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ABSTRACT 

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

immunological threats.  By engaging a large cassette of pattern recognition receptors (PRRs) that 

recognize conserved molecular motifs on pathogens, the cells of the innate immune system can 

robustly respond to many classes of threats, activate specific innate and adaptive immune 

programs, and coordinate the nature of immune protection.  While prior work has begun to show 

that the physical basis of receptor-ligand engagement is important for effective innate immune 

signaling, the quantitative impact of PRR biophysics on the innate immune response are still 

poorly understood and characterized.  Herein, we use three diverse strategies to quantify 

different elements of receptor-ligand biophysics during innate immune stimulation.  Firstly, we 

use chemically linked, multi-PRR agonists to understand how ligand organization impacts innate 

immune signal kinetics.  Then, we develop a lattice light sheet microscopy method to label and 

track Toll-like receptor 2 on the surface of macrophages during activation by biophysically 

different stimuli to quantify receptor motion parameters associated with different responses.  

Finally, we use fluidic force microscopy to control presentation of single bacteria to 

macrophages to quantify what biophysical aspects of host cell-pathogen contact are most 

impactful on a single-cell exposure level.  Through ordered ligand structuring and direct 

observations of immune cell stimulation, we show that information processing in the innate 

immune system is ligand- and dose-dependent and that individual cells can alter their functional 

state in response to the physical basis of their stimulation.  These observations open the door for 

novel stimulant design that take advantage of physical structure and behavior to model immune 

interactions more faithfully or program immune responses in desired ways.
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CHAPTER 1: INTRODUCTION 

1.1 Overview of Innate Immunity 

Innate immunity is the host’s first line of defense against harmful foreign pathogens and 

substances.  As part of an innate immune interaction, many complementary systems and cell 

types spread across tissues work together to mount a protective response.  These systems range 

from providing barrier protection, cellular phagocytic responses, cytokine and chemokine 

signaling, and presentation of threats to downstream adaptive immune system programming.  

Several immune cells typically participate in the innate immune response: including granulocytes 

(e.g. neutrophils, eosinophils, basophils), mast cells, monocytes/macrophages, NK cells, and 

dendritic cells.      

The two hallmarks of innate immunity are that the response is rapid and generic; that is, 

the response begins within minutes of exposure to a foreign threat1 and is generic towards 

different broad classes of pathogens or danger.  After exposure, the body’s innate immune 

sentinel cells initiate this generic response via signaling through pattern recognition receptors 

(PRRs), which recognize molecular motifs that are broadly conserved by different types of 

pathogens and/or that are indicative of cellular damage.  The pathogen/damage-associated 

molecular patterns (P/DAMPs) that are present on a pathogen or in the environment dictate 

which PRRs become activated and what types of downstream responses are initiated. 

 To clear pathogenic infections, several acute inflammatory functions of innate immune 

cells are engaged post-PRR ligation.  Cells resident to the infected tissue first secrete 

inflammatory mediators including chemokines, cytokines, eicosanoids, and vasoactive amines to 

attract leukocytes to the site of infection and to increase these cells’ access from blood vessels to 
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the extravascular tissue2.  Upon arrival, these leukocytes attack pathogens via phagocytosis, 

release of toxic granules, and secretion of additional signal molecules.   

After the inflammatory response, there is a coordinated and active resolution phase to 

avoid chronic and undue inflammatory damage to the host.  This process involves synthesis of 

mediators that signal for cytokine depletion, lymphocyte apoptosis and clearance, and cellular 

reprogramming to reach immune homeostasis again3,4.  Failure to resolve innate immune 

inflammation can lead to or worsen a variety of chronic inflammatory disease states including 

rheumatoid arthritis, neurodegenerative disease, and type 2 diabetes, among others5. 

Finally, innate immune cells play an important role in initiating downstream adaptive 

immune responses where relevant.  As part of PRR signaling, dendritic cells and macrophages 

uptake pathogens and pathogen peptides and process them to present antigenic peptides and 

secondary signals to naïve adaptive immune cells to begin activation and expansion of these 

cells6.  Cytokine secretion from the presenting cells also helps differentiate adaptive cells into 

functional phenotypes that are appropriate to the infection context7.        

