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Abstract 

Dissertation Title: Mass Spectrometry based structural analysis and systems 

immunoproteomics strategies deduce specifics of host-pathogen interactions 

Mohd M. Khan, Doctor of Philosophy, 2018 

Dissertation Directed By: Prof. David R. Goodlett, PhD, Professor, Pharmaceutical 

Sciences 
  

The innate immune system is the first line of defense against pathogens. 

Pattern recognition receptors (PRRs), such as the Toll-like receptors (TLRs) sense 

and sample pathogen-associated molecular patterns (PAMPs). On the host myeloid 

cell surface, the proinflammatory Gram-negative bacterial outer membrane 

component lipopolysaccharide (LPS, also known as endotoxin) activates the innate 

immune system via TLR4. Intracellularly, LPS is detected by the noncanonical 

inflammasome through caspase4/5/11. In the present work, mass spectrometry (MS)-

based top-down structural analysis of LPS uncovered major determinants of 

molecular pathogenesis, and MS-based systems immunoproteomics elucidated 

specific features of the immune response against endotoxin. We used targeted 

proteomics to profile the host response to the pathogens Escherichia coli, 

Staphylococcus aureus, and Burkholderia cenocepacia, and we discovered 

significant temporal changes in the macrophage secretome. Additionally, we 

identified global changes in protein secretion in TLR4- and caspase11- stimulated 

macrophages. Finally, we observed bacterial proteomic rewiring within the biofilm 

forms of Burkholderia, possibly explaining the observed lowering in sensitivity to 

antibiotics.  
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Chapter 1 

Mass Spectrometry based structural analysis and systems immunoproteomics 
strategies decipher the biology of endotoxin1 

 

1.1 Introduction 

The innate immune system serves as the first line of defense against invading 

pathogens. Immune cells sense microbial pathogen-associated molecular patterns 

(PAMPs) via specific receptors, termed pattern recognition receptors (PRRs) to mount an 

immune response. As a consequence, signaling cascade perturbations facilitate changes in 

expression of receptor proteins and transcription factors, which enable an overall host 

innate immune response and supports adaptive immunity [4, 5]. The highly conserved 

PRRs can recognize both damage-associated molecular patterns (DAMPs; 

nonmicrobial/host biomolecules, e.g. ATP, high mobility group box-1, S100 proteins) 

and PAMPs (e.g. lipopolysaccharide, flagellin, CpG-DNA). To recognize different 

microbes and microbial PAMPs, humans express eleven and mice have thirteen Toll-like 

receptors (TLRs). On the host myeloid cells, proinflammatory Gram-negative bacterial 

outer membrane glycolipid lipopolysaccharide (LPS, also known as endotoxin) activates 

the innate immune system via TLR4/myeloid differentiation factor-2 (MD2) complex [6-

9] (Figure 1.1).  

1Khan MM, Ernst O, Sun J, Fraser I, Ernst R, Goodlett D, Nita-Lazar A. Mass 
spectrometry based structural analysis and systems immunoproteomics strategies for 
deciphering the host response to endotoxin. Journal of Molecular Biology (2018), 
430(17):2641-2660. 
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During infection, LPS is released by bacterial cell death after which host LPS-

binding protein (LBP) binds to and facilitates LPS transfer to CD14 [10, 11], which in 

turn presents it to TLR4/MD2 [12-15]. LBP enhances LPS sensitivity by about 300-fold 

[16], whereas soluble CD14 augments LPS sensing up to 1000-fold [17, 18]. To form a 

 

Figure 1.1. Extracellular LPS is recognized through TLR4/MD2 and 
intracellular LPS is recognized through non-canonical inflammasome pathway 
mediated by Caspase-4/5/11. Post-LPS recognition, TLR4 recruits MyD88-
dependent and the TRIF/TRAM-dependent pathways to transcribe proinflammatory 
genes by activating the MAPKs, IFNs, and NF-κB and produce cytokines and 
chemokines. The non-canonical inflammasome senses cytosolic LPS, independent of 
TLR4/MD2, followed by the maturation of cytokines and the pyroptotic cell death 
mediated by the gasdermin D. However the TLR4-TRIF–type I IFN pathway is 
dispensable for intracellular LPS detection through the noncanonical inflammasome. 
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functional ‘m’ shaped TLR4/MD2 heterodimer, proinflammatory hexa-acylated LPS 

(such as the one produced by Escherichia coli; Figure 1.2) houses five out of its six fatty 

acyl chains deep within the LPS binding cavity of MD2 and the sixth fatty acyl chain 

facilitates additional interactions with TLR4 [19]. TLR4 itself doesn’t have an LPS/lipid 

A binding pocket and requires MD2 to signal properly [15, 19-21]. The concomitant roles 

of MD2 are also associated with sepsis [22, 23]. 

TLR4 signals via two signaling pathways: (1) the myeloid differentiation primary 

response gene 88 (MyD88)-dependent pathway and (2) the TIR domain-containing 

adapter-inducing interferon-β (TRIF)/ TRIF-related adaptor molecule (TRAM)-

dependent pathway. TLR4 is the only TLR that signals through both pathways that 

originate from the cell surface and from endosomes; endosomal TLR4 preferentially 

activates the TRIF/TRAM pathway. Activation of both pathways results in transcription 

of proinflammatory genes, activated by the mitogen-activated protein kinases (MAPKs), 

interferon regulatory factors (IFNs), and the nuclear transcription factor κB (NF-κB) [24, 

25]. The TRIF/TRAM branch of cellular activation induces type I interferon (IFN) and 

IFN-inducible genes through IRF3 [26]. As a consequence, the host cellular machinery is 

mounted to produce proinflammatory mediators such as cytokines and chemokines (TNF-

α, IL-1β, IL-6, IL-8, and IL-12), drive antigen-presenting cells to lymph nodes, and 

facilitate bacterial phagocytosis, followed by adaptive immune system-mediated 

elimination of pathogens.  
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The TLR4-mediated response is critical in successfully eliminating the pathogen 

while maintaining the adaptive immune response and mutations in TLR4 exhibit 

endotoxin tolerance in mice [27]. MyD88- deficient [28] or TRIF-deficient or TRIF-

mutated [29] mouse also exhibit markedly unresponsiveness to LPS. Additionally, 

TRAM co-localizes with TLR4 and a mutation in the N-terminal TRAM myristoylation 

site abolishes TLR4 signaling [30]. If TLR4-mediated response is dysregulated, it can 

lead to a ‘cytokine storm’, septic shock, and eventually death [31]. The LPS-mediated 

‘cytokine storm’ exhibits biphasic cytokine release profiles; the early proinflammatory 

 

Figure 1.2. LPS structure affects function. Select lipid A structures of different 
Gram-negative bacteria. The number and types of fatty acyl chains, phosphate 
groups, and their modifications (e.g. aminoarabinose, glucosamine, ethanolamine) 
vary among bacterial species and provide pathogens with structurally diverse lipid A 
molecules that help manipulate the host immune activities. 
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cytokines include, among others, TNFα and type I IFNs [32, 33], whereas late mediators 

of inflammation include damage-associated molecular patterns (DAMPs), such as high 

mobility group box-1 (HMGB-1) [34, 35]. HMGB-1 is a DNA binding protein that acts 

as a crucial cytokine and a late mediator of endotoxemia [34]. HMGB1-dependent TLR4 

activation requires both CD14 and MD2 [36, 37]. Numerous inflammatory disorders and 

autoimmune diseases have been associated with pathophysiological TLR-mediated 

responses [38, 39]. TLR signal transduction in general, as well as in sepsis is covered in 

detail elsewhere [40-42].  

 

 

Figure 1.3. Structure-function correlation of different representative lipid A 
scaffolds with their immune stimulation potentials. Highly pro-inflammatory lipid A 
structures, such as from E. coli and S. enterica, have hexa-acylated diphosphorylated 
lipid A whereas Y. pestis at 37oC produces tetra-acylated diphosphorylated lipid A and is 
a human TLR4/MD2 antagonist whereas it is a partial agonist of the murine TLR4/MD2 
complex. Pseudomonas aeruginosa also produces a wide range of LPS molecules that 
mount differential immune responses [1-3]. LPS/lipid A recognition through the 
TLR4/MD2 complex is followed by signaling and proteome perturbations that facilitate 
cytokine and chemokine release to contain and remove pathogen.  
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Independently of TLR4/MD2, the non-canonical inflammasome can sense 

cytosolic LPS originating from Gram-negative bacteria that escape phagolysosomes. In 

the late 1990s, caspase-11 deficient mice were reported to be resistant to septic shock 

[43]. However, it was not until 2013, when the Dixit [44] and Miao [45] groups 

independently described the intracellular recognition of LPS by the non-canonical 

inflammasome pathway [46] activated by caspase-11 in mice and caspase-4/5 in humans 

(Figure 1.1). Non-canonical inflammasome activation can only occur when caspase-11 

senses cytosolic Gram-negative bacteria, as it can’t sense pathogen-containing vacuoles 

[47] [48]. Inflammasomes are intracellular sentinels that sense PAMPs and DAMPs, 

control the maturation of the proinflammatory cytokines IL-1β, IL-1α and IL-18, while 

facilitating the inflammatory form of cell death, termed ‘pyroptosis’. The non-canonical 

inflammasome pathway requires an initial signal via a TLR to induce the expression 

and/or maturation of the inflammasome components as well as the pro-forms of the 

proinflammatory cytokines. Cytosolic LPS is then sensed by Caspase-11, which 

facilitates its own maturation as well as cleavage of caspase-1. This in turn activates the 

canonical inflammasome by association of apoptosis-associated speck-like protein 

containing a carboxy-terminal CARD (ASC) and NOD-like receptor pyrin-domain 

containing 3 (NLRP3) [49-53]. Upon activation, the canonical inflammasome mediates 

maturation of IL-1β and IL-18. However, intracellular LPS is sufficient alone to induce 

pyroptosis, which is activated through cleavage of the pore-forming protein gasdermin D 

(GSDMD) [44, 54-56]. 
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Although TLR4-/- mice are deficient in inflammatory cytokine production, 

several antimicrobial responses and susceptibilities to septic shock are intact [44, 45, 57-

62]. Generally, mice that fail to respond to LPS efficiently are susceptible to lethal 

infection [63]. TLR4-mediated NF-κB activation facilitates inflammasome cascades [64-

67] and maximizes bacterial sensing [51-53] wherein both canonical and non-canonical 

signaling amplifies inflammation. Based on surface plasmon resonance (SPR) and other 

biochemical measurements, Shi et al. proposed that LPS/lipid A interacts with caspases-

4/11 via their caspase activation and recruitment domain (CARD) [61]. Yet structurally, 

it is still completely unclear how caspase-11 binds LPS, via such a small stretch of 

peptide (CARD domain); the crystal structure of caspases bound to LPS awaits 

elucidation. Nonetheless, an LPS structure-activity relationship (SAR) exists wherein 

inflammatory LPS, like canonical E. coli LPS, mount a strong non-canonical 

inflammasome response by facilitating caspase oligomerization while under-acylated 

glycolipids such as lipid IVA or R. sphaeroides LPS (LPS-RS) bind to caspase-4/11 but 

do not cause caspase activation [44, 45, 61]. Interestingly, earlier reports suggested that 

LPS binding causes caspase oligomerization followed by immune activation, however a 

recent report demonstrated that these caspases don’t bind to LPS monomers but rather to 

LPS oligomers and to endotoxin rich outer membrane vesicles (OMVs) [68]. This may 

give an appearance of caspase oligomerization as suggested by earlier studies. However 

question arises whether LPS monomers that reach the cytosol are not acted upon by LPS 

binding protein (LBP) and CD14, which for TLR4 converts the oligomers (micelles) to 

monomers “or” there exists a LPS threshold concentration lead to distinct, divergent (or 

not) response for TLR4- versus caspase11-mediated stimulations. Further studies on the 
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mechanistic aspects of non-canonical LPS sensing will advance our understanding of 

non-canonical inflammasome and the effectors and activators that control its function.  

1.2 LPS structure affects function 

On host myeloid cells, proinflammatory LPS activates the innate immune system. 

The minimal functional determinant for this activation is the membrane anchor of LPS, 

known as lipid A. Structurally, LPS consists of three moieties: 1) the endotoxin 

functional unit ‘lipid A’ that contains fatty acyl chains attached to a bis-phosphorylated 

diglucosamine disaccharide backbone, 2) an oligosaccharide core linked to lipid A by 3-

deoxy-d-manno-oct-2-ulosonic acid (Kdo), and 3) a highly variable O-antigen 

polysaccharide that provides bacteria with their serotype attributes. LPS with three 

complete units is termed “smooth” (S) LPS while one that lacks O-antigen is termed 

“rough” LPS (R, also known as lipooligosaccharide; LOS) [9]. Notably, the core sugars 

of R-LPS are highly conserved and provide antigenic properties. The number and types 

of fatty acyl chains and/or phosphate groups and their modifications vary among bacterial 

species, providing structural diversity to lipid A that can affect the mammalian endotoxic 

response. Even subtle modifications to lipid A scaffold – such as length of fatty acyl 

chains, number of fatty acyl chains or phosphate groups and their covalent modifications 

– can enable, diminish, or abolish immune activities [1-3, 69, 70]; the number of fatty 

acyl chains varies between 4–8, depending on the bacterial species [71]. However as seen 

in Figure 2, a single bacterial species can produce multiple lipid A scaffolds. For 

example, wild-type Bordetella pertussis BP338 lipid A phosphate groups can be modified 

with glucosamine (GlcN) groups (Figure 1.2). However, the lack of GlcN modifications 



 

9 

 

on phosphate groups [72], such as in the case of isogenic strain of BP338, decreases lipid 

A’s NF-κB and cytokine secretion potential in the human, but not murine, TLR4/MD2 

pathway [72]. Interestingly, bacteria have developed host immune system evasion 

strategies [73] and one such approach involves remodeling their LPS to make it 

unrecognizable to the host innate immune system even at high concentrations [74, 75] 

(Figure 1.3; Table 1.1). Some LPS molecules even exhibit species-specific recognition 

and activation; for example, tetra-acylated lipidIVa is a partial agonist of murine and 

equine TLR4 [76], but it is antagonistic to the human receptor [77]. In contrast, hexa-

acylated E. coli and Salmonella enterica LPS invoke strong proinflammatory responses 

in both humans and mice [9].  

Table 1.1. Examples of MS-based LPS structural studies and their key findings. 
 
Bacterial species Sample lipid A feature(s) Major conclusion(s) Ref. 

B. pertussis 
Penta-acylated lipid A; 
Glucosamine modified penta-
acylated lipid A. 

Glucosamine modified penta-acylated 
lipid A robustly activates NF-κB and 
release of proinflammatory cytokines in 
human macrophages. 

[72] 

Clinical isolates of F. 
tularensis subsp. 

Tularensis (type A); F. 
tularensis subsp. 

Holarctica (type B); F. 
tularensis subsp. 
Mediasiatica; F. 

novicida 

Intracellular gram-negative 
bacterium F. tularensis’s 
different subspecies were 
analyzed for their lipid A 
structural differences. 

Human clinical F. tularensis isolates 
(type A and type B) lipid A structures 
were similar to nonhuman murine 
model pathogen, F. novicida, which 
doesn’t possess any stimulatory 
potentials. This may explain why F. 
tularensis evades early detection by the 
host innate immune system. 
 

[78] 

E. coli; 
Bacteroides dorei 

Bis-phosphorylated hexa-
acylated lipid A; mono-
phosphorylated branched tetra- 
and penta- acylated lipid A. 
 

Infants that are exposed to hexa-
acylated lipid A producing bacteria, 
such as E. coli, showed endotoxin 
tolerance and decreased incidences of 
autoimmune and allergic diseases later 
in life. In contrast, infants that were 
primarily exposed to penta or tetra-
acylated lipid A producing Gram-
negative bacteria, e.g. Bacteroides, 
exhibited decreased endotoxin 
tolerance and increased incidences of 
autoimmune diseases. 

[38] 
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Table 1.1. Examples of MS-based LPS structural studies and their key findings. 
contd. 

Bacterial species Sample lipid A feature(s) Major conclusion(s) Ref. 
ESKAPE 

(Enterococcus 
faecium, 

Staphylococcus 
aureus, Klebsiella 

pneumoniae, 
Acinetobacter 

baumannii, 
Pseudomonas 

aeruginosa, and 
Enterobacter spp.) 

A wide structural ranges of 
lipid A moieties (with or 
without modifications) were 
analyzed. Resistant bacterial 
strains were also analyzed. 

A library of 50 microbial entities was 
built that facilitated direct identification 
of pathogens from blood bottles 
without need to culture. Bacterial 
glycolipid mass spectra were used as 
chemical barcodes that confidently 
identified different pathogens including 
resistant strains. 

[79] 

ESKAPE pathogens 
analyzed for plasmid-

mediated colistin 
resistance (mcr-1 

gene) 

Lipid A structural changes due 
to colistin resistant were 
analyzed by MS. 

Earlier it was reported that mcr-1 
encodes a phosphoethanolamine 
transferase, which modified bis-
phosphorylated lipid A with a 
phosphoethanolamine in E. coli. In this 
study phosphoethanolamine modified 
lipid A were detected in ESKAPE 
pathogens. MS based lipid A analysis 
can also be used to detect colistin 
resistant gram-negative bacteria. 

[80] 

F. novicida U112 

MS based analysis of 
temperature-regulated structural 
modifications of different F. 
novicida lipid As. 

LPS remodeling is an evolved strategy 
that facilitates virulence-state 
adaptation and bacterial membrane 
adaptation. 

[74] 

P. gingivalis 

Oral pathogen P. gingivalis –
produces different branched 
tetra- and penta- acylated lipid 
As – modifies its lipid A using 
endogenous lipid A 1- and 4’-
phosphatase activities. 

Non-phosphorylated lipid A helps 
bacteria resist killing by cationic 
peptides and TLR4 sensing. Bacteria 
grown in high haemin environment 
produce TLR4 suppressive lipid A. 

[75] 

P. aeruginosa 

P. aeruginosa synthesizes 
hexa-acylated aminoarabinose- 
and palmitate- modified lipid A 
to adopt to the cystic fibrosis 
airway. 

Bacteria can alter their lipid A structure 
in response to environment; bacterial-
host adaptation is facilitated by lipid A 
structural changes and modifications; 
cystic fibrosis-specific lipid A contains 
aminoarabinose and palmitate 
modifications that lead to resistance 
against cationic antimicrobial peptides. 

[1-3] 

P. morganii, E. coli,  
S. adelaide 

Complex, heterogonous lipid A 
structures from different 
bacterial species were analyzed. 

Reversed phase-high performance 
liquid chromatography (HPLC) method 
was developed and lipid As’ were 
analyzed by MS with complementary 
use of negative- ion and positive- ion 
mode. Online separation of lipid As 
facilitated structural elucidation of 
(non)-phosphorylated lipid A 
molecules. 

[81-
83] 
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Table 1.1. Examples of MS-based LPS structural studies and their key findings. 
contd. 

Bacterial species Sample lipid A feature(s) Major conclusion(s) Ref. 

S. typhimurium 

Lipid A from heptose-less 
mutant of S. typhimurium was 
chemically modified to produce 
monophosphoryl lipid A. 

A classical paper that employed 
different chromatographic separation 
strategies followed by MS analysis; 
MPLA with four O-acyl chains was 
found to be nontoxic. 

[84] 

S. typhimurium 

Purified and characterized eight 
lipid A precursors in four 
structural classes (lipid A 
IA/IB, IIA/IIB, IIIA/IIIB, 
IVA/IVB) from temperature-
sensitive S. typhimurium 
mutants. 

Lipid IVA is bis-phosphorylated tetra-
acylated lipid; IIA contains an 
aminodeoxypentose whereas lipid IIIA 
has phosphoethanolamine-modified 
phosphate. Lipid IA contains an 
aminodeoxypentose and a 
phosphoethanolamine. 

[85] 

V. cholerae 

A unique lipid A modification 
that involve a charge-based 
remodeling strategy wherein 
amine-containing substituents 
are added to lipid A. 

Glycine- and diglycine- modified hexa-
acylated lipid As’ were detected; V. 
cholera O1 El Tor mutants that lack 
glycine-transferring enzyme to LPS 
exhibit 100-fold increased sensitivity to 
polymyxin B. 

[86] 

Wild-type and 
chemically detoxified 
E. coli J5 LPS; E. coli, 

S. Minnesota 

Hexa-acylated lipid A; different 
hexa-, penta-, and tetra- 
acylated lipid As. Additionally 
core oligosaccharides and their 
modifications were analyzed by 
MS. 

Top-down structural elucidation of 
rough-type LPS; the lipid A and core 
oligosaccharide (OS) substructures 
were separated in gas-phase and 
sequenced to discern complete 
endotoxin structure. The proposed 
methods are amenable to structurally 
characterize labile modifications on 
lipid A. 

[87] 

Y. pestis KIM6+ 
modified by bacterial 

conjugation in 
different 

combinations; V. 
cholerae, E. coli – 13 

different strains 

Rationally-designed lipid As 
with varying fatty acyl chains, 
unsaturation, and modifications 
were bio-engineered and 
produced for adjuvant 
discovery. 

