatment (n=5 rats per treatment group; data shows mean + s.e.m.).
	
  

255

	
  

Figure 9.4: Treatment with Eritoran reduces lung viral titres. a, b, Mice were
infected with PR8 and then either left untreated (NT) or were treated with Eritoran
(E5564) as described in Fig. 9.1a, and were killed on days 2, 4, 6 (a) and 7 (b) after
infection. a, Results represent the combined results of 2 separate experiments (5 mice
per treatment group per experiment); *P<0.05. b, Day 7 after infection (7 mice per
treatment group); *P<0.001.
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measured in sera.(342) Although PR8 infection resulted in significant increases in ALT
and AST levels, these were significantly lower in Eritoran-treated mice 6 days after
infection (Figure 9.5).
Influenza infection potently induces expression of both pro- and anti-inflammatory
genes in vivo that contribute to the inflammatory response.(118, 343) To determine
whether Eritoran also mitigates PR8-induced gene expression, groups of mice were
infected on day 0, treated with Eritoran starting on day 2, and killed on day 2 (3 h after
Eritoran treatment) and on days 4 and 6. Total RNA was extracted from lung
homogenates and gene expression was measured by quantitative polymerase chain
reaction with quantitative real-time reverse transcription (qRT–PCR). Eritoran-treated
mice showed significantly blunted pro- and anti- inflammatory gene expression at each
time point (Figure 9.6a and Figure 9.7; P<0.001), as early as 3 h after treatment on day 2.
Figure 9.7 shows that influenza induced type I, II and III interferon (IFN); however, only
Ifnb and Ifng messenger RNA expression were blunted by Eritoran treatment. In addition,
cotton rats infected with the non-adapted human Wuhan H3N2 strain and treated with
Eritoran showed decreased lung expression of IL-6 and IL-10 (Figure 9.6).
Ifnb-/- mice are highly susceptible to PR8 and are not protected by the potent IFN-b
inducer, 5,6-dimethylxanthenone-4-acetic acid.(344) In addition, endogenous IFN-b is
required for normal basal and LPS-inducible expression of many proinflammatory
cytokines in macrophages.(345) PR8-infected Ifnb-/- mice were not protected by Eritoran
(Figure 9.8). This indicates that although both pro-inflammatory and Ifnb gene
expression are blunted in PR8-infected, Eritoran-treated wild-type mice (Figure 9.6a, b),
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Figure 9.5: Treatment with Eritoran reduces liver enzymes. Eritoran treatment
blunts PR8-induced ALT and AST levels in sera. Mice were treated as described in
Fig. 9.1A and sera harvested on Day 6 post-infection for measurement of liver
enzymes. The data represent the combined results of two separate experiments +s.e.m.
(n = 4 mice/treatment group/experiment).
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Figure 9.6: Eritoran treatment suppresses influenza-induced cytokine gene
expression. a, b, Mice (a) and cotton rats (b) were treated as described in Fig. 9.1a and
killed on days 2 (3 h after treatment), 4 and 6 after infection (4 mice per treatment
group per experiment; data are mean6s.e.m. from 2 separate experiments; p<0.01 at
each time point). Lungs were processed for total RNA and subjected to qRT–PCR for
detection of specific gene expression. NT, not treated.
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Figure 9.7: Eritoran treatment suppresses influenza-induced cytokine gene
expression. Mice were treated as described in Fig. 9.1A and euthanized on Days 2 (3
h post-treatment), 4, and 6 post-infection (4 mice/treatment group/experiment; data
presented are means +s.e.m. from 2 separate experiments; p< 0.01 at each time point).
Lungs were processed for total RNA and subjected to qRT-PCR for detection of
specific gene expression.
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Figure 9.8: Eritoran treatment does not induce protection in PR8-infected IFN-β/-mice. WT and IFN-β-/-mice were infected with ~7500 TCID50 PR8 and were left
either untreated(circles)or treated with E5564 2 days post-infection, for 5 successive
days(squares). Data represent the combined results of 2 separate experiments (6
mice/treatment/experiment; WT: untreated vs. E5564 treatment (p< 0.0013): IFN-β-/-:
untreated vs. E5564 treatment (p = ns).