 

1.2 Macrophages 

 Macrophages are a type of phagocytic leukocyte found in all mammalian tissues.  Briefly, 

their lineage arises in three waves of hematopoiesis.  The first two are derived from 

erythromyeloid progenitors in the yolk sac during embryogenesis.  These early macrophages 

seed and colonize the brain and fetal liver during development, and the latter become monocyte 

precursors that infiltrate developing tissue to become tissue-resident macrophages that are 

maintained during adult life through local proliferation.  The third wave of development comes 

from fetal hematopoietic stem cells that give rise to some fetal and neonatal monocytes, although 
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this contribution to the developing monocyte/macrophage landscape is smaller than those of the 

first two waves8.  After birth, hematopoietic stem cells from the bone marrow (and to a lesser 

extent in the spleen9) continue to differentiate into monocytes that enter circulation and can 

further differentiate into macrophages when recruited to inflammatory tissues. 

    In broad functional terms, tissue resident macrophages are involved in homeostasis of 

the tissue microenvironment and immune surveillance in their respective tissues.  Precise roles 

and signals are tissue- and niche-dependent, but resident macrophage control and activation can 

be driven by multiple signal mediators—including M-CSF, TGF-β, glucocorticoids, and 

interleukins (e.g. IL-4, IL-13)—as well as by infection signals through PRRs and the like.  Some 

of their roles include waste removal, regulation of metabolism, directing remodeling of bone and 

vasculature, wound repair, and resolution of inflammation10, 11. 

 In addition to tissue-resident macrophages, circulating monocytes can also migrate to 

tissues to become macrophages in a context-dependent manner.  In mice, circulating monocyte 

subsets are distinguished by Ly6Chi and Ly6Clo expression and differentiate into Ly6Chi and 

Ly6Clo macrophages, although phenoconversion of Ly6Chi macrophages to Ly6Clo macrophages 

is also an important source of the latter12.  Ly6Chi monocytes migrate out of the bone marrow in 

a CC-chemokine receptor 2 (CCR2)-dependent manner and are recruited to inflamed tissues 

through expression of adhesion molecules such as L-selectin and CD3413.  These cells are 

generally associated with antimicrobial phenotypes such as phagocytosis and pro-inflammatory 

signaling consistent with their recruitment by acute inflammatory environments.  By contrast, the 

Ly6Clo macrophages are characterized by expression of CX3C motif chemokine receptor 1 

(CX3CR1) and are associated with anti-inflammatory, sentinel phenotypes more akin to tissue-

resident cells.  Human analogues to these macrophage subsets, while not precisely overlapping, 
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are generally characterized as “classical” macrophages (CD14++CD16-CCR2hiCX3CR1lo) and 

“intermediate/non-classical” macrophages (CD14++CD16+CX3CR1hiCCR2lo/ 

CD14+CD16++CX3CR1hiCCR2lo). 

 One of the most common in vitro models of mouse macrophages is the RAW 264.7 

immortalized cell line, which is a monocyte/macrophage cell line derived from BALB/c mice.  

The cells express most PRRs and inflammatory machinery that primary macrophages have 

(notably absent is the apoptosis-associated speck-like protein containing a CARD domain (ASC) 

component of the inflammasome), and they exhibit macrophage-like function towards pathogens 

and other stimulus—including activation, phagocytosis, pinocytosis, and differentiation into 

other subsets (e.g. osteoclasts)14.  It is also possible to grow primary macrophages for functional 

analysis by collecting mouse bone marrow and culturing the marrow cells with macrophage 

colony stimulating factor (M-CSF) as a stimulus for the bone marrow progenitors to differentiate 

into macrophages.  Such cells are termed “bone marrow derived macrophages” (BMDMs).   

 

1.3 Pattern Recognition Receptors and Pathogen Associated Molecular Patterns 

 Innate immune cells have five different classes of PRRs that help them sense a variety of 

PAMPs and DAMPs that work in consort to effect an immune response.  These classes include 

Toll-like receptors, NOD-like receptors, RIG-I-like receptors, C-type lectin receptors, and 

AIM2-like receptors.    PRRs can be membrane bound on the cell surface or in endosomal 

compartments, or they can be found in the cell cytoplasm—the localization of the receptors 

being directly tied to their function.   

 Toll-like receptors (TLRs) are perhaps the best characterized of the PRRs.  Humans 

possess 10 TLRs that are membrane-bound on the cell surface or in endosomal compartments.  
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The repertoire of human TLRs is responsive to a wide variety of bacterial, viral, fungal, and 

protozoan epitopes—including lipopolysaccharides, di- and tri-acylated lipoproteins, mannans, 

and genetic material—as well as some host-derived danger signals such as heat shock proteins 

and fibrinogen15. 