Hepta-, hexa-, penta-, and tetra- 
acylated lipid As with (or without) 
different modifications differ in their 
proinflammatory potentials. Several 
bio-engineered lipid As that lack 
proinflammatory potentials exhibited 
adjuvant properties. 

[88, 
89] 

 

Thus, it is well known that innate immune system can interpret the class of 

inflammatory molecule it is exposed to and mount a structure-dependent inflammatory 

response accordingly. Quantitative analyses of LPS-stimulated macrophages revealed 

divergent, step-wise TLR signaling thresholds, where distinct NF-κB and MAPK 

activation was observed at different LPS concentrations [90]. From the host perspective, 

changes in early microbial exposure could shape an altered immune maturation and LPS 
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present in the microbiome could impact autoimmune diseases. It’s been reported that 

variation in microbiome LPS can contribute to immune pathogenesis [38], whereas 

commensal microflora are sensed through TLRs for intestinal homeostasis [91]. The 

exposure to early-life gut microbiome determines autoimmunity and endotoxin protective 

tolerance in humans. Infants that are exposed to hexa-acylated lipid A producing bacteria, 

such as E. coli, displayed endotoxin tolerance and decreased incidences of autoimmune 

and allergic diseases later in life. In contrast, infants that were primarily exposed to penta 

or tetra-acylated lipid A expressing Gram-negative bacteria, e.g. Bacteroides, showed 

decreased endotoxin tolerance and increased incidences of autoimmune diseases [38]. 

Given that LPS structure affects function (Table 1.1) and that Chris Raetz defined the 

biosynthetic pathway of LPS [9, 92], rational design of LPS molecules based on 

empirically determined SAR properties should be possible. Recently, bacterial enzymatic 

combinatorial chemistry (BECC) was used to produce rationally designed TLR4 ligands 

for vaccine adjuvant discovery [89]. Two such empirically designed molecules 

LOSYp439@37 and LOSYp470@37 had hexa-acylated lipid A structures, two of which 

were (long) C16:0 acyl-oxy-acyl chains. These molecules have a conical, symmetrical 

lipid A structure that is inefficient at activating TLR4 signaling [89]. As shown in Figure 

1.3 lipid A molecules with six fatty acyl chains, if structurally similar to E. coli hexa-

acylated form, produce strong inflammatory responses, whereas the structures with four 

chains are either weak agonists or antagonists of TLR4/MD2. Penta-acylated lipid A 

molecules elicit at least 100-fold less immune activity than the hexa-acylated lipid A 

molecules such as E. coli lipid A. Also, the terminal phosphate groups on lipid A greatly 
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affect endotoxin activities: deletion of either significantly decreases, e.g. 

monophosphoryl lipid A (MPLA) [84, 93].  

LPS can also be degraded through enzymatic neutralization (e.g. through host 

acyl-oxy-acyl-hydrolase (AOAH)) [77, 94, 95]. Continuing the concept of designer 

molecules, chemical modifications to LPS structure have been proposed to achieve potent 

adjuvanticity combined with reduced reactogenicity [96]. One such example of modified 

LPS is the FDA-approved vaccine adjuvant MPLA, which acts as a partial TLR4-agonist 

[97]. Recent interests in understanding LPS SAR led to LPS bioengineering through 

combinatorial biological strategies [88, 89]. However, LPS structural studies are 

challenging, as the extracts produced to study structure consist of a heterogeneous 

mixture of molecules. Historically, the most abundant molecule in a mixture has been 

assigned a structure and many of the remainder ignored, saves for anecdotal assignments 

[98-101]. This natural complexity is attributed to LPS biosynthesis, which is a step-wise 

process that recruits multiple LPS biosynthesis/modification enzymes that work in 

tandem. Although most of LPS is synthesized in the inner membrane, a wide range of 

structural modifications is achieved in the outer leaflet of bacterial membrane [102].  

Mass spectrometry (MS)-based LPS characterization (Table 1.1) has been an 

essential tool in successfully characterizing the bacterial endotoxins and their 

modifications, which are usually non-stoichiometric in nature. The most frequent route 

for such characterization involves nonspecific chemical decomposition (hydrolysis or 

solvolysis) where lipid A is released from the sugar moiety of LPS after which each 

component is characterized separately. Often structures are inferred from historically 



 

14 

 

related structures rather than derived de novo [103], which can lead to erroneous 

structural assignments being propagated in the literature. Recently, we have adopted a 

structural characterization of LPS that circumvents release of entire sugar moiety. For 

rough-type mutant E. coli J5 strain, we used a ‘top-down’ MS approach wherein the 

oligosaccharide moiety and lipid A are dissociated in the gas-phase, which avoids 

perturbations to the natural chemical structures induced by harsh chemical isolation 

methods [87]. The Broadbelt group have also presented a multi-stage mass spectrometry 

(MS3) strategy to comprehensively characterize E. coli and S. enterica R-LPS [104], 

while additional work has been published using on- and off-line LPS separation [81-84, 

105]. Further efforts are required to develop a combination of separation strategies prior 

to MS analysis that can be coupled to requisite tandem MS methods to better define the 

natural LPS heterogeneity. Some of this natural heterogeneity, which is due to isobaric 

molecules, cannot at the moment be incorporated in rational LPS design. Nonetheless, the 

diversity of lipid A structures appears to be vast allowing their use as a rapid diagnostic 

platform to identify Gram-negative organisms based on their signature ions [79] (Table 

1.1). Interestingly, the structural diversity of high molecular weight lipids and glycolipids 

includes Gram-positive organisms and fungi as well as some Gram-negative antibiotic 

resistance strains [79, 80]. 

1.3 Systems immunoproteomics to elucidate host-pathogen interactions in context of 

LPS biology 

1.3.1 Proteomic and Secretomic analysis of activated immune cells 
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Proteomics based macrophage profiling has been performed for purified ligands, 

such as LPS (TLR4 ligand), Pam3CysSK4 (P3C, a TLR2 ligand), R848 (resiquimod, a 

TLR7 ligand), as well as with live or heat-killed Gram-negative bacteria [106], making 

these strategies amenable to answer a wide variety of systems biology questions (Table 

1.2). Proteomics in general [107], proteomics in infectious diseases [108], and 

phosphoproteomics [109, 110]  in immune system profiling have been recently reviewed 

[111]. To study the immune system, the proteome [112], phosphoproteome [113], and 

secretome [106, 114] can be profiled globally or in a targeted manner [115-117]. In 

immunology, several studies have employed MS for discovery, validation, and 

quantification of proteins of interest (Table 1.2) to analyze diverse and complex 

interactions between the host immune system, pathogens, DAMPs, and PAMPs. Systems 

immunoproteomics can decipher fine-details as in tandem MS study that validated TLR5 

agonist is bacterial flagellin [118] or can be used to take a global snapshot of protein 

content such as in the case of successful secretome quantification of activated immune 

cells [114, 119].   

With the recent emergence of the ability to conduct large-scale analysis of 

proteomes, the field of proteomics has seen tremendous growth, inspired by the fact that 

gene products are more complex and closer to function than any given gene [120]. 

Complementary to other systems approaches, the field of systems immunology was 

revolutionized with the advent of MS-based proteomics [121-125]. Although 

transcriptional analysis of TLR4 activated cells can be informative (especially the studies 

of single cells) [126], whole-cell proteomic [106, 112], secretomic [106, 114] and 
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phosphoproteomic [113] analyses provide the most information on how perturbations 

influence cell-to-cell communication (Table 1.2). Current MS-based proteomic analysis 

provides great coverage of often as many as >10,000 proteins per experiment [127]; one 

recent MS study successfully deduced immune level architecture of primary human 

hematopoietic cell populations, both at steady and activated states, using protein 

signatures and their expression [128].  

This improved proteome coverage provided by recent technological advances has 

helped discover and validate several biomarkers of sepsis as reviewed elsewhere [129-

131]. For instance, circulating histones are involved in sepsis and TLR-induced 

chromatin modifications that control overall host inflammation [132]. A targeted 

proteomics-based approach was adapted for profiling and quantifying circulating histones 

H3 and H2B in plasma from bacteremic septic shock patients [133]. Interestingly, higher 

levels of circulating histones correlated with poor patient survival rates, suggesting the 

MS-based histone profiling and quantification could be used to detect early-phase sepsis 

pathophysiology.  
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Table 1.2. Examples of immunoproteomic studies and their key findings. (Discovery 
(D) = proteomic samples analyzed in global fashion; Validation (V) = proteomic data acquired in 
targeted fashion or used for validation). 
 

Protein(s)/Pathways Major conclusion(s) Ligand(s)/ 
Stimulation 

D/V; 
Ref(s) 

Absent in melanoma 2 
(Aim 2) 

Aim 2 serves as a cytoplasmic DNA sensor 
for the inflammasome. 

Interferon 
stimulatory 

DNA 
D; [134] 

Caspase substrate 
profiling 

Using degradomics approach, substrates 
(newly cleaved proteins) were determined for 
caspase-1, -4, and -5; in THP-1 cells, 
monosodium urate, LPS/ATP, and 
poly(dA:dT) activated inflammatory 
caspases cleaved 27, 16, and 22 substrates, 
respectively. Study proposed that gasdermin 
D is a substrate of caspase-1. 

Monosodium 
urate; LPS; 

ATP; 
Poly(dA:dT) 

D; [135] 

Caspase 1 
Plasmacytoid dendritic cells exhibit lowered 
inflammasome response as they lack 
caspase-1. 

R848; ATP D; [136] 

Cluster of differentiation 
14 (CD14) 

Hypothesized that CD14 acts as a positive 
co-receptor of TLR 7 and 9. 

Poly(I:C); 
imiquimod; 
CpG-DNA; 

LPS 

D; [137] 

Clinical proteomics 

Different biomarkers of septic shock were 
found such as alpha-1-antitrypsin, cadherin 
1, ceruloplasmin, complement 3, and 
haptoglobin. 

Septic shock 
clinical samples D; [138] 

Dectin 1 

Global characterization of the secretome and 
associated intracellular signaling pathways 
involved in activation of dectin-1/Syk in 
human macrophages; dectin-1– activated 
innate immune response activates both 
conventional as well as unconventional, 
vesicle-mediated protein secretion. 

LPS; 1,3-β-
glucans curdlan D; [139] 

Death receptor signaling 

Escherichia coli type III secretion system 
effector NleB, exhibited N-
acetylglucosamine (GlcNAc) transferase 
activity and modified a conserved arginine in 
death domains in several proteins (TNFR1-
associated death domain protein (TRADD), 
FAS-associated death domain protein 
(FADD), receptor-interacting 
serine/threonine-protein kinase 1 (RIPK1) 
and Tumor necrosis factor receptor 1 
(TNFR1)). GlcNAcylation on death domain 
blocks host death receptor signaling and 
overall host nuclear factor-κB (NF- κB) 
signaling. 

Recombinant 
proteins/express

ion system; 
Citrobacter 
rodentium 
infection in 

mice 

D; [140] 
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Table 1.2. Examples of immunoproteomic studies and their key findings. (Discovery 
(D) = proteomic samples analyzed in global fashion; Validation (V) = proteomic data acquired in 
targeted fashion or used for validation). contd. 
 
Protein(s)/Pathways Major conclusion(s) Ligand(s)/ 

Stimulation 
D/V; 
Ref(s) 

Effectors encoded by the 
Francisella pathogenicity 

island (FPI) 

VgrG and PdpA proteins are crucial for the 
the type VI secretion 
system (T6SS) apparatus that facilitate 
Francisella’s intramacrophage growth. 

Francisella 
novicida D; [141] 

E3 ubiquitin ligase HOIP 

LPS-induced TLR4 signaling is terminated 
through ubiquitination of HOIP ligase; 
ubiquitin modification occurs on HOIP at 
lysine 640 and lysine 1056 residues. 

LPS D; [142] 

Gasdermin D 

Gasdermin D is required for pyroptosis and 
IL-1β secretion, and is a crucial component 
of canonical and non-canonical 
inflammasomes; gasdermin p30 forms pores 
in membrane. 

Nigericin; 
Salmonella 

typhimurium; 
LPS 

D/V; 
[56, 
143] 

Global analysis of sensor 
and effector functions of 
human airway epithelial 

cells 

Alarmins were not differentially activated in 
response to stimulus whereas cytokines were 
differentially secreted; the receptor-induced 
regulation of 571 genes, 22 cytokines, and a 
total of 1,012 secreted proteins were 
reported. 

P3C; 
mycoplasmal 
macrophage-

activating 
lipopeptide-2 

kD (MALP-2); 
Poly I:C; LPS; 

Flagellin, 
TNFα; IFNγ 

D; [144] 

Global proteomic analysis 
of monocytes infected 

with C. burnetii 

The live intracellular pathogen Coxiella 
burnetii causes Q-fever, resides inside 
monocytes and macrophages, and interferes 
with the host immune system, among other 
strategies, by remodeling its LPS structure 
[145]. Infected monocoytes exhibited an 
upregulation of intermediate-filament protein 
vimentin and the microbicidal responder 
hetrodimeric protein S100A8/9. 

Coxiella 
burnetii D; [146] 

Global profiling of 
stimulated monocytes 

Deducing MyD88- and TRIF-mediated 
secretion in response to LPS stimulation. A 
time-resolved secretion of 775 proteins, 
including 52 annotated cytokines, from LPS-
stimulated macrophage secretome was 
achieved wherein synergistic (MyD88 and 
TRIF/TRAM arms) protein expression, 
cytokine release was observed. The secretory 
profile of proteins exhibited redundant 
mechanistic stimulation for many 
proinflammatory proteins’ secretion while 
anti-inflammatory proteins’ secretion 
exhibited signaling synergies. 

LPS D; [114] 
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Table 1.2. Examples of immunoproteomic studies and their key findings. (Discovery 
(D) = proteomic samples analyzed in global fashion; Validation (V) = proteomic data acquired in 
targeted fashion or used for validation). contd. 
 
Protein(s)/Pathways Major conclusion(s) Ligand(s)/ 

Stimulation 
D/V; 
Ref(s) 

Global profiling of 
stimulated macrophages 

Characterization the specific of TLR2-, 
TLR4-, and TLR7- mediated secretion 
changes and comparison to proteome and 
mRNA changes. 

LPS; P3C; 
R848; 

Pseudomonas 
aeruginosa; 

Staphylococcus 
aureus; 

Burkholderia 
cenocepacia 

J2315; E. coli 

D/V; 
[106, 
117] 

Global profiling of 
secreted proteins in 

response to non-canonical 
caspase-4/5 

inflammasome 

Metalloproteinases (MMP14 and ADAM10) 
and DAMPs (S100A8 and prothymosin-α) 
are differentially secreted among 1631 other 
secreted proteins. 
 

LPS D; [147] 

Global phosphoproteome 
analysis of stimulated 

macrophages 

Multiple signaling cascades crosstalk and 
phosphorylation events are exclusive to the 
canonical TLR pathways. Elevated 
phosphorylation of phospholipase C 
signaling pathway proteins, GTPases of the 
Rho family, and cytoskeleton proteins, were 
shared among three TLRs. However, 
phosphorylation of phagocytosis-related 
proteins was only observed in TLR2 and 
TLR4 stimulated macrophages; endocytosis 
pathway-associated proteins showed delayed 
phosphorylation kinetics in TLR2 stimulated 
macrophages than for TLR4 ones. 

LPS; P3C; 
R848 D; [113] 

Global phosphoproteomic 
analysis of TLR-activated 

macrophage 

1850 phosphoproteins were detected in 
response to LPS stimulation; a total of 6956 
phosphorylation sites were detected, out of 
which 2/3 were found for the first time. 

LPS D; [148] 

HMGB 1 acetylation 
SIRT 1 regulates the release of the 
proinflammatory cytokine HMGB1, which is 
mediated by HMGB1 deacetylation. 

LPS; TNF- α D; [149] 

HMGB1 glycosylation 

N-linked glycosylation controls secretion of 
HMGB1 - HMGB-1 N-glycosylation (at N37 
and N134/N135) determines its 
nucleocytoplasmic shuttling, secretion in 
response to stimuli, and an overall protein 
stability. 

LPS D; [150] 

Interleukin-1 receptor-
associated kinases  

(IRAK1, IRAK4) and 
MyD88 adaptor-like 

(Mal) protein 

IRAK1 and IRAK4 directly phosphorylate 
adaptor protein, Mal; phosphorylation of Mal 
facilitates its ubiquitination followed by 
degradation. 

LPS D; [151] 
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Table 1.2. Examples of immunoproteomic studies and their key findings. (Discovery 
(D) = proteomic samples analyzed in global fashion; Validation (V) = proteomic data acquired in 
targeted fashion or used for validation). contd. 
 
Protein(s)/Pathways Major conclusion(s) Ligand(s)/ 

Stimulation 
D/V; 
Ref(s) 

NIMA-related kinase 7 
(NEK 7) 

NEK 7 acts downstream of potassium efflux 
and regulates NLRP3 inflammasome 
oligomerization/assembly and activation. 

LPS; ATP; 
Nigericin, 

Poly(dA:dT); 
Salmonella 

D; [152] 

Non-canonical 
caspase-4/5 

inflammasome 

Global characterization of protein secretion 
from human macrophages activated through 
non-canonical caspase-4/5 inflammasome; 
post-LPS recognition, metalloproteinases 
ADAM10 and MMP14 as well as danger-
associated molecules, S100A8 and 
prothymosin-α are secreted. 

LPS D; [147] 

Phosphoproteomic 
analysis to deduce 

temporal kinetics of LPS- 
treated dendritic cells via 

TLR4 signaling 

Two dozen TLR regulators were uncovered; 
AP-1 complex-associated regulatory protein 
(AP1AR) - phosphatidylinositol binding 
clathrin assembly protein (PICALM) are 
proinflammatory signaling regulators as they 
link vesicle transport in response to 
proinflammatory signal. 

LPS D; [153] 

Protein kinase B (Akt 1) 
phsophorylation 

Akt is a downstream molecule of 
TRIF/TANK-binding kinase 1 (TBK1); 
TBK1 phosphorylates Akt on Ser-473 
residue; phosphorylated Akt1 activates 
expression of type 1 IFNs in TRIF-dependent 
fashion. 

[poly(I:C)]; 
LPS D; [154] 

SAM and SH3 domain 
containing protein 1 

(SASH1) 

SASH1 facilitates endothelial TLR4 
signaling to activate early endothelial 
responses against microbes and microbial 
products. 

LPS D; [155] 

Tumour progression locus 
2 (TPL-2; aka MAP3K8) 

kinase 

Downstream from MAP3K7 (TAK1), the 
IKK/NF-κB1 p105/TPL-2 signaling pathway 
regulated p38a and MKK3/6 activation; 
TPL-2 activates p38 and ERK signaling to 
promote neutrophilic inflammation. 

Mycobacterium 
tuberculosis; 

Listeria 
monocytogenes; 

LPS 

D/V; 
[156, 
157] 

Map of the human TNF-
α/NF-κB signaling; TRAF 
family member associated 
NFκB activator (TANK)-

binding kinase 1-
dependent innate immune 

response 

Global detection of different functional 
effectors and modulators; TBK1, TANK, 
TBKBP1, and TBKBP2 detected by MS. 

TNF-α; LPS V; [158, 
159] 
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Table 1.2. Examples of immunoproteomic studies and their key findings. (Discovery 
(D) = proteomic samples analyzed in global fashion; Validation (V) = proteomic data acquired in 
targeted fashion or used for validation). contd. 
 
Protein(s)/Pathways Major conclusion(s) Ligand(s)/ 

Stimulation 
D/V; 
Ref(s) 

TLR signaling adaptors TRAF3 and TRAF6 function distinctively - 
TRAF3 is required for the induction of type-I 
IFNs and IL-10 however is dispensable for 
induction of proinflammatory cytokines. 
TRIF and TBK1 recruit TRAF6 for 
signaling. Another adaptor, IRAK4, was also 
detected by MS. 

LPS; CpG 
(I:C); R848 

D; [160] 

TLR5 
Bacterial flagellin is a TLR 5 ligand (note - 
the flagellin of P. aeruginosa is a required 
virulence factor). 

L. 
monocytogenes; 

bacterial 
flagellin 

D; [118] 

UBC13-TRAF6 signaling 

To facilitate bacterial invasion, a Shigella 
flexneri effector OspI deamidates UBC13 to 
target the UBC13–TRAF6 complex. This 
suppresses TRAF6-mediated signaling, 
thereby dampening the acute inflammatory 
responses. 