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the elaboration of some IFN-b is required for antiviral protection in the absence of
significant priming.
Most potent activation of TLR4 by LPS depends on LPS binding protein (LBP)catalyzed extraction and transfer of individual LPS molecules from aggregated LPS to
CD14 and then from CD14 to MD2, followed by engagement and dimerization of TLR4.
Crystallographic analysis revealed that Eritoran, like LPS lipid A monomer, binds in the
deep hydrophobic pocket of MD2; however, in contrast to lipid A, Eritoran fails to induce
TLR4 dimerization and activation, thus acting as a TLR4 antagonist.(346)
We confirmed the finding that PR8-induced lethality in mice was TLR4 dependent
(Figure 9.9a), but also found, surprisingly, that influenza mortality was not CD14
dependent, as indicated by the similar mortality resulting from PR8 infection in wild-type
and Cd14-/- mice versus the resistance of Tlr4-/- mice (Figure 9.9a).(329) These findings
suggest that TLR4- dependent influenza mortality is mediated by influenza-induced
TLR4 agonists that, unlike LPS, do not depend on CD14 for engagement and activation
of TLR4/MD2. By contrast, the protection induced in wild-type mice when Eritoran
treatment is started on day 2 after infection is absent in Cd14-/- mice, indicating that the
protective effect of Eritoran in this influenza infection model is CD14 dependent (Figure
9.9a).
One possible explanation for the CD14 dependence of Eritoran-mediated protection is
that engagement by Eritoran of MD2 and antagonism of TLR4 depends on CD14. To test
this possibility, we assayed in vitro the capacity of Eritoran to bind CD14 and MD2 by
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Figure 9.9: Molecular requirements of Eritoran-induced protection. a, Wildtype
(WT), Tlr4-‐/-‐, Cd14-‐/-‐, Tlr2-‐/-‐	
  mice were either untreated (filled circles), or treated with
E5564 (open circles) 2 days after infection, for 5 successive days. Wild-type data were
combined from 5 separate experiments (5–6 mice per treatment group per
experiment), Tlr4-‐/-‐	
   data from 3 separate experiments (5–6 mice per treatment group
per experiment), Cd14-‐/-‐	
  mice (2 separate experiments; 5 mice per treatment group per
experiment), and Tlr2-‐/-‐	
   mice (2 separate experiments; 4–5 mice per treatment group
per experiment). Wild-type: untreated versus E5564 treatment (p<0.0001); Tlr4-‐/-‐:
untreated versus E5564 treatment (p = non-significant (NS)); Cd14-‐/-‐: untreated versus
E5564 treatment (p=NS); Tlr2-‐/-‐: untreated versus E5564 treatment (p =NS). b, Dosedependent Eritoran inhibition of the transfer and binding of monomeric [3H]LOS from
aggregated (agg.) [3H]LOS to soluble CD14 (sCD14), and from [3H]LOS.sCD14 to
MD2. Samples containing [3H]LOS aggregates (0.2nM), His6–sCD14 (,0.5nM), and
increasing concentrations as indicated of Eritoran or unlabelled LOS (left) or
2nM[3H]LOS.sCD14, approximately 2nM His6–MD2, and increasing concentrations
of Eritoran (or placebo) LBP (50pM) and sCD14 (2 nM) (right) were incubated for 30
min at 37 µC, followed by addition and incubation with NiFF Sepharose beads to
capture His-tagged proteins. Formation of complexes of [3H]LOS with His6–sCD14
(left) or MD2 (right) was assayed by measuring co-capture of [3H]LOS by NiFF
Sepharose. Data are expressed as per cent of co-capture of [3H]LOS observed in the
absence of added Eritoran. Data show mean +s.e.m. of 3 separate experiments with
duplicate samples for each dose.
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measuring inhibition by Eritoran of LBP-dependent transfer of tritiated
lipooligosaccharide ([3H]LOS; the LPS of Neisseria) to CD14 (Figure 9.9b, left), as well
as the transfer of [3H]LOS from CD14 to MD2 (Figure 9.9b, right). As the inhibitory
effect of Eritoran on the transfer of [3H]LOS to MD2 is 100 times more potent when
LBP and soluble CD14 are present, this indicates that the interaction of Eritoran with
MD2 occurs most efficiently after LBP-dependent interaction of Eritoran with CD14.