  NOD-like receptors (NLRs) are cytoplasmic receptors that have common C-terminal 

leucine rich repeats and central nucleotide binding domains that respond to a wide variety of 

PAMPs such as microbial toxins and bacterial cell wall components.  They can be further 

subclassified by N-terminal differences: notably, NLRCs with caspase recruitment domains and 

NLRPs with pyrin recruitment domains.  Certain NOD-like receptors (e.g. NLRP1, NLRP3, 

NLRC4) have achieved prominence for their ability to form inflammasomes: structures that, 

upon PRR ligation, are recruited to the NLR to form an active caspase-1 complex that cleaves 

pro-IL-1β and pro-IL-18 into their active forms.  These cytokines have wide-ranging, potent pro-

inflammatory effects in the innate and adaptive immune landscapes16. 

 RIG-I-like receptors (RLRs) are a family of three RNA sensing receptors located in the 

cytosol which are primary responsible for viral sensing.  Upon ligation of RNA bearing 5’ di- or 

triphosphate groups to the receptor, a signal cascade is initiated which terminates in interferon 

regulatory factor (IRF) 3, IRF7, and nuclear factor-κB (NF-κB)-mediated upregulation of type I 

interferons such as interferon α (IFNα) and IFNβ17.  These effectors in turn stimulate interferon 

stimulated genes (ISGs) which exert many important antiviral effects—such as restriction of the 

viral life cycle and promotion of adaptive cell responses. 

 C-type lectin receptors (CLRs) are a very large, heterogeneous family of receptors that 

bind carbohydrates via a C-type lectin-like domain.  CLRs are found in both membrane bound 

and cytoplasmic compartments and have many immune and non-immune functions.  Some of 
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prominent CLRs with innate immune PRR activity include Dectin-1 and Dectin-2, DC-SIGN, 

macrophage mannose receptor, and DEC-205.  These receptors are present on a variety of 

myeloid cells and have been implicated in the fungal response, for promoting cell adhesion and 

migration towards inflammatory sites, and trained immunity. 

 Finally, AIM2-like receptors (ALRs)  are a recently classified subset of PRRs that 

participate in intracellular DNA sensing18.  There are currently two known ALRs: AIM2, which 

promotes inflammasome formation by interacting with ASC upon ligation to DNA, and IFI16, 

which not only promotes inflammasome formation but is also cited to induce interferon γ 

production via the STING pathway.  IFI16 has been subject to much recent study for its role in 

antiviral defenses as well and for its localization in both the cytoplasm and nucleus in some 

cells19. 

 

1.4 Biomechanics of Innate Immune Activation via Toll-Like Receptors 

 All TLRs have a cytoplasmic Toll/interleukin-1-receptor (TIR) domain from which 

signaling initiates.  Ligation of PAMPs induces TLR dimerization which brings two TIR 

domains together.  These dimers can be homodimers (e.g. TLR4, TLR5, TLR9) or heterodimers 

(e.g. TLR2/6, TLR2/1, TLR7/8).  Molecular machinery then assembles to the dimerized TIR 

domains to form a supramolecular organizing center (SMOC) and effect signaling.  Most TLRs 

use the so-called “Myddosome” for signaling—with the exception of TLR3, which uses the 

“Triffosome,” and TLR4, which can use both. 

 Myddosome formation begins with the recruitment of MyD88-adaptor-like (MAL) 

protein through paired interaction of TIR domains on the TLRs and MAL.  MyD88 is then 

recruited to the MAL scaffold through additional TIR-TIR interactions, although some evidence 
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suggests that in certain circumstances MAL is not required for TLR signaling20.  X-ray 

crystallography has revealed that 6-8 MyD88 molecules are recruited to the signaling unit 

through their C-terminal TIR domains.  MyD88 also contains N-terminal Death domains (DD) 

that are critical for sequential oligomerization of the rest of the Myddosome: four IRAK4 

molecules first engage in DD-DD interactions with the assembled MyD88 molecules, then four 

IRAK2 molecules are recruited—again by DD-DD interactions—to form a helical Myddosome 

structure.  Importantly, IRAK4 and IRAK2 are monomers in solution until exposed to oligomeric 

MyD88 and the MyD88:IRAK4 complex respectively, highlighting the importance of 

oligomerization and organized, sequential recruitment of the Myddosome structure for effective 

signalling21.  The tight packing of the IRAK components of the Myddosome activates 

autophosphorylation activity the drives recruitment of Tumor necrosis factor receptor-associated 

factor 6 (TRAF6), which in turn finally stimulates the transforming growth factor β-activated 

kinase 1 (TAK1)-dependent pathway for NF-κB-, activator protein-1- (AP-1), and IRF3-

dependent immune gene transcription. 