Shigella 
flexneri D; [161] 

 
Quantitative proteomic analysis of TLR2 ligand (P3C)- versus TLR4 (LPS)-

mediated changes in the macrophage cell line AMJ2-C8 deduced two classes of 

regulatory genes that orchestrate proinflammatory or antimicrobial responses [162]. For 

example, a cross-talk among signaling pathways, downstream from TLR4 (such as NF-

κB, IRFs, and MAPKs pathways), that regulate and orchestrate inflammation and host 

immune responses was deduced [112]. In addition to profiling the typical TLR4-related 

pathways, another study determined proteolytic processing of transmembrane, 

extracellular proteins, and ectodomain shedding, as well as transcription-decoupled 

protein secretion [163]. Swearingen et al. performed proteomic analysis of LPS-

stimulated RAW 264.7 cells and C57BL/6 bone marrow derived mouse macrophages 

[164]. Among 1064 total proteins profiled, 36 were differentially regulated in response to 

LPS treatment; one such example was overexpression of sequestosome 1/ p62  – an 
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adaptor protein that plays key roles in controlling host inflammatory responses and 

autophagy [165-167]. Lipid raft proteomes have also been reported in a study aimed at 

understanding how the membrane proteome shapes the innate immune response. For 

early phase LPS-mediated signaling, several mediators of innate immune recognition, 

such as CD14, chemokine receptor 4 (CXCR4), growth differentiation factor 5 (GDF5), 

heat shock protein (HSP) 70, 90, and TLR4, concentrate in cholesterol-rich membrane 

microdomains known as lipid rafts [168].  

A secretome is described as a sub-proteome constituted by proteins released by 

classical, non-classical, and exosome-mediated pathways that is essential for competent 

immune cell communication and ensuing immune activation [106, 114, 128, 169, 170]. 

Recently, quantitative secretomics has gained attention [171], including several studies 

focused on dynamic profiling of TLR4-LPS secretomics in immune cells [106, 114, 128, 

163, 172, 173] (Table 1.2). Proteomic analysis of LPS-differentiated dendritic cells 

derived from monocytes showed enhanced protein secretion and exhibited characteristic 

functional cell states [174]. A global secretome analysis of the LPS-mediated non-

canonical inflammasome pathway detected 1631 secreted proteins [147]; among these, 

two metalloproteinases, a disintegrin and metalloproteinase domain-containing protein 10 

(ADAM10) and matrix metalloproteinase-14 (MMP14), as well as TLR4 ligands, 

prothymosin and S100A8, were differentially secreted. ADAM10 modulates membrane 

shedding and secretion of TNF-α and M-CSF cytokines [147, 175, 176]. Secretomics can 

also deduce the specifics of adjuvant-specific stimulations (such as alum, MPLA, and 
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R848) and how they differ from endotoxin-stimulated immune cells’ secretory profiles 

[177].  

1.3.2 Endotoxin-mediated post-translational modifications (PTMs) in immune cells 

One of the most common studied protein PTMs is phosphorylation, which 

controls numerous biological processes such as protein function, cellular signaling, 

differentiation, survival, and proliferation. Quantitative phosphoproteomics have enriched 

our understanding of immunology [109, 110], as phosphorylation modulates host-

pathogen interactions [113]. Once the innate immune system recognizes invading 

pathogens, it responds rapidly, often involving changes to protein PTM status; 

phosphorylation is one such common example. For example, pyrin responds to bacteria to 

form a caspase-1 activating inflammasome; this inflammasome whose activation is 

dependent on site-specific dephosphorylation of pyrin (Ser-205 and Ser-241) [178].  

Macrophages mount tailored immune responses against different pathogens but 

many bacteria potentially could alter immune response by manipulating host signaling 

system. How this host-pathogen interaction is shaped on immune signaling and/or 

proteome levels – is a question of extreme interest to immunologists. Recently, a 

phosphoproteomic study analyzed macrophage responses to two different TLR4 

stimulants [179]: LPS and extracellular glycoprotein tenascin-C – a matrix protein that 

mediates sterile inflammation in a TLR4-dependent fashion [180]. Both ligands activate 

MAPKs and NF-κB, tenascin-C exclusively up-regulates both synthesis and 

phosphorylation of extracellular matrix components whereas LPS stimulation increased 

matrix degradation in stimulated macrophages. In addition to the canonical TLR 
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pathway, LPS-regulated temporal kinome dynamics [181] and phosphorylation kinetics 

of cytoskeleton proteins [148] uncovered i) previously unrecognized phosphorylation of 

Akt substrates and ii) an extensive phosphoregulation of an inhibitor of nuclear factor-κB 

kinase ε ‘TANK-binding kinase 1’ [181].  

Another example is Francisella tularensis, a Gram-negative facultative 

intracellular bacterium, which during early stages of infection is not recognized by TLR4 

[78]. F. tularensis also represses the host inflammasome machinery [182]. To better 

understand how F. tularensis achieves host innate immune evasion, Nakayasu et al. [183] 

reported a large-scale comparative phosphoproteomic analysis of RAW 264.7 

macrophage-like cells infected with Francisella.  Post-transcriptional regulation was 

observed while actin, intermediate filaments, and microtubules were seen to play 

important roles in pathogen entry into host cells. A differential phosphorylation of the 

mRNA-destabilizing protein tristetraprolin controlled several genes, including the 

production of numerous cytokines [183].   

Glycosylation is another protein PTM that can affect activity of immune 

receptors, by changing conformation and charge status of the protein, and define cellular 

signaling. Protein glycosylation and protein-glycan interactions can control pathogen 

recognition as well as the fates of innate and adaptive immune responses [184]. Earlier 

reports described the roles of N-linked glycosylations on TLR4 and MD2 that can 

modulate downstream inflammatory pathways against LPS stimulation [185-188]. This is 

important in light of the roles of neuraminidase-1 (NEU-1) in removing sialyl residues 

linked to β-galactoside of TLR4, which in turn facilitate LPS-induced NF-κB induction 
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and subsequent cytokine release [185, 186]. In fact, CD14 also has N- and O-linked 

glycans [189] that can modulate CD14 activity and function [190]. A recent work showed 

that endocytosis of CD14-dependent TLR4/MD2 complex is contingent on core fucose 

modifications on CD14 [191]. As determined by mass spectrometry and functional 

analyses, N-linked glycosylation plays a crucial role in secretion of HMGB-1 protein in 

TLR4-coupled manner [150]. While large-scale glycoproteomic data acquisition and 

analysis is comparatively challenging, recent workflows that are capable of mining large-

scale glycoproteomics data sets from the perspective of glycopeptides have emerged 

[192-194]. These strategies can also be applied on a wider scale to host-pathogen 

biology.  

Apart from phosphorylation and glycosylation, ubiquitination, and small 

ubiquitin-like modifier addition (SUMOylation) play a pivotal role in the immune system 

regulation [195, 196]. To prevent persistent immune signaling while mounting a 

sufficient innate immune response against a pathogen, ubiquitination pathways control 

and fine-tune immune response by modulating proteasomal machinery, TLR, RIG-I-like 

receptor, NOD-like receptor, TNF, and NF-κB signaling. Tight regulation of host 

ubiquitination pathways is crucial for an overall cellular homeostasis and particularly 

when immune system responses are mounted due to bacterial detection. Some pathogens 

have developed strategies to manipulate host ubiquitination system and even circumvent 

ubiquitin-dependent autophagy [197]. For instance, Salmonella bacterial effector proteins 

interfere with the host ubiquitination signaling that in turn helps pathogen counteract host 

immunity [198]. Shigella flexneri type III effector protein OspI deamidates and 
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inactivates E2 ubiquitin ligase UBC13 [161], which in turn blocks the TNF receptor 

associated factor (TRAF) 6 autopolyubiquitinylation – a requirement for activating the 

downstream NF-κB signaling. Hence NF-κB-dependent transcription of proinflammatory 

genes is abolished through manipulation of TRAF6 polyubiquitinylation [161]. To 

conclude this section, we provide a representative list of immune system-related PTMs 

detected by MS as highlighted in Table 1.2. 

As for the non-canonical inflammasome activation, the proteolytic digestion of 

cellular proteins by the inflammatory caspases: 1, 4 and 5 (11 in mouse) has been a 

widely described PTM. The caspases cleave downstream proteins to induce pyroptosis 

(e.g. GSDMD) and cytokine maturation (e.g. IL-1β and IL-18). Recently, MS-based 

strategies were extended to the search of downstream substrates of the caspases [135, 

199, 200]; some cleavage sites were in correlation with substrate phosphorylation status 

[201]. Indeed, based on initial proteomics data reveling the identity of novel substrates of 

the inflammatory caspases, including GSDMD [135], He et al. [143] discovered that 

GSDMD is the executor of pyroptosis. Simultaneously, the Dixit lab, using a genetic 

approach [46], and the Shao lab, using a CRISPR-Cas9 screening technology [61] 

identified GSDMD as the mediator of pyroptosis. In conclusion, immunoproteomics has 

advanced both discovery and hypothesis-driven research in host-pathogen biology 

domain.  

1.4 Thesis 

My thesis research focuses on how mass spectrometry-based immunoproteomic 

strategies and structural analysis decipher the specifics of endotoxin biology and host-
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pathogen interactions.  Chapter 2 describes results from strategies to profile the 

secretome of TLR2-, TLR4, and TLR7- stimulated macrophages using whole pathogens 

were developed. Stable isotope labeling with amino acids in cell culture (SILAC) of 

macrophages was integrated with whole pathogen macrophage stimulation and 

subsequent targeted proteomics to quantify cytokines, chemokines, and transcription 

factors.  Chapter 3 describes systems-wide temporal analysis of Burkholderia proteome 

under planktonic (early log, mod log, early stationary, and mid stationary) and biofilm 

(early, maturing, and late) forms.  In Chapter 4, the canonical and non-canonical 

recognition of different LPS molecules using global secretome profiling of stimulated 

macrophages is described.  Chapter 5 includes a summary of my work, as well as, 

outlook for the future research directions.  
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Chapter 2 

Deciphering the host-pathogen dynamics through targeted secretome analysis of 
stimulated macrophages1  

 

2.1 Introduction  

The innate immune system not only provides the host with a first line of defense 

against invading pathogens but also facilitates the adaptive immunity [5]. The host 

surveys pathogens via their archetypical pathogen recognition receptors (PRRs) that 

recognize pathogen-associated molecular patterns (PAMPs), for instance Toll-like 

receptor-4 (TLR4) recognizes Gram-negative bacterial lipopolysaccharide [202, 203]. To 

sense different microbes and their products, which include from bacteria, fungi, and 

viruses, humans and mice express eleven and thirteen TLRs, respectively.  

Although different TLRs recognize distinct PAMPs, they all lead to activation of 

the NF-κB signaling pathway through either the myeloid differentiation primary response 

gene 88- (MyD88-) dependent mechanisms and/or via the TIR-domain-containing 

adapter-inducing interferon-β- (TRIF-) dependent routes [204].  TLR4 recruits both the 

MyD88- dependent and independent routes whereas TLR2, which recognizes 

lipopeptides, and TLR7, which senses single stranded nucleic acids through late 

endosomes, signal through only the MyD88-dependent pathway [204]. 

 

1Adapted from the publication: Khan MM, Koppenol-Raab M, Kuriakose M, Manes N, 
Goodlett D, Nita-Lazar A. Host-pathogen dynamics through targeted secretome analysis 
of stimulated macrophages. Journal of Proteomics (2018) :S1874-3919(18)30111-8. 
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Post-TLR activation, many of the proteins that shape immune responses such as 

chemokines and cytokines are secreted, and facilitate intercellular communication and 

cell-to-cell coordination between immune cells in order to mount an inflammatory 

response and help clear the invading pathogen (Figure 2.1). Recently, secretome analyses 

have improved, both conceptually, taking into consideration the secretion machineries 

and technically, through improvement of mass spectrometry tools [106, 114]. However, 

only a few proteomic studies of immune activation, particularly comparing and 

contrasting TLR-mediated immune responses, have been reported [106, 114, 163, 173, 

174]. In our recent work, we reported a systems biology study spanning quantitative 

transcriptomics, proteomics (intracellular), and secretomics of macrophages stimulated 

with different toll-like receptor ligands [106], which elucidated the differences and 

similarities of signaling between individual TLRs. In the present work, we describe a 

targeted proteomics based strategy using the inclusion list and an LTQ-Orbitrap Velos to 

quickly assay the differences in host-pathogen dynamics mediated through different TLR 

receptors following stimulation with whole pathogens.  

2.2 Materials and Methods 

2.2.1 Cell culture, reagents, and SILAC labeling 

The murine macrophage cell line RAW264.7 (Sigma-Aldrich Co., St. Louis, MO) 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 2 mM 

L-glutamine, 20 mM HEPES, and 10% fetal bovine serum (FBS) in a humidified 

incubator at 37 °C, 5% CO2 and were passaged every 48-72 hours on sterile tissue-culture 
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treated plates. DMEM medium, HEPES, and L-glutamine were obtained from Lonza 

(Walkersville, MD), and FBS from Gemini Bio-Products (West Sacramento, CA). For 

stable isotope labeling with amino acids in cell culture (SILAC) labeling [205] and 

successful incorporation of the isotopes, five passages were performed; DMEM with 

stable glutamine deficient in arginine and lysine (Cambridge Isotope Laboratories, 

Tewksbury, MA) that was supplemented with 0.398 mM unlabeled/Light L-arginine•HCl 

and 0.798 mM unlabeled/Light L-lysine•2HCl (Arg0 and Lys0; Sigma-Aldrich Co.). For 

stable isotope-labeled media, medium (Arg6, Lys4) and heavy (Arg10, Lys8) DMEM 

was supplemented 13C6-L-arginine (Arg6) and 2D4-L-lysine (Lys4) and 13C6
15N4-L-

arginine (Arg10) and 13C6
15N2-L-lysine (Lys8), respectively (Cambridge Isotope 

Laboratories, MA).  

2.2.2 Selection of peptides for targeted proteomics 

A secretome subset of 28 significantly regulated proteins discovered using single 

ligand stimulations (LPS, P3C, and R848) were selected, and were required to encompass 

the resulting top 10 affected biological processes gene ontology (GO) terms, as detailed 

in our previous work [106]. Table 2.2 contains the precursor ion inclusion list used to 

select specific peptides for proteins of interest.  
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Table 2.1. List of 28 significantly regulated secretome proteins that were targeted 
using inclusion list. The secretome subset was selected from the single ligand 
stimulations, and were required to encompass the resulting top 10 affected biological 
processes GO terms. 

Target List 
(Gene) 

Target List 
(Protein ID) 

Protein names 

App P12023 Amyloid beta A4 protein 
Bax Q07813 Apoptosis regulator BAX 
C1qa P98086 Complement C1q subcomponent subunit A 
C1qb P14106 Complement C1q subcomponent subunit B 
C1qc Q02105 Complement C1q subcomponent subunit C 
C3 P01027 Complement C3 

Ccl4 P14097 C-C motif chemokine 4 
Ccl9 P51670 C-C motif chemokine 9 
Cd14 P10810 Monocyte differentiation antigen CD14 
Cfp P11680 Properdin 
Ctsb P10605 Cathepsin B 

Cxcl2 P10889 C-X-C motif chemokine 2 
Fn1 P11276 Fibronectin 

Gm2a Q60648 Ganglioside GM2 activator 
H2-K1 P01902 H-2 class I histocompatibility antigen, K-D alpha 

chain 
H2-L P01897 H-2 class I histocompatibility antigen, L-D alpha 

chain 
Hexa P29416 Beta-hexosaminidase subunit alpha 
Hexb P20060 Beta-hexosaminidase subunit beta 

Igfbp4 P47879 Insulin-like growth factor-binding protein 4 
Il6 P08505 Interleukin-6 

Lyz2 P08905 Lysozyme C-2 
Man2b1 O09159 Lysosomal alpha-mannosidase 
Park7 Q99LX0 Protein deglycase DJ-1 
Pf4 Q9Z126 Platelet factor 4 

Saa3 P04918 Serum amyloid A-3 protein 
Serpinc1 P32261 Antithrombin-III 

Sod2 P09671 Superoxide dismutase 
Tnf P06804 Tumor necrosis factor 
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2.2.3 Whole pathogen challenge 

SILAC-labeled RAW264.7 cells were seeded in 48-well plates (2.5x105 

cells/well) and incubated overnight. Cells were washed once with serum-free media, and 

incubated in serum-free media for the time course.  The light (Arg0, Lys0)-, medium 

(Arg6, Lys4)-, and heavy (Arg10, Lys8)- labeled cells were left untreated for 24 hours 

(light), treated with pathogens for 6 hours (medium), and 24 hours (heavy). Heat-killed 

Escherichia coli, heat-killed Staphylococcus aureus, and live Burkholderia cenocepacia 

were used as exemplar pathogens signaling through TLR4, TLR2, and endosomal TLR7, 

respectively. E. coli K-12 MG1655, S. aureus FDA209 (ATCC, Manassas, VA), and B. 

cenocepacia J2315 [206, 207] were cultured in Luria-Bertani medium. Overnight cultures 

at 37 °C of E. coli and S. aureus were pelleted, washed with phosphate-buffered saline, 

and heat killed for one hour at 65 °C and 90 °C, respectively. SILAC-labeled RAW264.7 

cells were treated with heat-killed E. coli or S. aureus (ratio 1 macrophage: 20 bacteria) 

and live B. cenocepacia (1:1 ratio). After 1 h of B. cenocepacia infection, extracellular 

bacteria were killed with antibiotics as described previously [208]; following this, the 

antibiotics-containing media was replaced with serum-free media for the remainder of the 

time-course. At the designated timepoints, the conditioned media was collected, filtered 

using a 0.22 µm pore size filter, and 250 µL of the light (untreated), medium (6 h), and 

heavy (24 h) stimulated samples were combined (1:1:1 v:v ratio), concentrated in a 

vacuum centrifuge, and separated using one-dimensional SDS-PAGE.  

2.2.4 Sample fractionation using SDS-PAGE, in-gel trypsin digestion, and LC-

MS(/MS) 
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The secretome samples were fractionated using NuPage 10% Bis-Tris gels with 

MES running buffer (Life Technologies Corp., Carlsbad, CA), and were stained with 

Colloidal Coomassie blue (SimplyBlue™ SafeStain, Life Technologies Corp.) [209]. 

After destaining, each gel lane was cut into 10 bands, each band was cut into cubes 

(approx. 1 mm3), and the gel cubes were dehydrated with acetonitrile, reduced with 10 

mM dithiothreitol, alkylated with 55 mM iodoacetamide, and digested overnight with 

trypsin as described previously [209]. Peptides were extracted from the gel pieces using 

1:2 v:v 5% formic acid : acetonitrile, vacuum centrifuge dried, and resuspended in 0.1% 

v/v formic acid for tandem MS analysis using an UltiMate 3000 nanoLC system directly 

coupled to an LTQ Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA). The data was acquired over a 120 min gradient using a data-dependent 

acquisition mode (top 10) to automatically cycle between Orbitrap full scan MS and LTQ 

MS/MS. A precursor ion inclusion list was used to select for specific peptides of proteins 

of interest (normalized collision energy: 40; Table 2.2).  
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Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. 

Mass Peptide Mass Peptide 
726.5 ALVILAK_L 976.5 LEQNSQPR_M 
730.53 ALVILAK_M 980.49 LEQNSQPR_H 
734.51 ALVILAK_H 984.49 FAISYQEK_L 
760.42 PAFSAIR_L 986.53 GNLCVNLVR_L 
766.44 PAFSAIR_M 988.52 FAISYQEK_M 
770.43 PAFSAIR_H 988.56 IQSILSSGGK_L 
809.46 LPGGLEPK_L 992.51 FAISYQEK_H 
813.41 GPGGAWAAK_L 992.55 GNLCVNLVR_M 
813.49 LPGGLEPK_M 992.58 IQSILSSGGK_M 
814.49 VTVAGLAGK_L 996.54 GNLCVNLVR_H 
817.44 GPGGAWAAK_M 996.56 TLVNYFLK_L 
817.48 LPGGLEPK_H 996.57 IQSILSSGGK_H 
818.52 VTVAGLAGK_M 1000.59 TLVNYFLK_M 
821.43 GPGGAWAAK_H 1004.58 TLVNYFLK_H 
822.51 VTVAGLAGK_H 1027.6 GELLEAIKR_L 
842.52 VNLLSAVK_L 1029.63 PAVVFLTKR_L 
846.55 VNLLSAVK_M 1035.43 FDSDADNPR_L 
850.54 VNLLSAVK_H 1037.65 GELLEAIKR_M 
861.53 TIQFILK_L 1038.61 HITSLEVIK_L 
865.56 TIQFILK_M 1039.68 PAVVFLTKR_M 
869.55 TIQFILK_H 1040.59 TSVPLTAPQK_L 
873.53 PAVVFLTK_L 1041.45 FDSDADNPR_M 
873.53 PGIIFISK_L 1042.63 HITSLEVIK_M 
877.56 PAVVFLTK_M 1044.61 TSVPLTAPQK_M 
877.56 PGIIFISK_M 1045.43 FDSDADNPR_H 
881.55 PAVVFLTK_H 1045.62 GELLEAIKR_H 
881.55 PGIIFISK_H 1046.62 HITSLEVIK_H 
933.46 LGACNDTLK_L 1047.66 PAVVFLTKR_H 
934.49 EVAGFWVK_L 1048.6 TSVPLTAPQK_H 
937.48 LGACNDTLK_M 1050.51 GPPGEPGVEGR_L 
938.52 EVAGFWVK_M 1056.53 GPPGEPGVEGR_M 
941.47 LGACNDTLK_H 1060.52 GPPGEPGVEGR_H 
942.51 EVAGFWVK_H 1073.56 HQSVFTVTR_L 
954.55 TISSGIHLK_L 1075.47 FTGHGAEDSR_L 
958.57 TISSGIHLK_M 1079.58 HQSVFTVTR_M 
962.56 TISSGIHLK_H 1081.49 FTGHGAEDSR_M 
970.48 LEQNSQPR_L 1083.57 HQSVFTVTR_H 
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Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. contd. 