Although MD1, a homologue of MD2 that also binds lipid A, was considered as an
alternative target for Eritoran, this possibility was dismissed because MD1 failed to
substitute for MD2 to enable TLR4 signaling (Figure 9.10).(347)
Diacylated lipids can act as TLR2 agonists. Hence, if oxidized host phospholipids (for
example, OxPAPC) have a role in TLR4-dependent influenza, it is conceivable that these
diacylated lipids could also engage TLR2-containing receptor complexes and that
influenza-induced mortality might also be TLR2 dependent. However, Tlr2-/- mice
showed a similar susceptibility to PR8 infection as wild-type mice (Figure 9.9a), arguing
against an important role for TLR2 in influenza-induced mortality. Remarkably,
however, protection induced by Eritoran treatment beginning at day 2 after infection was
absent in Tlr2-/- mice, suggesting a novel role for TLR2 in Eritoran action.
If the PR8-induced acute lung injury and mortality we have observed is due
substantially to influenza-induced oxidized host phospholipids, as previously proposed,
these compounds should show preferential activation of TLR4 (versus TLR2) and be
inhibited by Eritoran.(118) Commercially obtained OxPAPC comparably activated Il6
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Figure 9.10: MD-1 fails to substitute for MD-2 for LPS stimulation. HEK293 cells
that stably express CD14 and TLR4 (HEK293-CD14-TLR4) were transfected with
MD-2, MD-1 or empty vector (E.V.) as previously described. At either 48 or 72 h posttransfection, the cells were mock-stimulated with PBS or stimulated with E. coli K235
LPS (10 ng/ml). Supernatants were collected 24 h after stimulation and analyzed for
total IL-8 levels by ELISA. Data represent mean and s.e.m. of cultures in a single
experiment and represent an experimental n= 3. (**p<0.005; ***p<0.001).
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gene expression in wild-type and Tlr2-/- peritoneal macrophages, but was inhibited by
84% in Tlr4-/- macrophages when compared to the wild-type response. Cellular activation
by OxPAPC was also significantly inhibited by Eritoran, including the low level of
TLR4-independent production of Il6 mRNA observed in Tlr4-/- macrophages (Figure
9.11). This indicates that the response to OxPAPC is predominantly TLR4 dependent and
Eritoran sensitive.
To assess the effect of Eritoran on production of oxidized phospholipids during
infection, matrix-assisted laser desorption ionization-imaging mass spectrometry
(MALDI-IMS) was used to identify alterations in the lipid composition of mouse lungs
after PR8 infection, with or without Eritoran treatment. Predicted oxidation products
(mass to charge ratio (m/z) 650, 830) of 1-palmitoyl-2-arachidonayl-sn-glycero-3phosphocholine (PAPC), or other polyunsaturated phosphatidylcholines, as described
previously, were detected in greater abundance in PR8-infected versus mock-infected or
infected and Eritoran-treated lungs (Figure 9.12).(118) These results were confirmed by
electrospray ionization–mass spectrometry (data not shown). Together, these results
indicate that oxidized phosphatidylcholines are present in influenza-infected lungs and
show that treatment with Eritoran reduces the relative abundance of these characteristic
ions. Thus, Eritoran treatment of influenza-infected mice not only blocks the cytokine
storm exacerbated by influenza- induced endogenous TLR4 agonists, but also inhibits the
production and accumulation of certain oxidized phospholipids in infected lungs,
including OxPAPC and possibly others.
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Figure 9.11: MD-1 fails to substitute for MD-2 for LPS stimulation. HEK293 cells
that stably express CD14 and TLR4 (HEK293-CD14-TLR4) were transfected with
MD-2, MD-1 or empty vector (E.V.) as previously described9. At either 48 or 72 h
post-transfection, the cells were mock-stimulated with PBS or stimulated with E. coli
K235 LPS (10 ng/ml). Supernatants were collected 24 h after stimulation and analyzed
for total IL-8 levels by ELISA. Data represent mean and s.e.m. of cultures in a single
experiment and represent an experimental n= 3. (**p<0.005; ***p<0.001).
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Figure 9.12: Detection of Lipid Ions Characteristic of OxPC. (A) Post-MALDI
H&E staining of sections analyzed by MALDI-IMS (top panel). MALDI-IMS of
selected lipids, positive ion mode, 150 µm raster width. Post-H&E stained tissues for
reference. Left panel: control ion distribution (m/z 618, detection window m/z +/0.15%, false color as given)(bottom panel). Right panel: differentially detected ions
(m/z 650 PONPC, m/z 830 PEIPC, m/z +/-0.15%, false colors as given). (B) Structures
of abundant phosphatidylcholine (PC) and predicted oxidized phosphatidylcholine
(OxPC) molecules and molecular weights:1-palmitoyl-2-linoleoylPC (PLPC) m/z
757.6, 1-palmitoyl-2-arachadonyl PC (PAPC) m/z 782.1,and predicted structures of
oxidized PC molecules and molecular weight, 1-palmitoyl-2-(9-oxo)nonanoyl PC
(PONPC) m/z 649.4, (PEIPC) 1-palmitoyl-2-(5,6-epoxyisoprostane E2 oyl) PC m/z
828.1. Results are representative of 4 replicate experiments. In addition, predicted
breakdown components were also identified at m/z 586 and m/z 680 (data not shown).

	
  

268

	
  
Our findings provide further support for a prominent role of influenza- induced
oxidized host phospholipids in TLR4-dependent acute lung injury and mortality, and
demonstrate a novel therapeutic potential of Eritoran towards this and, potentially, other
respiratory infections. We would predict, based our data, that Eritoran blocks oxidizedphospholipid-induced TLR4 signaling, thereby mitigating the cytokine storm and
subsequent potentiation of phospholipid oxidation induced by ROS. Our failure to detect
commensal bacteria or LPS in lung homogenates from PR8- infected mice suggests that
the disease manifestations are not the result of secondary bacterial infection (data not
shown). The TLR2 and CD14 independence of influenza mortality is consistent with the
selective agonist properties of at least certain oxidized host phospholipids that we have
observed and suggests that these compounds, unlike most LPS species, can engage
MD2/TLR4 in the absence of CD14, perhaps by interacting with an alternative lipid
acceptor/donor such as albumin.(348, 349) By contrast, the CD14 and TLR2 dependence
of the therapeutic action of Eritoran may reflect CD14-dependent engagement of
MD2/TLR4 by Eritoran, precluding the action of endogenous TLR4 agonists generated
after initiation of infection and early tissue alterations, as well as un- characterized
interactions of Eritoran with TLR2-containing receptors (Figure 9.13). This possibility is
supported by the observation that mycobacterial lipoarabinomannan requires CD14 for
TLR2 activation.(350) That influenza infection modulates TLR2 expression in many cell
types, and synthetic TLR2 ligands provide prophylaxis against lethal influenza infection,
strengthens the notion that TLR2-containing receptors may provide another target for
Eritoran.(351-353) These findings underscore the novel therapeutic utility of Eritoran,
either used as a monotherapy or, more likely, as an adjunct to antiviral agents. The utility
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Figure 9.13: Hypothetical model of Eritoran-mediated protection against
influenza-induced ALI and lethality. This model is based on that originally proposed
by Imai et al. Points in the signaling pathway at which Eritoran may block PR8induced inflammation are indicated in red. Based on the data in Figure 5B, we would
speculate that Eritoran can inhibit OxPAPC interaction with either CD14 or MD2, thus
diminishing TLR4signaling and production of cytokines. This, in turn, would be
predicted to limit the effect of cytokines on ROS generation and thereby limit the
oxidation of phospholipids, as observed in Suppl. Figure 5. The role of TLR2 in
Eritoran-induced blockage of this pathway remains to be determined.