Mass Peptide Mass Peptide 
1085.48 FTGHGAEDSR_H 1243.69 GTLSVVAVYHAK_L 
1085.55 PLCEALQGQK_L 1247.72 GTLSVVAVYHAK_M 
1089.58 PLCEALQGQK_M 1251.71 GTLSVVAVYHAK_H 
1093.57 PLCEALQGQK_H 1269.66 GDQLSAEVNLPK_L 
1098.58 AVIQHFQEK_L 1273.68 GDQLSAEVNLPK_M 
1102.61 AVIQHFQEK_M 1277.67 GDQLSAEVNLPK_H 
1106.6 AVIQHFQEK_H 1277.7 LPVYEGNFIVK_L 
1109.55 GTSGLPGDPGPR_L 1281.73 LPVYEGNFIVK_M 
1115.57 GTSGLPGDPGPR_M 1285.72 LPVYEGNFIVK_H 
1119.55 GTSGLPGDPGPR_H 1292.73 HCAVPQLIATLK_L 
1156.7 FPTLQVLALR_L 1296.75 HCAVPQLIATLK_M 
1162.72 FPTLQVLALR_M 1300.74 HCAVPQLIATLK_H 
1166.7 FPTLQVLALR_H 1302.71 ALLSAPWYLNR_L 
1187.51 HGGPFCAGDATR_L 1308.73 ALLSAPWYLNR_M 
1192.53 ADQFANEWGR_L 1310.69 VCLDPEAPLVQK_L 
1192.53 GFQVCANPSDR_L 1312.72 ALLSAPWYLNR_H 
1193.53 HGGPFCAGDATR_M 1314.72 VCLDPEAPLVQK_M 
1197.52 HGGPFCAGDATR_H 1318.7 VCLDPEAPLVQK_H 
1197.73 ANRPFLVLIR_L 1322.71 LGVRPSQGGEAPR_L 
1198.55 ADQFANEWGR_M 1334.75 LGVRPSQGGEAPR_M 
1198.55 GFQVCANPSDR_M 1342.59 WEQAGAAEYYR_L 
1202.53 ADQFANEWGR_H 1342.72 LGVRPSQGGEAPR_H 
1202.54 GFQVCANPSDR_H 1347.7 DPNHFRPAGLPK_L 
1209.77 ANRPFLVLIR_M 1348.61 WEQAGAAEYYR_M 
1217.75 ANRPFLVLIR_H 1352.6 WEQAGAAEYYR_H 
1218.56 MIADVDTDSPR_L 1356.66 CRPPVGCEELVR_L 
1223.68 LQPALWPFPR_L 1357.75 DPNHFRPAGLPK_M 
1224.58 MIADVDTDSPR_M 1365.73 DPNHFRPAGLPK_H 
1225.56 DSLSFSNTNNK_L 1368.7 CRPPVGCEELVR_M 
1228.56 MIADVDTDSPR_H 1373.64 VESLEQEAANER_L 
1229.58 DSLSFSNTNNK_M 1376.68 CRPPVGCEELVR_H 
1229.7 LQPALWPFPR_M 1379.66 VESLEQEAANER_M 
1232.63 NLLFGSGSWPR_L 1383.65 VESLEQEAANER_H 
1233.57 DSLSFSNTNNK_H 1389.73 TWTAADTAALITR_L 
1233.69 LQPALWPFPR_H 1395.75 TWTAADTAALITR_M 
1238.65 NLLFGSGSWPR_M 1399.73 TWTAADTAALITR_H 
1242.64 NLLFGSGSWPR_H 1404.65 FIGYFPTSGGCTR_L 
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Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. contd. 

Mass Peptide Mass Peptide 
1407.58 EVCSEQAETGPCR_L 1530.72 EQWSNCPTIGQIR_L 
1410.67 FIGYFPTSGGCTR_M 1532.7 KWEQAGDAEYYR_H 
1413.6 EVCSEQAETGPCR_M 1536.74 EQWSNCPTIGQIR_M 
1414.66 FIGYFPTSGGCTR_H 1540.73 EQWSNCPTIGQIR_H 
1417.58 EVCSEQAETGPCR_H 1541.78 RGDEVWIEKDPAK_L 
1418.68 VITNANENYEPR_L 1542.76 SYTITGLQPGTDYK_L 
1424.7 VITNANENYEPR_M 1542.8 EATIPGHLNSYTIK_L 
1428.69 VITNANENYEPR_H 1546.78 SYTITGLQPGTDYK_M 
1437.79 HLVLLSSVSDAAAR_L 1546.83 EATIPGHLNSYTIK_M 
1439.8 GDVTTQVALQPALK_L 1550.77 SYTITGLQPGTDYK_H 
1441.78 VVIEDGVGDAVLTR_L 1550.82 EATIPGHLNSYTIK_H 
1443.81 HLVLLSSVSDAAAR_M 1555.85 RGDEVWIEKDPAK_M 
1443.82 GDVTTQVALQPALK_M 1567.82 RGDEVWIEKDPAK_H 
1447.8 VVIEDGVGDAVLTR_M 1570.92 GLFQVLAGGTVLQLR_L 
1447.8 HLVLLSSVSDAAAR_H 1574.74 HFGYTSYSVSNSVK_L 
1447.81 GDVTTQVALQPALK_H 1576.94 GLFQVLAGGTVLQLR_M 
1451.7 FLQDTFGSDGLPR_L 1578.76 HFGYTSYSVSNSVK_M 
1451.79 VVIEDGVGDAVLTR_H 1578.85 VQLQGLDLSHNSLR_L 
1457.72 FLQDTFGSDGLPR_M 1580.93 GLFQVLAGGTVLQLR_H 
1461.7 YTLYPNNFQFR_L 1582.75 HFGYTSYSVSNSVK_H 
1461.71 FLQDTFGSDGLPR_H 1584.87 VQLQGLDLSHNSLR_M 
1464.77 TGAFLLQGFIQDR_L 1588.86 VQLQGLDLSHNSLR_H 
1467.72 YTLYPNNFQFR_M 1590.66 GELDCHQLADSFQE_H 
1470.69 KWEQAGAAEYYR_L 1590.66 GELDCHQLADSFQE_L 
1470.79 TGAFLLQGFIQDR_M 1590.66 GELDCHQLADSFQE_M 
1471.71 YTLYPNNFQFR_H 1599.84 VTVAGLAGKDPVQCSR_L 
1474.78 TGAFLLQGFIQDR_H 1602.77 AHCQNRDLSQYIR_L 
1480.73 KWEQAGAAEYYR_M 1609.89 VTVAGLAGKDPVQCSR_M 
1488.71 KWEQAGAAEYYR_H 1614.81 AHCQNRDLSQYIR_M 
1489.75 QTTQYPEANALVR_L 1617.86 VTVAGLAGKDPVQCSR_H 
1495.77 QTTQYPEANALVR_M 1619.85 SGKDPNHFRPAGLPK_L 
1499.76 QTTQYPEANALVR_H 1622.78 AHCQNRDLSQYIR_H 
1510.81 LVAYYTLIGASGQR_L 1628.82 FIAVGYVDDTQFVR_L 
1514.68 KWEQAGDAEYYR_L 1633.92 SGKDPNHFRPAGLPK_M 
1516.83 LVAYYTLIGASGQR_M 1634.84 FIAVGYVDDTQFVR_M 
1520.82 LVAYYTLIGASGQR_H 1637.83 LEQEEVVHLQATDK_L 
1524.72 KWEQAGDAEYYR_M 1638.83 FIAVGYVDDTQFVR_H 



 

37 

 

Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. contd. 

Mass Peptide Mass Peptide 
1641.85 LEQEEVVHLQATDK_M 1779.86 GENHCGIESEIVAGIPR_L 
1645.84 LEQEEVVHLQATDK_H 1779.91 GSFNPVTHIYTAQDVK_M 
1645.89 SGKDPNHFRPAGLPK_H 1781.88 THEDLFIIPIPNCDR_L 
1659.8 VPGLYYFTYHASSR_L 1783.9 GSFNPVTHIYTAQDVK_H 
1665.82 VPGLYYFTYHASSR_M 1785.88 GENHCGIESEIVAGIPR_M 
1669.81 VPGLYYFTYHASSR_H 1787.9 THEDLFIIPIPNCDR_M 
1672.81 DICEGQVNSLPGSINK_L 1789.87 GENHCGIESEIVAGIPR_H 
1676.83 DICEGQVNSLPGSINK_M 1791.89 THEDLFIIPIPNCDR_H 
1677.85 YFETAVSRPGLGEPR_L 1793.85 VAFGEDIDLPETFDAR_L 
1680.82 DICEGQVNSLPGSINK_H 1797.87 VIPEFDTPGHTQSWGK_L 
1680.89 GGQKVCLDPEAPLVQK_L 1799.87 VAFGEDIDLPETFDAR_M 
1685.86 DTETLIHIFNQEVK_L 1801.89 VIPEFDTPGHTQSWGK_M 
1688.94 GGQKVCLDPEAPLVQK_M 1803.86 VAFGEDIDLPETFDAR_H 
1689.89 DTETLIHIFNQEVK_M 1805.88 VIPEFDTPGHTQSWGK_H 
1689.89 YFETAVSRPGLGEPR_M 1819.93 RVDTEADLGQFTDIIK_L 
1693.81 GSYSLSHVYTPNDVR_L 1829.98 RVDTEADLGQFTDIIK_M 
1693.88 DTETLIHIFNQEVK_H 1837.95 RVDTEADLGQFTDIIK_H 
1696.91 GGQKVCLDPEAPLVQK_H 1895.03 DAWLAELQQWLKPGLK_L 
1697.86 YFETAVSRPGLGEPR_H 1903.08 DAWLAELQQWLKPGLK_M 
1699.78 GDQSTDYGIFQINSR_L 1905.02 GPGTSFEFALAIVEALVGK_L 
1699.83 GSYSLSHVYTPNDVR_M 1909.05 GPGTSFEFALAIVEALVGK_M 
1703.81 GSYSLSHVYTPNDVR_H 1911.06 DAWLAELQQWLKPGLK_H 
1703.88 CLVGEFVSDALLVPDK_L 1913.04 GPGTSFEFALAIVEALVGK_H 
1705.8 GDQSTDYGIFQINSR_M 1913.85 YLETPGDENEHAHFQK_L 
1707.91 CLVGEFVSDALLVPDK_M 1917.88 YLETPGDENEHAHFQK_M 
1709.79 GDQSTDYGIFQINSR_H 1921.87 YLETPGDENEHAHFQK_H 
1709.81 HHAAYVNNLNATEEK_L 1931.93 ISSGLLEYHSYLEYMK_L 
1711.89 CLVGEFVSDALLVPDK_H 1935.96 ISSGLLEYHSYLEYMK_M 
1713.84 HHAAYVNNLNATEEK_M 1939.95 ISSGLLEYHSYLEYMK_H 
1717.83 HHAAYVNNLNATEEK_H 1945.93 FNSVVTNPQGHYNPSTGK_L 
1742.87 AIWNVINWENVTER_L 1946.77 CGGHCPGEAQQSQACDTQK_L 
1748.89 AIWNVINWENVTER_M 1947.92 EEPRPVPQGSCQSELHR_L 
1752.88 AIWNVINWENVTER_H 1949.95 FNSVVTNPQGHYNPSTGK_M 
1758.75 SFVMDYYETSSLCSK_L 1950.79 CGGHCPGEAQQSQACDTQK_M 
1762.77 SFVMDYYETSSLCSK_M 1953.94 FNSVVTNPQGHYNPSTGK_H 
1766.76 SFVMDYYETSSLCSK_H 1954.78 CGGHCPGEAQQSQACDTQK_H 
1775.88 GSFNPVTHIYTAQDVK_L 1959.96 EEPRPVPQGSCQSELHR_M 
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Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. contd. 

Mass Peptide 
1960.87 NDGCYQTGYNQEICLLK_L 
1964.89 NDGCYQTGYNQEICLLK_M 
1967.94 EEPRPVPQGSCQSELHR_H 
1968.88 NDGCYQTGYNQEICLLK_H 
1990.97 NGPVEGAFTVFSDFLTYK_L 
1994.99 NGPVEGAFTVFSDFLTYK_M 
1998.98 NGPVEGAFTVFSDFLTYK_H 
2016.96 GIAAQPLYTGYCNYENKI_L 
2020.99 GIAAQPLYTGYCNYENKI_M 
2021.96 YHVSSAAQAGCVVLDEAFR_L 
2024.98 GIAAQPLYTGYCNYENKI_H 
2027.98 YHVSSAAQAGCVVLDEAFR_M 
2031.97 YHVSSAAQAGCVVLDEAFR_H 
2072.04 VFPALSTLDLSDNPELGER_L 
2078.06 VFPALSTLDLSDNPELGER_M 
2082.05 VFPALSTLDLSDNPELGER_H 
2089.03 GVNYALAPGSQTSDLSLPDGK_L 
2093.06 GVNYALAPGSQTSDLSLPDGK_M 
2097.05 GVNYALAPGSQTSDLSLPDGK_H 
2138.9 QDGHLWCSTTSNYEQDQK_L 
2139.07 FNGGGHINHTIFWTNLSPK_L 
2142.01 MAGETPELTLEQPPQDASTK_L 
2142.92 QDGHLWCSTTSNYEQDQK_M 
2143.09 FNGGGHINHTIFWTNLSPK_M 
2146.04 MAGETPELTLEQPPQDASTK_M 
2146.91 QDGHLWCSTTSNYEQDQK_H 
2147.08 FNGGGHINHTIFWTNLSPK_H 
2150.03 MAGETPELTLEQPPQDASTK_H 
2162.06 IYQGTEADSIFSGFLIFPSA_H 
2162.06 IYQGTEADSIFSGFLIFPSA_L 
2162.06 IYQGTEADSIFSGFLIFPSA_M 
2211.15 GLIAAICAGPTALLAHEVGFGCK_L 
2215.18 GLIAAICAGPTALLAHEVGFGCK_M 
2219.17 GLIAAICAGPTALLAHEVGFGCK_H 
2260.17 FIGYFPTSGGCTRPGIIFISK_L 
2261.25 SLTIQPDPIVVPGDVVVSLEGK_L 
2265.28 SLTIQPDPIVVPGDVVVSLEGK_M 



 

39 

 

Table 2.2. Unique peptides selected for targeted proteomics for whole pathogen 
stimulations for the 28 secreted proteins. contd. 

Mass Peptide 
2269.27 SLTIQPDPIVVPGDVVVSLEGK_H 
2270.22 FIGYFPTSGGCTRPGIIFISK_M 
2278.19 FIGYFPTSGGCTRPGIIFISK_H 
2298.12 NDNDNIFLSPLSISTAFAMTK_L 
2302.15 NDNDNIFLSPLSISTAFAMTK_M 
2306.13 NDNDNIFLSPLSISTAFAMTK_H 
2326.01 GYEQFAYDGCDYIALNEDLK_L 
2330.03 GYEQFAYDGCDYIALNEDLK_M 
2334.02 GYEQFAYDGCDYIALNEDLK_H 
2378.12 LSQLGGFSWDNCDEGKDPAVIK_L 
2380.27 DNQLVVPADGLYLVYSQVLFK_L 
2384.29 DNQLVVPADGLYLVYSQVLFK_M 
2386.17 LSQLGGFSWDNCDEGKDPAVIK_M 
2388.28 DNQLVVPADGLYLVYSQVLFK_H 
2389.2 VVTFCDYAQNTFQVTTGGVVLK_L 
2393.22 VVTFCDYAQNTFQVTTGGVVLK_M 
2394.15 LSQLGGFSWDNCDEGKDPAVIK_H 
2397.21 VVTFCDYAQNTFQVTTGGVVLK_H 
2419.12 ATNYNRGDQSTDYGIFQINSR_L 

 
2.2.5 Protein identification and quantification 

The raw mass spectrometry data for targeted proteomic experiments were 

analyzed using MaxQuant version 1.6.0.16 [210, 211] using the following parameters, 1) 

the maximum mass deviation allowed for the monoisotopic precursor ions and fragment 

ions was 4.5 ppm and 0.5 Da, respectively, 2) cysteine carbamidomethylation was set as a 

fixed modification and N-terminal acetylation and methionine oxidation as variable 

modifications, 3) trypsin digestion was used with a maximum of two allowed missed 

cleavages, 4) match-between-runs and re-quantification functionalities were turned on, 

and 5) the data was searched against the UniProt mouse sequence database (downloaded 

February 2018).  
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FIGURE 2.1. A) Toll-like receptor- (TLR) mediated pathogen associated molecular 
patterns (PAMP) sensing. B) Sample preparation and data acquisition workflow for 
targeted proteomics for whole pathogen stimulated macrophages. 
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Figure 2.2. Quantitative macrophage secretomics of shotgun LC-MS of single ligand 
stimulations [106] alongside targeted LC-MS of whole pathogen stimulations 
(present work). Values are the mean +/- standard deviation calculated across three 
biological replicates.  
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Figure 2.2. Quantitative macrophage secretomics of shotgun LC-MS of single ligand 
stimulations [106] alongside targeted LC-MS of whole pathogen stimulations 
(present work). Values are the mean +/- standard deviation calculated across three 
biological replicates. contd. 
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Protein identification required at least one unique peptides per protein group, and 

the data were filtered by requiring a 1% FDR at both the peptide-spectrum-match and 

protein level. The mass spectrometry data have been deposited in the ProteomeXchange 

Consortium identifier# PXD008214) via the PRIDE partner repository [212]. Protein 

abundance ratios were calculated for each timepoint and treatment, and SILAC ratios 

were used to determine fold changes for TLR-stimulated secretome samples [209-211].  

2.3 Results and Discussion 

In our earlier study, we analyzed the intracellular proteome and secretome of 

macrophages stimulated with a TLR4 ligand (lipopolysaccharide (LPS)), a TLR2 ligand 

(Pam3CSK4 (P3C)), and a TLR7 ligand (resiquimod (R848)). Here we have expanded 

the targeted proteins repertoire by profiling the changes in secreted proteins when 

macrophages are exposed to complex ligands. Heat-killed Escherichia coli (a Gram-

negative bacterium), heat-killed Staphylococcus aureus (a Gram-positive bacterium), and 

live intracellular Burkholderia cenocepacia bacteria were used as exemplar pathogens 

signaling through TLR4, TLR2, and endosomal TLR7 respectively (Figure 2.1). A 

secretome subset of 28 significantly regulated proteins from single ligand stimulations 

(LPS, P3C, and R848) were selected (Table 2); earlier work showed this subset of 28 

proteins - associated with the top 10 biological process GO terms - is significant 

regulated during single ligand stimulations [106]. For the whole pathogen stimulation, the 

light (Arg0, Lys0)-labeled cells were left untreated for 24 hours while the medium (Arg6, 

Lys4) and heavy (Arg10, Lys8)-labeled cells were treated with pathogens for 6 and 24 
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hours, respectively, in serum-free media. To examine the secretome changes and the 

TLR-mediated signaling pathway activation, samples were SDS-PAGE fractionated and 

SILAC quantification [205] was achieved using high-resolution mass spectrometry data-

dependent acquisition (DDA) with an inclusion list (Figure 2.1). 

 The proteins exhibited different temporal changes in response to stimulations as 

evidenced by the perturbations being distinctive to the TLR4 versus the TLR2 and TLR7 

stimulations (Figure 2.2). Although the magnitude of the secretome perturbations varied, 

for most of the targeted proteins the trend of changes maintained directional similarity. 