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of Eritoran is further enhanced by its well-documented safety profile.(354)
Many drugs targeting endotoxin or the endotoxin-induced cytokine storm were
originally developed for use in sepsis, yet none have emerged as effective therapeutics for
sepsis. Moreover, whereas many of these drugs failed to provide therapeutic protection in
animal models of endotoxicity or in clinical trials in septic humans, they were found to be
of great benefit in other, more localized models of inflammation (such as rheumatoid
arthritis and inflammatory bowel disease). Our data suggest that Eritoran might follow a
similar development pathway. Eritoran demonstrated remarkable activity in vitro and in
vivo in endotoxin challenge studies when administered prophylactically or very early in
the ‘sepsis cascade’.(331, 354) A non-statistically significant improvement in mortality
was also observed in a small phase 2 severe sepsis study.(355) The phase 2 study design
and statistical power calculations were expanded to perform a single dose, placebocontrolled phase 3 severe sepsis study (the ACCESS study) in which 1,984 patients were
treated in a 2:1 ratio of drug and placebo. The results of this study demonstrated that new
treatment regimens including aggressive fluid resuscitation and early goal-directed
therapy markedly reduced mortality in the placebo group; however, further benefit to
septic patients was not observed with Eritoran treatment.(356) Thus, it is notable that in
this study, Eritoran prevented mortality when administered up to 6 days after influenza
infection of mice. This more practical timing of treatment may enable effective clinical
treatment of influenza and, perhaps, other infectious agents.
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METHODS SUMMARY
In vivo measurements
Mice and cotton rats were infected i.n. as indicated with influenza virus, followed by
administration of control or Eritoran i.v. Survival, clinical score, weight loss, cytokine
gene expression, viral titres, OxPAPC abundance and ALT/AST levels were measured.
Cell culture measurements
Primary murine macrophage cultures were treated with TLR agonists or OxPAPC with or
without Eritoran, and Il6 mRNA was measured by qRT–PCR.
Biochemical measurements
The ability of Eritoran to inhibit binding of LPS to CD14 or the transfer of LPS from
CD14 to MD2 was carried out as reported.(348, 349)
Full Methods and any associated references are available in the online version of the
paper.
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Methods
Reagents
Eritoran (E5564) and its corresponding placebo (vehicle only) were provided by Eisai,
Inc. Eritoran was prepared at 2.33 mg/ml in sterile, endo- toxin-free water and diluted for
injection in sodium-bicarbonate-buffered 5% dextrose water. OxPAPC was purchased
from Hycult Biotech. Escherichia coli K235 LPS was prepared as previously
described.(118) Pam3Cys was purchased from EMC Microcollections.
Mice and cotton rats
Six- to eight-week old wild-type C57BL/6J, Tlr2-/- and Cd14-/- mice were purchased from
The Jackson Laboratory. Tlr4-/- mice (provided by S. Akira) on a C57BL/6 background,
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were bred in a University of Maryland, Baltimore accredited facility. Inbred young adult
(4–8 weeks old) cotton rats (S. hispidus) were bred at Sigmovir Biosystems. All animal
experiments were conducted with Institutional Animal Care and Use Committee approval
from the University of Maryland, Baltimore and Sigmovir Biosystems.
Virus
Mouse-adapted H1N1 influenza A/PR/8/34 virus (PR8; ATCC) was grown in the
allantoic fluid of 10-day-old embryonated chicken eggs as described, and was provided
by D. Farber.(329) Non-adapted human influenza virus strain A/Wuhan/ 359/95 (H3N2),
and A/Brisbane/59/07 (H1N1) was obtained and grown as pre- vious described.(330,
331) Non-adapted human influenza A/California/07/2009 strain (human pandemic H1N1)
was provided by T. Ross.
Virus challenge and treatments
C57BL/6J wild-type, Tlr4-/-, Tlr2-/- and Cd14-/- mice were infected with mouse-adapted
influenza virus, strain A/PR/ 8/34 (PR8; ,7,500 TCID50, i.n., 25ml per nares) or the nonadapted human pandemic H1N1 strain, A/California/07/2009 (107 TCID50, i.n.). This
dose was found in preliminary experiments to kill 90% (PR8) or ,75% (human H1N1) of
infected mice. Two days after infection, mice received either placebo or Eritoran (E5564;
200 mg per mouse in 100 ml, i.v.) daily (day 2 to day 6). In some experiments, some
groups of mice were treated with Eritoran starting at day 4 or day 6 after infection and
treated for 5 or 3 consecutive days, respectively. In some experiments, some mice were
infected with 10,000 or 20,000 TCID50 PR8. Mice were monitored daily for survival,
weight loss, and clinical signs of illness (for example, lethargy, piloerection, ruffled fur,
hunched posture, rapid shallow breathing, audible crackling) for 14 days. A clinical score
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ranging from 0 (no symptoms) to 5 (moribund) was ascribed to each mouse daily.(332) In
some experiments, mice were killed at the indicated times after infection to harvest serum
for liver enzyme levels or lungs for analysis of gene expression, lung pathology, or viral
titres.