The majority of the proteins showed about similar protein levels for whole-pathogen 

stimulations to those observed for the individual ligand stimulations (App, CD14, Ctsb, 

Hexa, Man2b1, Pf4, Lyz2; Figure 2). However, for some proteins, stimulation with the 

whole pathogens resulted in temporal changes, which are different from those observed 

for single-ligand stimulations. For example, C3 (Figure 2.2B), CCL9 (Figure 2.2C), and 

H2-K1 (Figure 2.2F) demonstrated relatively weak responses to the whole pathogen 

stimulations. Also, for the whole pathogen treatment using intracellular B. cenocepacia, a 

decrease in protein abundance was observed at 24 hours post-stimulation compared to at 

six hours. Therefore, –omics analyses using individual purified ligands can provide 

insight into TLR-mediated responses to whole pathogens. The present targeted 

proteomics work profiling macrophages stimulated using whole pathogens is consistent 

with our earlier single ligand stimulation results. The majority of the measurements are 

displaying the same trends and patterns (with the exception of Lyz2 under one condition, 

the S. aureus stimulation), although the work was performed on a different batch of cells, 
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by a different scientist and more than a year later. However, differences in the magnitude 

of response (single ligand experiments versus whole pathogen stimulations) may be 

explained in terms of ligand concentrations and availability of distinct PAMPs in the 

macrophage microenvironment. For example, the global proteomics study employing 

single purified ligands may have used higher or even saturating concentrations of single 

ligands compared to the whole bacterial stimulations. This may explain the observation 

that the whole pathogen experiments produced comparatively weaker responses, which 

are prone to more variability than single, purified ligand stimulations. In addition, 

complex combinations of ligands, presented by whole pathogens, can facilitate 

synergistic immune responses [106], and the intracellular pathogen B. cenocepacia may 

induce host cell death in response to infection, and this may explain the observed 

consistent decrease in protein abundance in the B. cenocepacia stimulated macrophages 

(at 24 hours stimulation). On the other hand, the difference may be a result of the 

undersampling in DDA acquisition mode even when using inclusion list [213]. Thus, 

some proteins of interest are not measured in one or several replicates.  
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Table 2.3. Proteins and their SILAC quantification as profiled by the targeted 
proteomics approach. 
 
Target List 

(Gene) 
Ratio 6h 

Burk 
Ratio 24h 

Burk 
Ratio 6h 

EC 
Ratio 24h 

EC 
Ratio 6h 

Staph 
Ratio 24h 

Staph 
App 1.34 0.28 1.11 0.45 1.34 0.98 
Bax 1.39 1.21 2.04 1.19 1.38 1.12 

C1qa 1.95 0.21 4.16 0.37 5.06 1.36 
C1qb 3.86 0.26 3.48 0.39 4.82 1.43 
C1qc 1.60 0.25 2.98 0.55 4.14 1.01 
C3 0.51 0.11 0.98 0.90 1.03 1.61 

Ccl4 -- -- -- -- -- -- 
Ccl9 1.33 0.32 1.63 0.94 1.52 1.88 

CD14 0.41 0.23 0.76 0.48 0.86 1.23 
Cfp 0.39 0.09 -- -- 1.78 0.86 
Ctsb 0.44 0.12 0.71 0.27 1.02 1.04 

Cxcl2 -- -- -- -- -- -- 
Fn1 -- -- 1.11 0.06 0.94 0.14 

Gm2a -- -- -- -- -- -- 
H2-K1 1.74 0.53 1.59 0.94 1.48 1.49 
H2-L 1.51 0.41 1.79 0.95 1.81 1.59 
Hexa 1.39 0.25 1.30 0.37 1.28 1.10 
Hexb 1.46 0.35 1.21 0.52 1.36 1.20 

Igfbp4 -- -- 1.13 0.14 1.05 0.52 
Il6 -- -- -- -- -- -- 

Lyz2 0.34 0.08 0.70 0.15 0.68 0.65 
Man2b1 0.45 0.08 0.70 0.19 1.01 0.78 

Park7 0.75 0.84 0.79 0.78 0.89 0.98 
Pf4 1.10 0.29 1.02 0.38 1.16 1.12 

Saa3 21.06 3.55 15.45 18.75 12.65 31.05 
Serpinc1 0.23 0.02 0.26  0.36 0.00 

Sod2 1.98 1.52 4.42 2.17 1.95 2.13 
Tnf 113.73 16.70 25.85 9.43 38.65 14.07 

 

A source of difference between this work and our MCP paper [106], however 

surprisingly little, may also be the use of E. coli and not P. aeruginosa as the Gram-

negative pathogen. We chose to use E. coli because its LPS structure is closer to the LPS 

we used in the pure ligand stimulations than the P. aeruginosa dominant LPS structure 
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[2]. In summary, the dynamics of the target proteins, discovered using single ligand 

experiments, can be measured after much more complex stimulations using the targeted 

proteomics assay, and the results provide insight into the temporal profile of macrophage 

stimulation in vivo.  

In the present work, we used mass spectrometry-based targeted 

immunoproteomics to decipher TLR-mediated innate immune signaling in response to 

whole pathogen stimulation. The differing response by the TLR4-induced cells, 

compared to the TLR2 and TLR7-mediated responses, is likely because TLR4 is known 

to activate both the MyD88-dependent and independent pathways. The systems-level 

analysis of TLR4-mediated signaling reveals an early-phase up-regulation of proteins 

(App, Cd14, Ctsb, Man2b1, Lyz2, Hexa) that are rapidly down-regulated during the late-

phase (6 hours versus 24 hours; Figure 2). Tight control of signaling is required for 

mounting an effective immune response. However, down-regulation of some of the 

proteins (IL6; Table 2.3) might be due to proteasomal activities in the secretome [214].  

2.4 Conclusions 

In the present work, strategies to profile the secretome of TLR2-, TLR4, and 

TLR7- stimulated macrophages using whole pathogens were developed. Stable isotope 

labeling with amino acids in cell culture (SILAC) of macrophages was integrated with 

whole pathogen macrophage stimulation and subsequent targeted proteomics to quantify 

cytokines, chemokines, and transcription factors. We have demonstrated the robustness 

of this method and its feasibility in the laboratories whose main focus is not necessarily 

mass spectrometry method development and the instrument of choice is the versatile 
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LTQ-Orbitrap. The present systems immunology workflow highlights the importance of 

correlating global immunoproteomics data with targeted systems-level analyses for 

different pathogens and demonstrates the utility of the targeted proteomics assay as an 

alternative to the antibody-based cytokine measurements. 
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Chapter 3 
 

Systems-wide temporal proteomic profiling reveals bacterial proteome rewiring that 
supports Burkholderia biofilms 

 
3.1 Introduction 

Melioidosis is caused by highly pathogenic Gram-negative bacteria, Burkholderia 

pseudomallei [215, 216] that is endemic to Southeast Asia, particularly Thailand, and 

Northern Australia. Melioidosis-associated mortality rates are as high as 70% [217, 218] 

but possibly higher because cases of melioidosis are severely underreported [219]. B. 

pseudomallei dwells in soil and non-potable water, which spread the bacteria to humans 

and animals through direct skin contact, inhalation, and ingestion of contaminated water. 

B. pseudomallei is resistant to many antibiotics and in Thailand alone, meliodoisis 

accounts for 40% of septic shock-associated deaths [216, 220].  This deadly pathogen can 

survive for many years in nutrient-deficient, distilled water [221] and show clinical 

manifestations as late as six decades after exposure [222]. Among other strategies for 

intracellular survival of Burkholderia pseudomallei, one is phagosome invasion that 

allows cell-to-cell spread in the host [223].  

Antibiotic resistance is a global public health problem that adds to poor treatment 

of pathogenic diseases and disease-related complications [224]. B. pseudomallei biofilm 

formation prevents efficacious use of antimicrobials because concentrations need to be 

roughly 1000 x higher than to bacteria in biofilms than the more susceptible planktonic 

forms[225].  Cases of clinical relapse are reported because of tolerance to several 

antibiotics, especially ceftazidime (CAZ), which is the mainstay of acute-phase 

melioidosis treatment [219, 225, 226]. Some early studies employed gene based analysis 
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of bacteria to deduce differences in planktonic versus biofilm forms, however, gene to 

protein correlation for bacteria that undergo biofilm formation is poor [227]. Gene 

expression analysis revealed that ~1% of genes are differentially expressed when 

biofilms are compared with free bacteria [228]; once bacteria reshape their proteome to 

support biofilms, antibiotic resistance is readily acquired. For biofilms, we previously 

showed that transcriptome to proteome correlation was weak suggesting transcription-

decoupled protein expression [227]. Given gene products (proteins) are closer to function 

than gene themselves, mass spectrometry (MS) based proteomics facilitates our 

understanding of fundamental biology [120]. MS has been applied to understand 

pathogenesis of infectious diseases, host-pathogen interactions, and endotoxin biology 

[87, 229, 230]. 

Burkholderia thailandensis is a biosafety level 2 (BSL-2) bacteria and is closely 

related phylogenetically (99%) to virulent species B. pseudomallei [231, 232]. As such, 

B. thailandensis makes a much safer model strain to study the molecular functions of B. 

pseudomallei [231]. In this study, we compared the proteomic profiles of multiple 

bacterial-induced biofilm and planktonic growth modes of B. thailandensis using liquid 

chromatography-tandem mass spectrometry (LC-MS/MS)-based shotgun proteomics. 

These results represent a comprehensive proteomic data set of planktonic and biofilm 

states for B. thailandensis that may advance our understanding of the antibiotic tolerance 

phenomenon in Burkholderia during biofilm existence. Using a dynamic system for 

biofilm formation that uses a continuous bio-flow apparatus, proteome samples were 

obtained and analyzed using shotgun proteomics. Understanding the molecular basis of 

bacterial resistance may help fill multiple therapeutics gaps, facilitate advances in 
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antimicrobial therapy and deduce specifics of the molecular basis of pathogenesis. 

3.2 Materials and Methods 

3.2.1 Bacterial isolate and growth conditions 

A single colony of Burkholderia thailandensis E264 (ATCC 700388) was isolated 

on tryptic soy agar (TSA; Fluka Analytical, MO, USA). Overnight culture of bacteria was 

inoculated into 100 mL tryptic soy broth (TSB; Fluka Analytical, MO, USA) and left to 

grow with agitation at 37°C, 200 rpm. Bacterial cell suspensions were measured at 

OD600nm and then collected by centrifugation (8,000×g for 5 min) at time points during 

Early-exponential phase (E-log), Mid-exponential phase (M-log), Early-stationary phase 

(E-sta), and Mid-stationary phase (M-sta) at 4, 8, 22, and 28 hours after starting 

inoculum, respectively (Figure 3.1).  

 

Figure 3.1. Growth curve profile of B. thailandensis planktonic forms (Early-log, 
Mid-log, Early-stationary, and Mid-stationary phases) 
 

All samples were collected in biological triplicates. Planktonic pellets were 

collected by centrifugation at 5,000×g at 4°C for 20 min and resuspended in an ice-cold 
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buffer (50mM Tris-Cl pH 8.0, 1mM EDTA pH 8.0, 0.1% sodium azide, 2.8mM 

phenylmethylsulfonyl fluoride) and stored at -80°C prior to downstream processing. 

3.2.2 Antimicrobial susceptibility assay        

Antimicrobial susceptibilities were determined according to the criteria of the 

broth microdilution assay of National Committee for Clinical Laboratory Standards 

(NCCLS). The planktonic and biofilm forms susceptibility testing were done in 96 well 

microtiter plates, as previously described [225, 233] with some modification, such as use 

of Nunc-Immuno TSP 96 pins in lid (ThermoFisher scientific, MA, USA). Antimicrobial 

agents ceftazidime (CAZ), ciprofloxacin (CIP), erythromycin (ERY), and trimethoprim 

(TMP) (LKT Laboratories, MN, USA; Sigma-Aldrich, MO, USA; Fluka Analytical, MO, 

USA) were serially diluted in Mueller Hinton broth (MHB; Fluka Analytical, MO, USA) 

within a concentration range of 0.5-1,024 µg mL-1 in the final volumes of 50 and 150 µL 

of media for planktonic and biofilm samples, respectively. Viability values of bacterial 

cells and associated minimal inhibitory concentration (MIC), planktonic shedding (P-

MIC) and minimum biofilm elimination concentration (MBEC) were determined after 24 

h of incubation with antibiotics at 37°C subsequently reading the sample turbidity at 600 

nm on a microtiter plate reader (Multimode detector DTX 880; Beckman coulter, CA, 

USA). A low optical density of medium in the wells (OD600 nm < 0.1) served as the end 

point for successful inhibition of bacterial growth.  

3.2.3 Bacterial biofilm growth in a continuous flow reactor system 

Bacterial induced-biofilms were acquired using a flow reactor system as 

previously described [227]. To retrieve adequate amounts of biofilms for proteomic 

studies, we used a continuous flow system wherein a pump-based continuous flow is 
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achieved and the biofilm is formed in silicone tubing (Figure 3.2). In brief, a single 

isolate was inoculated in TSB, then an overnight culture was diluted 1:100 into TSB and 

cultured until exponential phase was reached. A 10-mL inoculum from the exponential 

phase was injected into a bespoke liquid flow reactor system containing 3% of TSB 

where it was allowed to acclimate and attach without flow for 30 minutes after which 

media flow through the tubing was restored at a flow rate 0.8 ml min-1. Bacterial biofilms 

were subsequently allowed to grow inside the tubing at 37°C for 1, 3 and 6 days. All 

samples were collected in biological triplicates. Bacterial biofilm samples from each time 

point were harvested by squeezing the silicone tubing to force the cells out.  

 

Figure 3.2. Continuous bioflow system for biofilm growth. Bacterial biofilm 
harvesting was performed on day 1, 3, and 6 post-incubation. 
  
3.2.4 Sample preparation, digestion, and peptide extraction  

Protein extraction and digestion were accomplished as previously described [227]. 

All planktonic and bacterial biofilm pellets in phosphate buffered saline (PBS) were 

thawed on ice, vortexed and genomic DNA removed with 30 µg mL-1 DNase I treatment 
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(New England Biolabs, MA). Cell lysis was performed using a Ultrasonic processor XL 

sonicator (Qsonica, CT, USA) at 4°C (6 rounds 20 sec with 10 sec rests). Unbroken cells 

and cell debris were eliminated by centrifugation at 5,000×g at 4°C for 20 min. Protein 

lysates were precipitated by ultracentrifugation at 39,000×g at 4°C for 45 min after which 

fractionated proteins were dissolved in 50 mM ammonium bicarbonate (ambic) buffer. 

Protein concentration was determined by NanoDrop spectrophotometer (Thermo Fisher 

Scientific, MA). A 300 µg sample of protein was then denatured in 6M Urea, 1.5M Tris 

pH 8.8, and 5mM TCEP followed by disulfide reduction in 40 mM dithiothreitol in a 

25mM ambic buffer. Post-reduction, alkylation was achieved by addition of 40 mM 

iodoacetamide in a 25mM ambic buffer for 1 hour at room temperature. Finally, the urea 

buffer was diluted with 800 µL of 25 mM ambic and 200 µL methanol to facilitate 

proteolysis. Reduced, alkylated protein samples were digested overnight with trypsin 

(200:1, w/w; Trypsin Gold, mass spectrometry grade; Promega, WI, USA) at 37°C. The 

next morning, 200 µL of water was added to the trypsin digested samples after which the 

liquid was removed by evaporation in a speed-vacuum concentrator (Eppendorf 

vacufuge; Eppendorf, NY, USA) and this process repeated three times. Finally, 90 µg of 

the digested protein samples were reconstituted in 5% ACN/0.1% TFA in water and 

desalted using microspin columns (The Nest Group, MA, USA ). Eluted peptide samples 

were reconsitituted in 0.5% ACN/0.1% Formic acid at a final concentation 0.1 µg µL-1 

and stored at -20°C, until the mass spectrometry (MS) data acquisition.   

3.2.5 LC-MS/MS analysis, data acquisition, data processing and bioinformatics 

methods 

For each sample, quantitative proteomics data was generated in triplicate using a 
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Waters NanoAcquity high-pressure liquid chromatography system (Waters Corporation, 

Milford, MA) coupled to a Thermo Orbitrap Fusion Tribrid Mass Spectrometer (Thermo 

Fisher, San Jose, CA). Digested peptides were desalted on a fused-silica precolumn (100 

µm inner diameter, 365 µm outer diameter, 5-µm-diameter, 2 cm packing with 200-Å 

Magic C18 reverse-phase particles (Michrom Bioresources, Inc., Auburn, CA)) and 

separated on an in-house packed 75-µm inner diameter, 180 mm long analytical column 

packed with 5-µm-diameter, 100-Å Magic C18 particles. Analytical columns for peptide 

separation were constructed in-house using a Sutter P-2000 CO2 laser puller (Sutter 

Instrument Company, Novato, CA). Peptides were separated using a gradient mixture of 

mobile phase A (0.1% formic acid, water) and mobile phase B (0.1% formic acid, 

acetonitrile) in a 95-min period wherein buffer B was increased as follows: 5% - 35% in 

60 min at 250 nL min-1. Subsequently a 5-min wash in high organic phase (80%B) was 

achieved and column was re-equilibrated for 25-min in 5% buffer B. MS data was 

collected using Xcalibur (version 2.8; Thermo Scientific) in data dependent acquisition 

mode with a full MS scan in orbitrap followed by collision-induced dissociation (CID) 

fragmentation of precursors.    

 Tandem mass spectra were matched to peptide sequences by search against a B. 

thailandensis ATCC 700388 database (UniProt) using software package MaxQuant [210] 

supplied with the Andromeda search engine [211]. Peptide quantification was extracted 

from MS1 peak intensity (extracted ion current) and protein-assembled profiles from 

MaxQuant results were analyzed using Perseus software (version 1.5.1.6) to calculate 

differential expression from the resulting label-free quantification (LFQ) intensity values 

[234]. LFQ values were calculated and transformed to log2 ratios [235]. Moreover, the 
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differential expression values with false-discovery-rate (FDR)-adjusted p-values less than 

0.05 were accepted as significant after applying a global FDR [235]. Proteins identified 

thusly were classified via a cluster of orthologous groups (COGs; 

http://www.ncbi.nlm.nih.gov/COG) [236]. 

3.3 Results and Discussion 

3.3.1 Antimicrobial susceptibility of B. thailandensis planktonic versus biofilm form 

Minimum inhibitory concentration (MIC) tests the antibiotic susceptibility of 

planktonic bacteria, which doesn’t accurately reflect bacterial susceptibility when they 

form biofilms. Hence, a MIC of planktonic shedding cells (P-MIC) and minimum biofilm 

eliminating concentration (MBEC) was determined. The MICs and P-MICs 

determination of planktonic free-living and shedding cells from B. thailandensis 

indicated that it was susceptible to different classes of antimicrobials including 

fluoroquinolone (CIP), beta-lactam ceftazidime (CAZ), trimethoprim (TMP), and 

macrolide (ERY) and at 0.5, 1.0, 4.0, and 16 µg mL-1, respectively (Figure 3.3). These 

antimicrobials cover However, the P-MIC value of TM was 128-fold higher than the MIC 

value for planktonic bacteria (from 4 µg mL-1 to 512 µg mL-1). The MBEC values for 

biofilm forming bacteria showed resistance to CAZ, ERY, and TP and required over 

1000-fold more antibiotic (1,024 µg mL-1).  

During biofilm growth phase, bacteria exhibited lowered response against 

antimicrobial drugs (Figure 3.3). Our results are in agreement with earlier reports that 

show increased antimicrobial resistance in biofilm forming bacteria [225].  

During biofilm formation, Burkholderia up-regulated biofilm growth-associated genes 

that also facilitated antimicrobial resistance [225]. Antibiotic susceptibilities in B. 
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thailandensis are dependent on bacterial growth phases; bacteria growing in exponential 

phase exhibit marked antibiotic sensitivities while stationary phase bacterial cells 

demonstrate acquired antibiotic tolerance (Figure 3.3). This is a consequence of altered 

susceptibilities that are a phenotypically acquired trait, in part through differential 

antibiotic uptake, rather than through a genetic mechanism as reported earlier [237]. 

 

Figure 3.3. Antibiotic susceptibility evaluation of B. thailandensis to antimicrobial 
agents in planktonic and biofilm forms. The response of B. thailandensis to 
ceftazidime (CTZ; A), ciprofloxacin (; B), erythromycin (ERY; C), and trimethoprim 
(TMP; C) were shown (MIC; minimum inhibitory concentration, P-MIC; MIC of 
planktonic shedding cells, and MBEC; minimum biofilm eliminating concentration). 
 

3.3.2 Proteomic analysis of B. thailandensis biofilms and planktonic bacteria 

As gene expression analysis showed that only ~1% of genes are differently 

expressed in biofilms [228], we performed temporal proteomic profiling to detect, 

quantify, and characterize proteins important to the transition from planktonic to biofilm 

states. To do so, proteomic data from B. thailandensis biofilms grown in a continuous 
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flow reactor were compared to planktonic data, harvested at four time points during 

growth (planktonic (early log, mid log, early stationary, and mid stationary) versus 

biofilm (early, maturing, and late)). Principal component analysis (PCA) of these data at 

various time points clustered separately in biofilm and planktonic groups, exhibiting a 

clear separation in PCA between bacterial planktonic and biofilm states (Figure 3.4).  

 

 

Figure 3.4. Principal component analysis (PCA) of biofilm and planktonic 
proteomics data (Log2 fold changes). The PCA plot represents 875 proteins with 
biological replicates represented in colors and matching symbols.   

 

A total of 875 proteins showed differential expression between biofilm (1, 3, and 

6 days) and planktonic samples (E-sta, M-sta, E-log, and M-log) (Figure 3.4). Analysis 

of variance (ANOVA) statistical analysis revealed 479 proteins (q <0.05) to be 

differentially expressed and statistically significant between biofilm and planktonic 

samples (Figure 3.5). These 479 proteins were further evaluated for any 
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overrepresentation of Cluster of Orthologous Groups (COG) [236] (Figure 3.6). The 

COGs database contains predicted and known proteins from sequenced microbial 

genomes and analyzes orthologous groups that have members across ≥3 lineages likely 

correspond to an ancient conserved domain. COG analysis showed significant enrichment 

of proteins involved in amino acid transport and metabolism (E), energy production and 

conversion (C); translation, ribosomal structure and biogenesis (J) (Figure 3.6).  

3.3.3 Differential regulation of metabolic and stress-related proteins and virulence 

factors 

During biofilm formation, the bacterial protein synthesis machinery is slowed 

down (Table 3.1-3.3). Specifically COG “E”, which represents amino acid transport and 

metabolism exhibited downregulation of proteins. As biofilms have limited availability of 

energy resources, COG “C - Energy production” indicated metabolic activities and 

energy production are lowered during biofilm formation (Table 3.1-3.3). Bacteria in 

biofilms are adapting to a slower growth rate, as exhibited by an overall lower energy 

demand through the tricarboxylic acid (TCA) cycle and ATP synthesis. The 

downregulated metabolic genes in Burkholderia biofilms observed here may explain the 

observed decrease in antibiotic sensitivities as reported by earlier work [237]. Stress 

related proteins such as alkyl hydroperoxide reductase/thiol specific antioxidant 

(AhpC/Tsa) and heat shock protein HslVU levels were observed to be upregulated, 

suggesting bacterial adaptation to biofilm-associated stress. ANOVA significant and 

differentially expressed proteins as observed in different stages of planktonic and biofilm 

forms are provided in Tables 3.1-3.3. 
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Figure 3.5. Z-scored hierarchical clustering of biofilm and planktonic samples from 
different time points. ANOVA significant proteins’ expression differences are depicted 
in colors where blue indicates downregulation and red upregulation.  
 

3.3.4 Temporal proteomic changes in planktonic and biofilms  

Table 3.3 enlists differential expression of proteins in biofilms versus early-/mid- 

log and stationary planktonic forms of bacteria. Transcription accessory protein TEX, 

which is involved in pathogen fitness [238, 239], is downregulated in biofilm samples 

when compared with early/mid log planktonic bacteria. TEX is overexpressed later in 

biofilms samples, suggesting temporal roles of TEX protein in bacterial fitness and long 

term survival. Virulence factors were curated from literature, Victors virulence factor 

database PHIDIAS (www.phidias.us/victors/), which has 5296 virulence factors curated 

from literature and bioinformatics analyses, and Burkholderia Genome DB 

(www.burkholderia.com/). Of these a total of 121 manually curated virulence factors and 

stress-related proteins are compared for their temporal expression between planktonic and 

biofilm samples (Table 3.4; Figure 3.7). Cluster (3) is comprised primarily of putative 
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stress-related response proteins such as BTH_I2608 (3-oxoadipate CoA-succinyl 

transferase alpha subunit), BTH_I0164 (heat shock protein HslVU, ATPase subunit 

HslU), BTH_I0498 (excinuclease ABC, A subunit), BTH_I2122 (ATP-dependent 

proteinase. Serine peptidase. MEROPS family S16), BTH_I0763 (ATP-dependent Clp 

protease ATP-binding subunit ClpA), BTH_I2418 (peptide synthetase-like protein), and 

BTH_I2092 (antioxidant, AhpC/Tsa family) (Figure 3.7). A number of virulence factors 

show distinct temporal expression patterns in planktonic (early log, mid log, early 

stationary, and mid stationary) and biofilm (early, maturing, and late) growth forms. 

Several virulence factors showed upregulation throughout the growth of biofilms in 

early-, maturing-, and late- maturing stages (Figure 3.7, Table 3.4).
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Table 3.1. Differential expression values for proteins (biofilms versus early- and 
mid- log planktonic forms) obtained at different time points. 
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Table 3.1. Differential expression values for proteins (biofilms versus early- and 
mid- log planktonic forms) obtained at different time points (Cont.). 
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Table 3.1. Differential expression values for proteins (biofilms versus early- and 
mid- log planktonic forms) obtained at different time points (Cont.). 
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Table 3.1. Differential expression values for proteins (biofilms versus early- and 
mid- log planktonic forms) obtained at different time points (Cont.). 
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Table 3.1. Differential expression values for proteins (biofilms versus early- and 
mid- log planktonic forms) obtained at different time points (Cont.). 
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Table 3.2. Differential expression values for proteins (biofilms versus early- and 
mid- stationary planktonic forms) obtained at different time points. 

 

 



 

 

68 

Table 3.2. Differential expression values for proteins (biofilms versus early- and 
mid- stationary planktonic forms) obtained at different time points (Cont.). 
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Table 3.2. Differential expression values for proteins (biofilms versus early- and 
mid- stationary planktonic forms) obtained at different time points (Cont.). 
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Table 3.2. Differential expression values for proteins (biofilms versus early- and 
mid- stationary planktonic forms) obtained at different time points (Cont.). 

 

 



 

 

71 

Table 3.3. Differential expression values for proteins (biofilms versus early-/mid- log 
and stationary planktonic forms) obtained at different time points. 
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Figure 3.6. Cluster of orthologous groups (COG) classification of 479 ANOVA 
significant and differentially expressed proteins with their classification (y-axis) and 
number of differentially regulated proteins (x-axis). The total sum of COG classified 
proteins is greater than 479 proteins as some proteins fit in more than one COG 
classifiers. 
 
3.4 Conclusions 

Biofilm formation is a common bacterial attribute wherein free-floating 

planktonic bacteria adapt to form sessile colonies, which in their later stages shed new 

planktonic bacteria to restart the cycle between these free-floating and stationary states. 

Biofilms provide bacteria with survival advantages such as acquisition of protective 

barrier “extracellular/exopolymer matrix” and subsequent diminished antibiotic 

sensitivities, as well as horizontal gene transfer among biofilm dwellers.  The transition 

from planktonic cells to sessile biofilm communities occurs through the reshaped 

proteome, as transcriptional changes from these two bacterial phases were reported to be 
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in poor correlation with their respective proteomes [227, 228]. The present global 

proteomic work revealed the temporal changes in proteomes that support Burkholderia 

biofilms, such as adaptation to environmental challenges, including stress, nutrient 

limiting conditions, and antibiotic susceptibility (Figure 3.7; 3.8). In addition, bacteria 

grown as biofilms also have a limited oxygen supply and are exposed to cell envelope, 

oxidative, nitrostative, DNA damage, and protein structural denaturation 

(unfolding/misfolding) sources of stress.  

To avoid eradication by antibiotics, bacteria may turn on genetically encoded 

resistance elements and/or phenotypically adapt in response to environmental conditions. 

Metabolically dormant bacteria present in biofilms, although typically capable of 

possessing genetic susceptibilities to antibiotics, reduce the efficacy of antimicrobial 

therapy through acquired phenotypical tolerance, such as diminished drug uptake [237]. 

The metabolic modulations perhaps provide bacteria with an advantage in avoiding 

antibiotic sensitivities to different classes of drugs in bacterial biofilm forms. 

Interestingly, biofilm forms of Burkholderia also block antibiotic response by avoiding 

production of reactive oxygen species [280]. Slow replication and metabolic rates give 

adaptive advantages to biofilms while stress-associated proteins help control the core 

proteome as well as nucleic acids to maintain cellular homeostasis. Earlier work has 

shown that biofilm bacteria inhibit cellular respiration, such as via a diminished TCA 

cycle through glyoxylate shunt [237]. In conformity with the earlier work that presented 

diminished metabolic activities providing bacteria with adaptive advantages, we also 

found TCA cycle depression (downregulation of malate dehydrogenase, succinyl-CoA 

synthase, aconitase, succinate dehydrogenase, fumarase) in Burkholderia biofilms (Table 
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3.1-3.3). Additionally, overexpression of malate synthase aceB suggests a glyoxylate 

bypass while TCA cycle associated enzymes are downregulated (Table 3.1). Given that 

the glyoxylate shunt serves as an alternative to the TCA cycle that is induced during 

stress, roles of malate synthase (aceB) are well established in the glyoxylate shunt [281]. 

Under conditions of biofilm growth, levels of propionate accumulation are reduced 

through its catabolism while 2-methylcitrate synthase is induced [282]. Here, we found 

that 2-methylcitrate synthase was overexpressed in the biofilm samples (Table 3.1-3.3). 

Increased levels of glyoxylate correlate with diminished bacterial metabolism, as it 

inhibits TCA cycle activity and antibiotic sensitivities [237]. Glyoxylate shunts carbon 

away from the TCA cycle [283, 284] and protects bacteria against tobramycin antibiotic 

lethality [237]. Interestingly, we also observed downregulation of TCA cycle enzymes, 

such as malate dehydrogenase, succinyl-CoA synthase, aconitase, succinate 

dehydrogenase, and fumarase (Table 3.1-3.3). In addition, TCA cycle attenuation aids in 

formation of the exopolysaccharide matrix and consequently decreases antibiotic 

response in bacterial biofilms [285]. Among other hexokinases, glucokinase has a lower 

affinity for glucose while it is also involved in the first step of the biosynthetic pathway 

that produces precursors for biofilm exopolysaccharide synthesis [286]. Glucokinase 

levels were observed to be upregulated in Burkholderia in biofilm stimulating conditions, 

indicating that it may support biofilms (Table 3.1-3.3). 
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Figure 3.7. Expression (z-scored) profiles of Burkholderia virulence factors during 
planktonic and biofilm growth. 121 manually curated virulence factors and stress-
related proteins are compared for their temporal expression between planktonic and 
biofilm samples. Cluster (1) and (2) have majority of differentially regulated 
Burkholderia virulence factors and cluster (3) contains stress-related response proteins 
(BTH_I2608, BTH_I0164, BTH_I0498, BTH_I2122, BTH_I0763, BTH_I2418, and 
BTH_I2092) (Table 3.4).  
 

Exopolyphosphatases hydrolyze a key regulator of stress responses and virulence 
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known as long-chain poly(P), and can alter bacterial cell membrane permeability and 

antibiotic tolerance [257-259]. For example, an M. tuberculosis strain deficient in the 

exopolyphosphatase gene exhibited elevated levels of poly(P), a reduced bacterial growth 

rate, reduced antibiotic susceptibility, increased cell wall thickness, and a metabolic shift 

in carbon source utilization [257]. Growing Burkholderia in biofilm stimulating 

conditions showed downregulation of exopolyphosphatase (Table 3.1-3.3), suggesting 

poly(P) accumulation may assist in metabolic shift and adaptation during biofilm 

formation. 

In bacteria, transcription termination factor Rho-controlled transcription correlates 

with biofilm formation, cell motility, growth, metabolism, and sporulation; absence of 

Rho suppresses biofilm formation [287] and several antibiotics target Rho factor [248-

250]. In Burkholderia biofilms, the upregulation of Rho might facilitate biofilm 

formation (Table 3.1). Additionally, Gram-negative bacterial outer membrane stability 

factor TolB, a periplasmic protein that is also a potential drug target and that plays roles 

in intracellular traffiking and secretion [240, 242, 243], is upregulated in Burkholderia 

biofilms (Table 3.1).  

In response to environmental stress present during biofilm formation, bacteria 

produce stress-associated proteins that help maintain protein and nucleic acid integrity 

and/or remove non-required or damaged proteins [246]. In Burkholderia biofilms, heat 

shock protein HslVU was overexpressed; ATPase subunit HslU proteins are usually 

overexpressed in response to stress (Table 3.1-3.3) as they degrade damaged proteins. 

Additionally, alkyl hydroperoxide reductase/thiol specific antioxidant (AhpC/Tsa) family 

proteins play various roles in stress responses. For example, AhpC directly reduces 
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organic hyperoxides whereas TSA protects against sulfur-containing radicals. In 

comparison to their planktonic forms, Burkholderia biofilms showed upregulated 

AhpC/Tsa proteins (Table 3.2). Most of the ANOVA significant proteins detected in the 

biofilm state data were found to be concordant with earlier published studies of bacterial 

biofilms (Table 3.1-3.3). However, some of the protein expression levels were observed 

to be discordant, for example chaperonin/co-chaperone (groES, groS, GrpE) expression. 

Interestingly, a transcriptomics study of biofilms also reported downregulation of groES 

and GrpE [288].  
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Table 3.4. 121 manually curated virulence factors and stress-related proteins are 
compared for their temporal expression between planktonic and biofilm samples as 
shown in Figure 3.7. 
 

 Cluster-1  
Gene 

names Protein names COG 

BTH_I3311 ATP synthase F1 subcomplex delta subunit C 
BTH_I3310 ATP synthase F1 subcomplex alpha subunit C 
BTH_I0354 sporulation-related repeat protein D 
BTH_I0666 phosphoribosylaminoimidazole-succinocarboxamide synthase (EC 6.3.2.6) F 
BTH_I2248 transcription accessory protein, TEX K 
BTH_I2252 Beta-barrel assembly machine subunit BamD M 
BTH_I1490 lipopolysaccharide heptosyltransferase I M 
BTH_I1483 capsular polysaccharide biosynthesis M 
BTH_I0650 O-antigen polymerase family protein M 
BTH_I3181 chemotaxis protein CheW N 
BTH_I0955 heat shock protein HtpG O 
BTH_II1320 putative DnaK-related protein (Molecular chaperone) O 
BTH_I1206 ferric uptake regulator P 
BTH_I1983 patatin-like phospholipase R 
BTH_I2578 Beta-barrel assembly machine subunit BamC S 
BTH_I2081 phage shock protein A (PspA) family protein T 
BTH_I3048 protein translocase subunit secY/sec61 alpha U 
BTH_I3312 ATP synthase F0 subcomplex B subunit C 
BTH_I3309 ATP synthase F1 subcomplex gamma subunit C 
BTH_I2233 cytoskeleton protein RodZ D 
BTH_I1123 cell division protein FtsZ D 
BTH_I1122 cell division protein FtsA D 
BTH_I1117 cell division-specific peptidoglycan biosynthesis regulator FtsW D 
BTH_II0684 Sporulation related repeat family D 

BTH_I3301 L-proline dehydrogenase (EC 1.5.99.8)/delta-1-pyrroline-5-carboxylate 
dehydrogenase (EC 1.5.1.12) E 

BTH_I2909 anthranilate synthase, component I (EC 4.1.3.27) E 
BTH_I2245 Adenylosuccinate synthetase (EC 6.3.4.4) F 
BTH_I2231 nucleoside diphosphate kinase (EC 2.7.4.6) F 
BTH_I1317 phosphoribosylformylglycinamidine cyclo-ligase (EC 6.3.3.1) F 
BTH_I0979 formate-dependent phosphoribosylglycinamide formyltransferase (EC 6.3.4.-) F 
BTH_I3074 Protein translocase subunit SecY L 
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Table 3.4. 121 manually curated virulence factors and stress-related proteins are 
compared for their temporal expression between planktonic and biofilm samples as 
shown in Figure 3.7. contd. 
 

 Cluster-1  
Gene 

names Protein names COG 

BTH_I0643 recA protein L 
BTH_I3235 protein translocase subunit yidC M 
BTH_I1644 ADP-glyceromanno-heptose 6-epimerase precursor (EC 5.1.3.20) M 
BTH_I1119 UDP-N-acetylmuramate--L-alanine ligase (EC 6.3.2.8) M 
BTH_I0682 RND efflux system, outer membrane lipoprotein, NodT family M 
BTH_I3318 chromosome segregation ATPase N 
BTH_I3182 CheA signal transduction histidine kinase N 
BTH_I2937 chaperone protein, putative O 
BTH_I2917 thiol:disulfide interchange protein DsbC, putative O 
BTH_I2118 trigger factor O 
BTH_I1458 chaperonin GroEL O 
BTH_I1457 chaperonin, 10 kDa O 
BTH_I1309 chaperone protein DnaJ O 
BTH_I1308 chaperone protein DnaK O 
BTH_I1306 co-chaperone GrpE O 
BTH_I0587 magnesium and cobalt efflux protein CorC P 
BTH_II1418 magnesium-translocating P-type ATPase P 
BTH_I1756 ABC transporter, permease/ATP-binding protein Q 
BTH_I0681 hydrophobe/amphiphile efflux family protein Q 
BTH_II1926 alkyl hydroperoxide reductase, subunit c Q 
BTH_I1907 Beta-barrel assembly machine subunit BamC S 
BTH_I1276 protein-export membrane protein SecD U 
BTH_I1561 hypothetical protein  
BTH_I0576 hypothetical protein  

 Cluster-2  
BTH_I2900 phenylacetic acid degradation protein paaN C 
BTH_I0146 rod shape-determining protein MreB D 
BTH_I3023 3-dehydroquinate synthase (EC 4.2.3.4) E 
BTH_I0739 Adenylate kinase (EC 2.7.4.3) F 
BTH_I2046 phosphoenolpyruvate synthase (EC 2.7.9.2) G 

BTH_I2039 acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine O-acyltransferase (EC 
2.3.1.129) M 
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Table 3.4. 121 manually curated virulence factors and stress-related proteins are 
compared for their temporal expression between planktonic and biofilm samples as 
shown in Figure 3.7. contd. 
 

 Cluster-2  

Gene 
names 

Protein names COG 

BTH_I2035 Beta-barrel assembly machine subunit BamA M 
BTH_I1372 outer membrane protein, OmpA family M 
BTH_I0857 ompA family protein M 
BTH_I3098 phenylacetic acid degradation protein PaaB Q 

BTH_I1388 1-Cys peroxiredoxin (EC 1.11.1.15) Q 
BTH_I0985 lipid A export ATP-binding/permease protein MsbA Q 

BTH_I1673 microcin-processing peptidase 1. Unknown type peptidase. MEROPS family 
U62 R 

BTH_I1371 hypothetical protein R 

BTH_I1296 microcin-processing peptidase 2. Unknown type peptidase. MEROPS family 
U62 R 

BTH_I2094 two component transcriptional regulator, winged helix family T 
BTH_I0482 putative ATPase T 
BTH_I2554 dihydrolipoamide dehydrogenase C 
BTH_I1866 dihydrolipoamide dehydrogenase (EC 1.8.1.4) C 
BTH_II0673 3-isopropylmalate dehydratase, small subunit (EC 4.2.1.33) E 
BTH_I2135 phosphoribosylformylglycinamidine synthase F 
BTH_I1250 bifunctional purine biosynthesis protein PurH F 
BTH_I1894 enolase (EC 4.2.1.11) G 
BTH_I1720 acyl carrier protein I 
BTH_I2920 GTP-binding protein YchF J 
BTH_I0011 type II secretion system protein G (GspG) N 
BTH_I2776 membrane protease FtsH catalytic subunit (EC 3.4.24.-) O 
BTH_I0415 carboxy-terminal protease O 
BTH_I2765 exopolyphosphatase P 
BTH_I3097 phenylacetate-CoA oxygenase, PaaG subunit Q 
BTH_I2998 ABC transporter, ATP-binding protein Q 
BTH_I2258 polyhydroxyalkanoate synthesis repressor PhaR Q 
BTH_I2218 hypothetical protein  
BTH_I1863 hypothetical protein  
BTH_I1491 hypothetical protein  
BTH_I1045 acetolactate synthase, large subunit (EC 2.2.1.6) E 
BTH_I3308 ATP synthase F1 subcomplex beta subunit C 
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Table 3.4. 121 manually curated virulence factors and stress-related proteins are 
compared for their temporal expression between planktonic and biofilm samples as 
shown in Figure 3.7. contd. 
 

 Cluster-3  

Gene names Protein names COG 

BTH_I1828 glutamine synthetase family protein E 
BTH_II0462 metallo-beta-lactamase family protein J 
BTH_I0486 RNA polymerase, sigma 54 subunit, RpoN/SigL K 
BTH_II1407 UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 2.5.1.7) M 
BTH_I2121 ATP-dependent Clp protease, ATP-binding subunit ClpX O 
BTH_I3099 phenylacetate-CoA oxygenase, PaaI subunit Q 
BTH_I2418 peptide synthetase-like protein Q 
BTH_I2092 antioxidant, AhpC/Tsa family Q 
BTH_I1862 two component transcriptional regulator, LuxR family T 
BTH_I1373 tolB protein U 
BTH_I2774 phosphoglucosamine mutase (EC 5.4.2.10) G 
BTH_I2608 3-oxoadipate CoA-succinyl transferase alpha subunit I 
BTH_I0498 excinuclease ABC, A subunit L 
BTH_II2125 methyl-accepting chemotaxis sensory transducer with Pas/Pac sensor N 
BTH_I2974 stringent starvation protein A O 
BTH_I2958 ClpA/B type protease O 
BTH_I2205 ATP-dependent Clp protease, ATP-binding subunit ClpB O 
BTH_I2122 ATP-dependent proteinase. Serine peptidase. MEROPS family S16 O 
BTH_I0763 ATP-dependent Clp protease ATP-binding subunit ClpA (EC 3.4.21.92) O 
BTH_I0675 serine protease O 
BTH_I0164 heat shock protein HslVU, ATPase subunit HslU O 
BTH_I2239 hisS BTH_I2235 T 
BTH_I2962 unnamed protein product; Similar to Hcp protein U 
BTH_II1248 hypothetical protein  
BTH_II0419 ATP synthase F1, beta subunit C 
BTH_I1634 phosphoserine aminotransferase apoenzyme (EC 2.6.1.52) E 
BTH_II0672 3-isopropylmalate dehydratase, large subunit E 
BTH_I0716 cyclopropane fatty acid synthase family protein I 
BTH_II2036 Excinuclease ABC subunit B L 
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Figure 3.8. Proteome rewiring supports bacterial biofilm. Bacteria in biofilms slow 
down their metabolic rates while increase stress-related responses, which might facilitate 
bacteria’s ability to exhibit decreased antibiotic sensitivity when in biofilm form. 