Cotton rats were infected with non-adapted human influenza strain A/Wuhan/ 359/95
(H3N2; 107 TCID50 or p.f.u., i.n., 50ml per nares). Two hours after infection, animals
received E5564 (200 mg per rat in volume, retro-orbital) daily for 5 days (days 0–4).
Animals were killed at day 4 post-infection to determine lung pathology and total RNA
for measuring gene expression by real-time PCR. Histopathology. Lungs were inflated
and perfused, and fixed with 4% PFA. Fixed sections (8 mm) of paraffin-embedded lungs
were stained with H&E. Slides were randomized, read blindly, and examined for tissue
damage, necrosis, apoptosis and inflammatory cellular infiltration. Pulseoximetry
measurements. At 6 days after infection, percent arterial oxygen saturation was measured
on individual mice that were lightly anaesthetized with nebutol. An extra small collar
sensor and a Small Animal Oximetry Restraint Device (Starr-Gate) was used as per the
manufacturer’s instructions.
Viral titration
Virus titres were obtained from supernatants of lung homogenates of PR8-infected mice
that were either left untreated or treated with Eritoran and harvested on days 2, 4, 6 and 7
after infection, and expressed as TCID50 per ml as described previously.(333)
qRT–PCR
Total RNA isolation and qRT–PCR were performed as previously described.(334) Levels
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of mRNA for specific genes are reported as relative gene expression normalized to mockinfected lungs.
Liver enzyme levels
Serum was collected on day 7 from C57BL/6J wild-type mice that were either mockinfected with saline or infected with PR8, and were either left untreated or treated with
Eritoran (E5564) starting on day 2 after infection. ALT and AST levels were measured
using a Dimension Vista System Flex Reagent cartridge (Siemens Healthcare
Diagnostics).
Macrophage cell cultures and treatment
Thioglycollate-elicited peritoneal macrophages from wild-type, Tlr4-/-and Tlr2-/- mice
were enriched as described after plating in 12-well (2-3x106 cells per well) tissue culture
plates.(335) Macrophages were pre-treated with E5564 (10 ng/ml) for 1 h and then
stimulated with LPS (10 ng/ml), P3C (300 ng/ml) or OxPAPC (20 mg/ml) for 8 h.
MALDI-IMS
Mouse lung tissue was snap frozen by floating in an aluminum foil raft on liquid
nitrogen. Tissues were cryosectioned (unfixed and unembedded) in 12 mm sections, each
section was transferred to a conductive MALDI-IMS glass slide, heat-fixed until visibly
dry (approximately 30–60 s), and desiccated for at least 1 h. A 12.5 mg/ml solution of
norharmane MALDI matrix solvated in chloroform:methanol:water (1:2:0.8, v:v:v) was
spray coated onto slides using the Bruker ImagePrep device. MS data was collected in
positive mode (detection range: m/z 400–900), raster width 150mm, 500 shots per raster,
on a Bruker Daltonics AutoFlex Speed Matrix-Assisted Laser Desorption Ionization
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Time- of-Flight/Time-of-Flight Mass Spectrometer (MALDI-TOF/TOF MS) using
flexControl software. Subsequently, the data were analyzed using flexImaging software.
After IMS analysis, the matrix was stripped in 70% methanol and tissue sections were
restained by H&E for gross histological reference using standard protocols. All MALDIIMS specific materials, equipment, instruments and software were obtained from Bruker
Daltonics. Unless otherwise specified, all reagents were purchased from Sigma-Aldrich.
Statistics
Statistical differences between two groups were determined using an unpaired, two-tailed
Student’s t-test with significance set at P<0.05. For comparisons between 3 groups,
analysis was done by one-way ANOVA followed by a Tukey’s multiple comparison test
with significance determined at p< 0.05. For survival studies, a Log-Rank (Mantel-Cox)
test was used.
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