 

All in all, comparative proteome profiles of biofilm and planktonic bacteria 

showed proteomic rewiring that supports biofilm formation wherein downregulation of 

metabolic proteins and up-regulation of stress-associated proteins is observed (Figure 

3.8). As proposed earlier, potentiating TCA cycle (e.g. by supplying metabolite fumarate) 

with a combination of antibiotics may serve as unique strategy to inhibit biofilm-forming 

bacteria [237]. The present systems-wide temporal profiling of planktonic and biofilm 

forming Burkholderia provides a unique opportunity to understand how bacterial 

proteome correlates with an overall adaptive response.   
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Chapter 4 

 
Global immunoproteomic profiling of endotoxin-stimulated macrophages uncovers 
specifics of TLR4- and Caspase11- mediated recognition 
 
 
4.1 Introduction 

The innate immune system rapidly responds against invading pathogens, sterile 

infection, or tissue damage while paving the way for adaptive immunity [5].  This rapid 

response against pathogens is facilitated by pattern recognition receptors (PRRs) that 

recognize pathogens’ conserved molecular signatures termed pathogen-associated 

molecular patterns (PAMPs) [4]. To sense different microbial PAMPs, human and mice 

genetically encode eleven and thirteen toll like receptors (TLRs), respectively.  On the 

host myeloid cells, TLR4 recognizes Gram-negative bacterial outer membrane glycolipid 

lipopolysaccharide (LPS) [6, 7] and activates the NF-κB signaling pathway to mount the 

host cellular defense machinery [8, 202]. Intracellularly, LPS is sensed and sampled, 

independently of TLR4, by caspase-4/5 in humans and caspase-11 in mice through the 

noncanonical inflammasome machinery [45, 61]. Intracellular LPS induces an 

inflammatory form of cellular death termed pyroptosis [143].  

Lipid A, the membrane anchor of LPS, is the minimal structural scaffold required 

for recognition by receptors and for mounting host immune machinery. Lipid A structure 

affects the host immune response and different Gram-negative bacteria produce diverse 

LPS molecules that possess a wide range of immune stimulatory potentials [229]. 

Further, structural modifications to lipid A scaffold also modulates their 

immunomodulatory potentials. The number, length, and degree of unsaturation of fatty 
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acyl chains as well as number of phosphate groups and their modifications can enable, 

diminish, or block host immune activities [102]. Mass spectrometry (MS)-based LPS 

structural characterization and immunoproteomics has helped uncover how LPS structure 

affects function and molecular basis of bacterial pathogenesis [229]. 

Immune cells interpret the kinds of PAMPs they encounter and mount an 

appropriate inflammatory response that can eradicate an infection without over 

production of inflammation – a threshold, which if surpassed could potentially lead to 

septic shock. Post-pathogen recognition, immune cells communicate and coordinate to 

mount a sufficient inflammatory response through a secretory subproteome referred to as 

the secretome. Recent interests in MS-based secretomic analysis of LPS stimulated 

macrophages increased our understanding of endotoxin recognition [106, 111, 114, 117, 

229]. The downstream signaling events that occur post-TLR4 mediated activation are 

well defined, but detailed structural and mechanistic aspects of non-canonical 

inflammasome mediated LPS recognition needs to be more fully elucidated.  Identifying 

secretory factors that regulate, coordinate, and propagate immune signaling is required to 

fully elucidate the specifics of TLR4- and caspase-11- mediated endotoxin sensing. 

Better understanding of these cascades is expected to facilitate rational design of vaccine 

adjuvants, vaccines themselves, and immunotherapeutics against immune system 

dysregulation and autoimmune diseases. Systems biology studies of endotoxin sensing in 

macrophages have been accomplished using transcriptomics and systems 

immunoproteomics approaches. Secretomic analysis provided the most information of 

immune sensing, their inter-, and intra-cellular communications that shape an overall 

immune response [106, 114, 117, 229]. Despite extensive systems-level studies, many 
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components of TLR4 and caspase11 remain undefined. A global systematic secretomic 

analysis of TLR4 and capase11 mediated signaling should uncover components of 

cellular components that orchestrate proper immune responses. 

For the non-canonical inflammasome activation, caspases proteolytically cleave 

downstream proteins to induce cytokine maturation (e.g. IL-1β and IL-18) and pyroptosis 

(e.g. gasdermin D) [46, 61, 135, 143]. MS-based strategies were used to deduce 

downstream substrates of the caspases and their phosphorylation status [135, 199-201]. 

Based upon initial proteomics data on caspases and their substrates [135], it was observed 

that the executor of pyroptosis is gasdermin D [46, 61, 143]. In the present study, we used 

mass spectrometry-based endotoxin structural characterization and secretomic analysis to 

investigate the macrophage response through TLR4 and caspase-11 (Figure 4.1). The 

present systems-level analysis enables an unbiased quantification of the protein secretory 

changes in response to endotoxin stimulation. 

4.2 Materials and Methods 

4.2.1 Top-down lipopolysaccharide structural analysis using multi-Stage MS (MSn) 

To determine and validate the purity and structures of different LPS, top-down 

LPS structural elucidation was achieved as described elsewhere [87]. Highly purified 

Bordetella pertussis 165, E. coli J5, and Salmonella Minnesota R595 were obtained from 

List Biological Laboratories, Inc. Campbell, CA. LPS samples were dissolved at an 

estimated concentration of 20 µgmL-1 in 2-propanol:water (50:50 v/v) and infused by a 

syringe pump at 5 µLmin-1 directly into a home-built nano-electrospray ionization (nESI) 

source of a linear ion trap (linear trapping quadrupole; LTQ) mass spectrometer (Thermo 

Finnigan, San Jose, CA). To increase ion transmission efficiency, LTQ MS was modified 
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with postproduction ion funnel optics. The mass spectrometer was operated in negative 

polarity with a capillary potential of 2.3 kV and MS/MS experiments were performed in 

the ion trap with ultra-pure helium as collision gas. For top down sequencing, MS3 was 

carried out on LPS product ions that correspond to lipid A and core oligosaccharides 

using stepped normalized collision energies. Obtained MS data were processed in 

Xcalibur version 3.0.63 and peak picking was performed using mMass version 5.5. 

Processed data were plotted using QtiPlot version 0.9.8.9 (www.qtiplot.com) and figures 

were generated in Inkscape version 0.91 (https:// inkscape.org). 

4.2.2 LPS activity analysis to infer structure-activity relationship (SAR) of different 

gram-negative endotoxins 

TNF-α, IL1-α, LDH quantification- Cytokine output was measured in 

conditioned media samples by sandwich ELISA in 384-well plates (Thermo Fisher 

Scientific Inc., Waltham, MA) according to the manufacturer’s instructions. TNF-α 

output was measured using the Mouse TNF-α DuoSet ELISA Development System 

(R&D Systems, Minneapolis, MN). For caspase stimulation, cells were primed with P3C 

(TLR2 ligand; 100 nM) for 6 hours and then stimulated with 100 ngmL-1 LPS with 

TransIT-TKO® transfection reagent (Mirus Bio LLC, Madison, WI). Priming is an 

essential process for mounting macrophage-mediated inflammatory responses however 

subsequent trigger signal (LPS stimulation) induces pyroptosis and secretion of IL-1β and 

IL-18. Supernatant were collected at 6 hours and 24 hours post-stimulation and caspase 

activity was quantified using secreted IL1-α as output using the respective BD OptEIA 

mouse ELISA kits (BD Biosciences, San Jose, CA). Additionally, cellular cytotoxicity 

and cytolysis was assayed by quantifying released lactate dehydrogenase (LDH) [289] 
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using the Pierce kit (Pierce biotechnology, Rockford, IL) as per manufacturer’s 

instructions. 

 TNF- and NF-kB reporter cells- THP1 B5 cells were maintained in RPMI 1640 

medium supplemented with 2 mM glutamine, 10% FBS, and 500 gmL-1 G418 (Sigma 

Aldrich, Saint Louis, MO). The THP1 B5 dual luciferase cells [290, 291] were 

differentiated for 72 hours with 5 ngmL-1 PMA (12-myristate13-acetate; Sigma Aldrich, 

Saint Louis, MO). The human THP1 B5 reporter clone contains the gene cassettes for the 

human TNF promoter driving TLR4-inducible expression of firefly luciferase and the 

UBC promoter driving constitutive expression of renilla luciferase as control. The 

differentiated cells were treated with LPS molecules for stimulation or culture media as 

control for 4 hours and firefly and Renilla luciferase activities were quantified using the 

Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI). The fold 

response changes were calculated by determining the firefly/renilla luminescence ratio, 

following the manufacturers protocol.   

4.2.3 Cell culture, reagents, and stable isotope labeling with amino acids in cell 

culture (SILAC) labeling 

The murine macrophage cell line RAW264.7 (American Type Culture Collection 

(ATCC), Manassas, VA) were grown in Dulbecco’s Modified Eagle Medium (DMEM) at 

37 °C, 5% CO2 in a humidified incubator and passaged every 2-3 days on sterile tissue-

culture treated plates. DMEM medium was supplemented with and 10% fetal bovine 

serum (FBS; Gemini Bio-Products, West Sacramento, CA), 2 mM L-glutamine (Lonza, 

Walkersville, MD), and 20 mM HEPES buffer (Lonza, Walkersville, MD). For stable 

isotope labeling with amino acids in cell culture (SILAC) [205], DMEM lacking L-lysine 
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and L-arginine (Cambridge Isotope Laboratories, Tewksbury, MA) were supplemented 

with 0.398 mM L-arginine, 0.798 mM L-lysine isotopes, 2 mM glutamine and 20 mM 

HEPES. For light, medium, and heavy SILAC media, DMEM lacking L-lysine and L-

arginine was supplemented with light (L-arginine (Arg0) and L-lysine (Lys0) or medium 

(13C6-L-arginine (Arg6) and 2D4-L-lysine (Lys4)) or heavy (13C6
15N4-L-arginine (Arg10) 

and 13C6
15N2-L-lysine (Lys8)) isotopes, respectively and cells were passaged in SILAC 

medium atleast five passages. 

4.2.4 TLR4 and non-canonical inflammasome stimulations 

Preparation of the secretome samples- RAW264.7 macrophages – light, medium, 

and heavy labeled – were plated in 12-well dishes at a concentration of 106 cells/mL (0.5 

mL per well) and left for overnight 37°C, 5% CO2 in a humidified incubator. Pre-

stimulation, FBS-containing media was removed and cells were washed once with FBS-

free media. For non-canonical stimulation, cells were first primed with 100 nM P3C for 6 

hours. The light-labeled (Arg0, Lys0) cells were left untreated for 24 hours while 

medium (Arg6, Lys4)- and heavy (Arg10, Lys8)- labeled cells were stimulated with 

either 100 ng/mL lipopolysaccharide (LPS) from highly purified Bordetella pertussis 

165, Escherichia coli J5, and, Salmonella Minnesota R595 LPS (List Biological 

Laboratories, Inc. Campbell, CA) for 6 hours and 24 hours, respectively. For canonical 

TLR4-mediated stimulations, the cells were stimulated with LPS diluted in DMEM 

media. For non-canonical inflammasome mediated stimulations, cells were first primed 

for 6h with 100 nM P3C and then stimulated with 100 ng/mL LPS diluted in DMEM 

media. At the designated timepoints, 450 µL of conditioned media was removed and 

filtered to remove any dead cells using centrifugal filters (0.22 µm pore size; EMD 
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Millipore, Tullagreen, Ireland) and flash-frozen in liquid nitrogen and stored at -80°C. 

250 µL of untreated (light), 6h stimulated (medium), and 24h stimulated (heavy) samples 

were combined at a 1:1:1 ratio (v:v:v) and then concentrated by vacuum centrifugation. 

Samples were then separated on one-dimensional SDS-PAGE. All stimulations were 

performed in triplicate. 

4.2.5 Sample fractionation using SDS-PAGE, in-gel trypsin digestion, and LC-MS 

analysis 

The secretome samples were fractionated by one-dimensional SDS-PAGE on 

NuPage 10% Bis-Tris gels with NuPage SDS MES running buffer and were stained with 

Colloidal Coomassie blue (SimplyBlue™ SafeStain, Life Technologies, Carlsbad, CA) 

[209]. After destaining, each gel lane was cut into 5 bands (approx. 1 mm3) and the gel 

samples were dehydrated with acetonitrile. Dehydrated samples were reduced with 10 

mM dithiothreitol in 100 mM ammonium bicarbonate (ambic) for 30 min at 56 °C. The 

gel samples were dehydrated with acetonitrile and then alkylated with 55 mM 

iodoacetamide in 100 mM ammonium bicarbonate for 20 min in the dark at room 

temperature. Reduced and alkylated samples were digested overnight with 13 ng/µL 

trypsin in 10 mM ambic containing 10% (v:v) acetonitrile, as described previously [209]. 

Peptides were extracted from the gel samples using 5% formic acid : acetonitrile (1:2 v:v) 

for 15 min at 37°C, vacuum centrifuge dried, and then resuspended in 0.1% v/v formic 

acid, 2% acetonitrile for MS/MS analysis.  

4.2.6 Peptide sequencing by tandem mass spectrometry, protein identification, and 

quantification 
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All LC-MS analyses were performed in data-dependent acquisition (DDA) mode 

using an UltiMate 3000 nanoLC system directly coupled to an LTQ Orbitrap Velos Pro 

mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA) that automatically 

cycle between Orbitrap full scan MS and LTQ MS/MS using a top 18 method for a 180-

minute linear gradient. The raw mass spectrometry data for global proteomic experiments 

were analyzed using MaxQuant version 1.5.5.1 and the Andromeda search engine n 

against the mouse Uniprot sequence database (downloaded Feb 2018) [210, 211] using 

the following parameters, 1) for trypsin digestion a maximum of two missed cleavages 

were allowed, 2) the maximum mass deviation for the monoisotopic precursor ions and 

fragment ions was set to 4.5 ppm and 0.5 Da, respectively, 3) N-terminal acetylation and 

methionine oxidation were set as variable modifications, 4) cysteine 

carbamidomethylation was set as a fixed modification, 5) re-quantification and match 

between runs functionalities were turned-on and the data was searched against the 

UniProt mouse sequence database, 6) protein identification required at least one 

unique+razor peptide per protein group, 7) the data were then filtered by setting a 1% 

FDR at both the peptide-spectrum-match and protein levels and protein abundance ratios 

were calculated for 6h and 24h treatments, and 8) SILAC ratios were used to determine 

fold changes for the TLR4- and caspase11- stimulated samples [209-211]. The mass 

spectrometry data and results have been deposited in the ProteomeXchange Consortium 

[212]. 

4.2.7 Bioinformatics analysis 

The fold change values for proteins were normalized using the median value to 

correct for unequal sample mixing for each timepoint. The proteins that were identified 
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by at least two unique peptides and quantified in at least two biological replicates were 

included in the analysis between the secretome data from the different stimulations and 

timepoints for further bioinformatics analysis as described earlier [106]. Quantified 

proteins were further analyzed for their differential expression and statistical significance 

through the analysis of variance (ANOVA) that identified 579 significantly expressed 

proteins (q <0.05). Protein expression fold change values were log2 transformed. For 

each timepoint and treatment, median abundance values for three biological replicates 

were calculated while ignoring the replicates that have missing values. Principal 

component analysis (PCA) and hierarchical clustering was then performed using the 

Perseus version 1.6.1.1 on 579 common secretome proteins between TLR4- and 

caspase11- stimulations between three LPS stimulations. Additional clustering was 

performed using the Genesis version 1.8.1 [292]. Gene Ontology (GO) for cellular 

component (GOCC), biological process (GOBP), and molecular function (GOMF) 

annotations for secretory proteins were done on Database for Annotation, Visualization 

and Integrated Discovery (DAVID, https://david-d.ncifcrf.gov/) portal [293, 294]. 

Additionally, proteins were analyzed for their secretory mechanism by SignalP 4.1 [295] 

and SecretomeP 2.0 [296]. The proteomic datasets were evaluated for enrichment 

analysis using EnrichR, which is a comprehensive online search portal that has curated 

gene sets [297]. Additionally the proteomic datasets were analyzed with String 

(https://string-db.org) [298] and Ingenuity Pathway Analysis (IPA; Ingenuity Systems, 

Mountain View, CA; https://www.qiagenbioinformatics.com/products/ingenuity-

pathway-analysis).  

 



 

 

 

92 

4.2.8 Site Identification by Ligand Competitive Saturation (SILCS) based molecular 

modeling analysis of MD2/TLR4 binding to lipid A molecules 

To get preliminary fragment the functional group-binding patterns on a target 

receptor maps (FragMaps), the dimer structures of MD2-TLR4 (PDB id#3FXI)[20], after 

removing lipid A, were used in simulations using Site Identification by Ligand 

Competitive Saturation (SILCS) method [299, 300]. Lipid A structures were docked via 

the MC-SILCS (Monte-Carlo SILCS) using the most favorable Ligand Grid Free Energy 

scores (LGFE) scores as described earlier [299, 300]. The corresponding atom-based grid 

free energy scores were then summed over the different to get the overall LGFE values 

(Table 4.2). SILCS method uses four types of FragMaps (aromatic, aliphatic, hydrogen-

bond donor and acceptor) that are constructed from four fragment atom types (benzene 

carbons, propane carbons, water hydrogens and water oxygens, respectively) (Figure 

4.8). FragMaps performs molecular dynamics (MD) simulations on a target 

macromolecular surface to determine the location and approximate quantitative affinities 

of small molecular fragments using LGFE metric. In the SILCS analysis, the FragMaps 

include contributions associated with the energetic penalty of desolvating functional 

groups on MD2/TLR4 receptor and lipid A. 
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Figure 4.1. TLR4 and non-canonical inflammasome mediated endotoxin sensing and 
macrophage stimulation. IL-1α is secreted after non-canonical inflammasome activation 
whereas IL-1β is secreted by caspase1 activation through canonical pathway; caspase11 
can also activate caspase11. Human cells don’t require priming for IL-1α or IL-1β 
release, in contrast RAW 264.7 macrophage cell line, as they don’t express 
inflammasome adaptor protein apoptosis-associated peck-like protein containing CARD 
(ASC), don’t secrete IL-1β. 
 

4.3. Results and Discussion 

4.3.1 Top-down multi-stage (MSn) to confirm lipid A structures 

As we showed earlier, abundant product ions (MS2) corresponding to the lipid A 

can be generated in the gas phase by analyzing intact rough LPS (rLPS) in a top-down 

fashion [87]. The product ions for lipid A can be dissociated, by generated by collision 

induced dissociation (CID), to generate MS3 product ions. Using gas phase 
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decomposition, the characteristic tandem spectra can provide complete lipid A 

dissociation information and primary structural coverage that aid lipid A structure 

determination. Figure 4.3 shows MS3 CID mass spectra for E. coli, S. minnesota, and B. 

pertussis lipid A moieties; characteristic loss of O-linked acyl chains was observed 

(Figure 3). MS3 analysis of E. coli m/z 1796, S. minnesota m/z 1928, and B. pertussis m/z 

1480 (-HPO3) lipid As confirm that E. coli and S. minnesota lipid As are hexa-acylated, 

bis-phosphorylated with S. minnesota lipid A was found to additionally possess the 

phosphates that were covalently modified by aminoarabinose (Ara4N) and 

phosphoethanolamine (PEtn); B. pertussis lipid A is penta-acylated, bis-phosphorylated 

(Figure 4.2; 4.3).  
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Figure 4.2. Lipid A structures of three different Gram-negative bacteria E. coli J5, 
S. minnesota R595, and B. pertussis 165. E. coli J5 and S. minnesota R595 lipid As are 
hexa-acylated, bis-phosphorylated with S. minnesota 165 lipid A having phosphates 
covalently modified by aminoarabinose (Ara4N) and phosphoethanolamine (PEtN). B. 
pertussis lipid A is penta-acylated, bis-phosphorylated. 
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Figure 4.3. Top-down MS analysis of endotoxins: MS3 analysis of E. coli m/z 1796, S. 
Minnesota m/z 1928, and B. pertussis m/z 1480 lipid As. MS2 product ions from 
endotoxins generated by collision induced dissociation (CID) to confirm lipid A 
structural inferences as described in our recent work [87] (the data were collected across 
different mass ranges according to the precursor ion masses for E. coli J5, S. minnesota 
R595, B. pertussis 165 lipid A m/z). 
 

4.3.2 LPS stimulation results 

The TLR4 stimulation, as determined by TNF-reporter luciferase macrophage 

system, exhibited bacterial species-specific stimulatory potentials (Figure 4.4A) that are 

dependent on endotoxin structures (Figure 4.2). LPS extracts are usually heterogeneous 

mixtures of structures with various activities where the cumulative immune activity is a 

result of all the LPS molecules acting in concert [87]. Nonetheless, dose and structure-

dependent immune activities were observed in TNF-reporter THP1 B5 macrophages 

(C) 

(A) (B) 
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(Figure 4.2; Figure 4.4A). In addition, TNF-α levels were quantified using ELISA after 

stimulating RAW 264.7 macrophages with 100 ngmL-1 of E. coli, S. minnesota, and B. 

pertussis LPS molecules for 6h and 24h (Figure 4.4B). All three Gram-negative bacterial 

LPS molecules stimulated the macrophages successfully producing a quantifiable amount 

of TNF-α secreted for both 6h and 24h stimulations. For secretomics analysis, we chose 

100 ngmL-1 as a final concentration for stimulating macrophages. As we had already 

validated TLR4-stimulatory properties of LPS molecules, we analyzed non-canonical 

inflammasome activity potentials of endotoxins. To do so, we first primed RAW 264.7 

macrophages with 100 nM P3C (TLR2 ligand) and then stimulated for 6h and 24h with 

100 ngmL-1 of LPS molecules. Control cells or those that are only primed don’t secrete 

IL-1α whereas P3C-primed, LPS-stimulated macrophages secrete IL-1α after non-

canonical inflammasome activation (with maximal secretion at 24h post-stimulation). 

The chosen final concentration of LPS (100 ngmL-1) sufficiently stimulates macrophages 

through TLR4 (Figure 4.4A, B) as well via caspase11 (Figure 4.4C). 
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Figure 4.4. TLR4- and caspase11- mediated endotoxin sensing and macrophage 
stimulation: a) Lipid A fatty acyl variations or modifications on glucosamine phosphates 
determine the TNF potential of endotoxins in human monocytes. The TNF-reporter cells 
were stimulated for 4h with 0, 0.1, 1, 10 and 100 ngmL-1 of three different LPS molecules 
from E. coli, S. minnesota, and B. cenocepacia. Post-stimulation, luciferase activities 
were recorded and quantified using Dual-luciferase reporter system, b) for TLR4 
stimulation, TNF-α was quantified for 6h and 24h post-stimulation with 100 ngmL-1 of 
three LPS molecules, c) for caspase11 stimulation macrophages were primed for 6h with 
P3C (100 nM) then IL-1α was quantified after cells were triggered with 100 ngmL-1 of 
LPS molecules for 6h and 24h. 
  

4.3.3 TLR4- and caspase11- mediated stimulated macrophages secrete characteristic 

proteins 

To investigate the changes in protein secretion when macrophages are presented 

with different LPS molecules through TLR4 and caspase11, we performed MS-based 

secretomics (Figure 4.1). We detected 2,231 proteins from all datasets obtained in 

biological triplicates for TLR4- and caspase11- mediated macrophage stimulations with 

three different LPS molecules for 6h and 24h. Proteins that were confidently identified 

(A) (B) 

(C) 
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with >2 unique peptides or quantified in more than two biological replicates were 

analyzed. A total of 1,226 proteins were analyzed for their significant differential changes 

and 579 proteins were found to be ANOVA significant proteins (q <0.05) that were used 

for further bioinformatics analyses. The z-scored hierarchical clustering of 579 ANOVA 

significant proteins show separation in secretory profiles of TLR4- and caspase11-

mediated macrophage stimulations (Figure 4.5).  Clustering of the ANOVA significant 

proteins showing expression changes that indicate samples from TLR4- and caspase11-

secretomes are completely separated. Top five proteins showing strongest expression fold 

changes, i.e., Tnf, Cxcl2, Cxcl10, Csf3 (Table 4.1), and Sdc4 (exclusive to TLR), were 

identified in TLR4-mediated stimulated macrophages. Syndecans are important cell 

surface proteoglycans, which modulates inflammation [301].  
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Figure 4.5. Z-scored hierarchical clustering of TLR4- and Caspase11- samples. 579 
ANOVA significant proteins’ expression differences are depicted in colors where blue 
indicates downregulation and red upregulation. 
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Figure 4.6. STRING analysis was used to visualize differentially secreted proteins in 
TLR4- and caspase11- stimulated samples. a) string analysis was used to visualize 
TLR4- specific secreted proteins; the interaction was achieved at a “medium confidence 
0.400” score, b) the proteins, whose secretion changed ≥ 2 folds in at least 2 out of 
triplicates in both TLR4- and caspase11- secretome sets. 

(A) 

(B) 
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Table 4.1. Selected immune system related, secreted proteins upon TLR4- and 
Caspase11-mediated stimulation. The fold-changes are calculated SILAC 
quantification ratios from LPS stimulated samples. 
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Figure 4.7. Selected differentially secreted proteins in TLR4- and caspase11-
stimulated samples. 



 

 

 

104 

Metalloproteinases (such as MMP9 [302]; ADAM10 and ADAM17, which 

proteolytically processes pro-form of TNF-α) [303-306] and Neuraminidase 1 (Neu-1; 

removes sialic acids from glycoproteins and glycolipids) control LPS-mediated host 

inflammatory response [175, 303-307]. Additionally, ribosome associated proteins were 

differentially and specifically secreted in TLR4- stimulated macrophages (Figure 4.7). 

Earlier work on sialidase activities in immune cells discovered that LPS-induced cytokine 

production and TLR4-LPS signaling is determined by sialyl residues [185, 308] and 

overexpression of human Neu-1 increased TLR4-LPS mediated NFκB activation [185]. 

As Neu-1 was only differentially expressed in TLR4- stimulated macrophages, our global 

secretomic study provides the signaling differences in TLR4- versus caspase11- mediated 

endotoxin sensing by immune cells. However as caspase11- mediated non-canonical 

inflammasome invokes pyroptosis, we observed diminished protein secretion in 

comparison to TLR4-mediated LPS sensing (Figure 4.7; Table 4.1).  

4.3.4 SILCS analysis 

Analysis of Table 4.2 shows the ssGFE contributions of different fatty acid tails 

(FTT) and phosphate groups and their modifications (PH/CB). FTT1 makes the highest 

contribution to overall binding of lipid A with MD2/TLR4 receptor; additionally, PH1 

makes a more favorable contribution to binding than PH2. However ethanolamine 

modification (PH3) on PH2 facilitates more favorable interactions and an overall binding. 

In essence, hexa-acylated bis-phosphorylated lipid As (e.g. E. coli J5, S. minnesota R595) 

interact strongly with the MD2/TLR4 that penta-acylated bis- phosphorylated B. pertussis 

165 lipid A (Figure 4.9; Table 4.2). 
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Table 4.2. LGFEs of lipid A molecules with shown substructures and their energy 
contributions: a negative LGFE (kcalmol-1) contribution indicates a favorable 
contribution of FTT moiety (shown are averaged values of lipid A in sites 1 and 2 in 
MD2/TLR4 receptor complex). 
 

 E. coli J5 S. minnesota R595 B. pertussis 165 
LGFE -32.65 -39.43 -29.98 
FTT1: -4.10 -4.37 -4.57 
FTT2: -2.37 -2.56 0.00 
FTT3: -2.91 -2.72 -2.83 
FTT4: -2.49 -1.80 -1.88 
FTT5: -2.90 -3.08 -2.72 
FTT6: -2.60 -3.42 -3.67 
PH1: -2.36 -2.54 -1.46 
PH2: 0.39 0.47 0.29 
CB1  -0.05  
PH3  -3.17  
Sum fatty acids -17.35 -17.94 -15.65 
 
 

 

Figure 4.8. Fragment maps from the site identification by ligand competitive 
saturation (SILCS) simulation. SILCS docking based on the fragment maps: 
cyan/orange color represents positive/negative charged groups; red depicts hydrogen 
bond acceptor groups; green shows nonpolar groups whereas blue represents hydrogen 
bond donor groups. 
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Figure 4.9. Shown is E. coli J5 lipid A with marked substructures. Lipid A molecules 
were subject to SILCS analysis to determine substructure GFE (ssGFE) contributions of 
different substructures (Fatty acid tails (FTT), phosphate (PH), and aminoarabinose 
(CB1) groups).  
 
4.4 Conclusions 

The present study demonstrates the utility of global secretomics in the study of 

the innate immune response to LPS. In vitro macrophage activation exhibits endotoxin 

dose- and structure- dependent activities of TLR4- and caspase11- mediated secretion 

(Figure 4.4). Endotoxin sensing through TLR4- and caspase11- leads to macrophage 

stimulation wherein stimulated cells secrete characteristic proteins (Figure 4.7; Table 

4.1). Caspase stimulation of macrophages is challenging because post- non-canonical 

inflammasome activation immune cells go through pyroptosis and are less secretory in 

nature than TLR4-stimulated macrophages as seen in present study (Table 4.1; Figure 

4.5). TNF-α secretion is mediated by TLR4- activation whereas IL-1α is specifically 

secreted through non-canonical inflammasome activation, which is mediated by 

Caspse11 (Figure 4.4). SILCS based molecular modeling confirms that bis-
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phosphorylated hexa-acylated lipid A molecules, such as in E. coli J5 and S. minnesota 

R595, more efficiently bind to MD2/TLR4 than the bis-phosphorylated penta-acylated B. 

pertussis 165 lipid A (Table 4.2). 

Differentially secreted proteins exhibited temporal secretion differences for early 

(6h) versus late (24h) secretion for both TLR4- and caspase11- stimulated macrophages 

(Figure 4.5). Several proteins related to immune function, immunomodulation, pathogen 

clearance, and antimicrobial response were detected. For instance, CXCL10 and CXCL2 

are critical chemokines and TNF-α secretion exacerbates inflammation – these cytokines 

and chemokines were overexpressed and secreted in greater relative amount from TLR4- 

stimulated cells than the ones simulated through caspase11. Earlier secretomics work 

showed ADAM-10 and ADAM-17 secretion in LPS-stimulated macrophages correlates 

with an overall cytokine secretion; e.g. TNF-α, which is secreted in caspase11-

independent fashion [147]. We have also detected elevated secretion of ADAM-10, 

ADAM-17, and TNF-α in stimulated macrophages. CSF3 induces LPS sensitization via 

upregulation of LPS binding protein [309] and was over-secreted in late (24h) phase of 

TLR4- stimulated cells (Figure 4.7; Table-1). Interestingly, cathepsins, which fine-tune 

immune responses, are implicated in the pathogenesis of numerous diseases [310]. 

Deficiency of Ctsk has been associated with decreased expression of TLR4, TLR5, 

TLR9, and cytokine secretion [311]. Besides caspases, cathepsins are also involved with 

cell death and immune response [310]. Both TLR4- and caspase11- stimulated 

macrophages secreted cathepsins in response to LPS stimulation; the secretion of 

cathepsisn in TLR4-mediated LPS-stimulated macrophages was sustained even in the 

latest phase (24h) (Figure 4.7). Other proteins of interest, mesencephalic astrocyte-
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derived neurotrophic factor (MANF), a negative regulator of LPS-mediated 

inflammation, attenuates the inflammatory process by modulating phosphorylation of p38 

mitogen-activated protein kinases (MAPKs) and activation of NF-κB pathway [312]. 

MANF levels were higher in both cells in early phase (6h) and were diminished at the 

latest time point (24h) (Figure 4.7). This suggests MANF secretion is temporally 

regulated to fine-tune LPS-mediated inflammation.  

Among the various differentially secreted proteins, Neu-1 and MMP-9 are of 

great interest. Earlier work has shown Neu-1 sialidase and MMP9 crosstalk modulates 

TLR activation and overall immune signaling [303]. MMP-9 secreted from macrophages 

is crucial in mounting inflammation through proteolytic activation of 

cytokines/chemokines and through degradation of matrix proteins. Numerous studies 

have established crucial roles of Neu-1 in immune cells for LPS-sensing and TLR4- 

mediated immune signaling [175, 303-307]. Given that the innate immune cell surface is 

highly sialylated and Neu-1 sialidase removes sialic acids from glycoproteins and 

glycolipids (such as MD2/TLR4), we propose Neu-1 is crucial in TLR4- mediated 

response, which emanates more from the extracellular immune cell surface than 

caspase11- mediated endotoxin sensing. Macrophages activate NF-κB (at low LPS 

concentration) and MAPK (above a LPS concentration threshold) pathways and exhibit 

distinct, divergent stimulations in response to LPS concentrations [90]. Additionally LPS 

concentration determines overall caspase activation, subsequent IL-18 and IL-1β 

secretion, and stimulation of immune cells by LPS that if dysregulated or over-activated 

may lead to endotoxic shock [313, 314]. However, the present studies haven’t 

investigated immune secretome profiles for different LPS concentrations. The present 
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work - like most of the LPS proteomics and secretomics studies published to date - 

employed a final concentration of 100 ngmL-1 for secretome profiling. Future work will 

be focused on quantifying secretome differences for different concentrations of LPS 

ligands. It is important to emphasize that LPS molecules are heterogeneous mixture of 

biosynthetic precursors and products that produce heterogeneous mass spectra and the 

overall apparent biological activity of endotoxin treatment of cells is in fact the sum of 

the activities of different molecules in these mixtures that likely contains TLR4 

complete/full agonists and antagonists. We have earlier shown the inherent heterogeneity 

of LPS molecules [87] and in the present study used three different Gram-negative 

bacterial LPS molecules as vendor-to-vendor and species-to-species heterogeneity can be 

present in LPS samples (data not shown). 

Nonetheless secretomic studies are really powerful and facilitate both discovery,  

also known as hypothesis-generating, and hypothesis-driven research in endotoxin 

biology. An earlier secretomics study proposed that gasdermin D is a substrate of 

caspase-1 [135]. Based upon this observation, later studies deduced that gasdermin D is 

an executor of pyroptosis [46, 61, 143]. The present study uncoupled the TLR4- and 

caspase11- mediated secretion post-LPS sensing in macrophages. As expected our 

findings reinforce the argument that proteins (gene products) are closer to function than 

genes and that immune cells secrete proteins in a transcript-decoupled manner [106]. We 

fully expect that further use of MS-based systems immunoproteomics studies following 

on from these here will continue to provide insight for deciphering the specifics of host-

pathogen response, such as in the present case of endotoxin biology. 
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Chapter 5 
 
 

Conclusions and Future Directions 
 

 
5.1 Single cell mass spectrometry and gene function analysis/validation 

Cell-to-cell differences play major roles in shaping immune perturbations wherein 

modern analytical platforms, such as MS-based proteomics, provide ensemble 

measurements. Observed weak correlations between proteins to mRNA may be due to 

cellular heterogeneity and transcript-decoupled secretion of proteins [106, 163]. To 

elucidate the cellular heterogeneity at single cell proteome levels, further strategies at the 

separation end, MS analyses/throughput, sample preparation strategies, and technical 

advancements that exert minimal perturbations and maintain the native state while 

improving proteome coverage are needed. Recently, single cell MS studies have emerged 

that hold great potential to advance future research. A single cell system-level analysis of 

immune signaling by mass spectrometry employed eighteen markers of functional 

perturbations, followed by cell typing through surface antigen expression data that built a 

map of the human hematopoiesis continuum [315]. This analysis dissected the immune 

system phenotypes; for example, LPS-mediated phosphorylation of MAPK p38 is 

restricted to monocytes [315]. RNA interference (RNAi) screen [316-319] and 

CRISPR/Cas9 technology [320] have been applied to elucidate and validate host-

pathogen interactions particularly the TLR signaling components. These strategies could 

also be extended to systems immunoproteomics wherein the role(s) of different genes can 

be investigated and validated in context of immune signaling. Single cell genomics are 

comparatively successful, but single cell proteomic analysis is still far from being routine. 
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However, future efforts at sampling, separation, instrumentation, and bioinformatics 

promise to change this disparity, which in turn will advance the understanding of the 

molecular basis of pathogenesis.  

 
5.2 Multi-omics strategies to decipher host-pathogen interactions  

Gram-negative bacteria contain species- and environment- specific chemical 

barcodes, known as endotoxins, of which lipid A is the key moiety that can be modified 

in response to environmental cues, e.g. pH, temperature, ionic strength, and in response 

to certain antibiotics like cationic antimicrobial peptides. Structural analysis of LPS and 

lipid A by MS has furthered our understanding of how structure is related to function. 

The great diversity of lipid A structures has been used recently as a barcode to 

successfully phenotype bacteria in a diagnostic MS platform. Our understanding of the 

lipid A SAR continues to develop thanks to MS structural techniques and bacterial 

enzymatic combinatorial chemistry (BECC) methods for making designer molecules with 

unique functions. This developing knowledge of the lipid SAR will help future rational 

design of therapeutics and adjuvants. Additionally, MS based immunoproteomic analyses 

are beginning to provide clues to the subtle structural and mechanistic aspects of 

endotoxin biology. In addition sub-proteome analysis at a global and/or targeted level has 

helped characterize endotoxin mediated protein secretion, differential protein expression, 

and the various PTMs known to be involved in endotoxin biology. Multi-omics strategies 

will further help in understanding the Gram-negative bacterial (GNB)-mediated septic 

shock in laboratory models and patients. Recent studies are encouraging as these multi-

omic approaches can distinguish sepsis forms [321] and predict sepsis-associated 
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mortality [322]. While proteomic, secretomic, and phosphoproteomic approaches have 

mostly focused on single TLR stimulations, many more combinations of data types are 

possible, including lipidomics of LPS to reveal structural heterogeneity and 

proteogenomics to reveal strain specific mutations of importance in endotoxin biology. 

During infection, immune cells encounter a combination of TLR ligands that may lead to 

differing immune outputs [290, 323], and it will be interesting to see how multi-TLR 

sensing is achieved at proteome (secretome/phosphoproteome) levels. To this end, it can 

be expected that systems immunoproteomics strategies will allow the subtleties of LPS-

mediated immune responses, LPS tolerance or immune dysfunction, to be deciphered. 

5.3 Biofilm-Related infections: pathophysiology and therapeutic interventions 

The surface-associated microbial communities (biofilms)-related clinical 

infections and associated decreased antibiotics sensitivities lead to treatment failure and 

huge burden on clinics.  Interestingly a direct correlation exists wherein biofilm 

formation contribute to persistent infections and the associated antibiotics resistance 

[324]. Biofilm related infections (such as device-associated, tissue-associated) are harder 

to treat without a risk of recurrence as the biofilms exhibit higher tolerance towards 

antimicrobial agents. Additionally, biofilms can withstand severe environmental and 

physiological stresses through various mechanisms; roles of efflux proteins or antibiotics-

modifying enzymes are limited in this process [324]. Bacteria in biofilm communities 

slow down their growth that helps them survive even at very high concentration of 

antibiotics [225]. This phenomenon is termed as ‘biofilm recalcitrance’ – a 

phenotypically acquired phenomenon, which is reversible through disruption of biofilms 
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[325].  Drug-resistant bacteria can acquire resistance through a combination of 

phenotypically acquired traits, genetically encoded factors, and metabolic modulations to 

protect themselves against antimicrobial agents. The metabolic modulations, such as 

lowering the energy requirements and TCA cycle, perhaps provide biofilm bacteria with 

an advantage to decrease drug uptake and acquire persistence [237]. Our global 

proteomic study of Burkholderia biofilms provided a temporal snapshot of proteomic 

rewiring that supports Burkholderia biofilm. As proposed earlier [237], antibiotics in 

combination with TCA cycle potentiating agents could serve a unique strategy in 

combating biofilms-associated infections. Additionally, specific antibiotics could be 

generated that could target bacterial virulence factors or stress-associated proteins that are 

differentially expressed in biofilm forming bacteria.     

5.4 Deducing the actuators and modulators of TLR4- and caspase11- mediated 

signaling pathways for endotoxin detection  

On the host myeloid cells, lipopolysaccharide (LPS) is recognized by the innate 

immune system via Toll-like receptor-4 (TLR4)/myeloid differentiation factor-2 (MD2) 

complex. Intracellularly, LPS is recognized by the noncanonical inflammasome through 

caspase-11 in mice and 4/5 in humans. The actuators and modulators of TLR4- signaling 

pathway are well established and well studied [135], but the mechanistic aspects as well 

as signaling proteins involved in noncanonical sensing of LPS are still not fully 

determined. Our present work and that of Lorey et al [147] on global characterization of 

secreted proteins through caspase11-mediated stimulation expect to advance our 

understanding of both TLR4- and Caspase11- mediated endotoxin sensing and associated 

protein secretion that mounts immune system. Further work is required in validating the 
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secreted proteins using RNA interference (RNAi) screen [316-319] and CRISPR/Cas9 

technology [320]. All in all, mass spectrometry-based immunoproteomics has advanced 

both discovery and hypothesis-driven research in host-pathogen biology domain, 

particularly in deducing the specifics of host response to endotoxin.  
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