 Concerning the canonical view of the Myddosome, recent super-resolution microscopic 

and proteomic evidence from the Kagan group has suggested that the previously crystalized 

Myddosome structures molecules may actually be “proto-Myddosomes” that dissociate from 

plasma membrane TLRs and that larger Myddosome assembly occurs primarily in the cytosol58.  

Kagan et al found that the earliest stage of TLR signaling after PAMP signaling includes proto-

Myddosome formation at the TIR domain which dissociate after roughly 30 minutes before 

giving rise to much larger, long-lived, TLR-free Myddosome clusters in the cytosol.  They also 

suggest that these large Myddosomes are primary scaffolds for the entire signaling TLR 
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pathway—as biochemical analysis showed effector proteins in pathways typically thought of as 

downstream of MyD88 associating with the Myddosome over several hours. 

 The Triffosome is an analogous signalosome used by TLR3 and endosomal TLR4 which 

differs from the Myddosome in scaffolding components.  In TLR4 signaling, TRIF-related 

adaptor molecule (TRAM) serves a similar function to MAL in initiating signalosome formation 

at the TIR domains of TLR4.  The TRAM adaptor does not seem to interact with TLR3, and the 

precise mechanism for TLR3-mediated Triffosome activation is unknown20.  TRIF binds to 

TRAM and recruits TRAF6 and TRAF3 to activate kinase activity for downstream immune 

signaling.  A role for IRAK4, IRAK2, and IRAK1 in Triffosome formation has also been 

implicated, but their structure and necessity are less well understood than in the Myddosome23.  

One key difference in the two signalosomes is the ability for the Triffosome to promote higher 

levels of IRF3-mediated IFN responses through TANK-binding kinase 1 (TBK1) than the 

Myddosome can.  This may be due to a pLxIS motif on TRIF that interacts with IRF3 when 

phosphorylated20. 

 TLR clustering has also been hypothesized as an important part of the biomechanics of 

their function.  Research on TLR4 structure suggests that TIR-engaged MAL dimers can 

crosslink MyD88s across different Myddosomes, thereby tethering together multiple TLR4 

dimers by their cytoplasmic tails23.  This mechanism may help provide signal amplification—

especially with reduced TLR or ligand concentrations where it is helpful to integrate individual 

receptor signals as much as possible.  It has also been hypothesized that regulation of the actin 

cytoskeleton provides support for TLR clustering and organization by altering membrane-

embedded receptor mobility24.  Increased receptor mobility is presumably linked to higher 
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surveillance of the environment and more interactions between individual receptors to enhance 

cooperative signaling. 

 

1.5 Toll-Like Receptor 2 

 TLR2 is a type-I transmembrane PRR that is ubiquitously expressed on lymphocytes as 

well as on endothelial and epithelial cells.  Its molecular weight is approximately 95 kDa, and its 

undimerized dimensions are roughly 70Å by 70Å by 25Å25.  The repertoire of PAMPs and 

DAMPs TLR2 recognizes is vast26, and it senses these ligands generally in heterodimeric 

structures with TLR1 or TLR6.  Some oft cited examples include diacylated lipoproteins 

(TLR2/6), triacylated lipoproteins (TLR2/1), bacterial cell wall components (e.g. lipoteichoic 

acid (LTA, TLR2/6)), and many other proteins and polysaccharides associated with bacteria, 

viruses, fungi, and parasites.  TLR2 ligand loading is also assisted by a variety of co-receptors 

depending on the ligand—commonly (but not exclusively) CD14 and/or CD36. 

 Ligation of TLR2 ligands engages the MyD88 signaling cascade described in section 1.4.  

The result in immune cells is transcription of NF-κB- and AP-1-related gene programs and is 

largely dependent on the type of ligands and biological niches involved.  Notably, although 

TLR2 is canonically thought of as a cell surface receptor that stimulates pro-inflammatory 

responses, there is evidence that it participates in endocytosis of certain ligands in a clathrin-

dependent manner and that endosomal signaling from TLR2 induces immune programs not 

usually associated with NF-κB- and AP-1 such as type I IFN signaling27,28. 
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1.6 Chemically Conjugated Pattern Recognition Receptor Agonists 

 It has been previously shown that activating multiple PRRs during stimulation can cause 

combinatorial, synergistic, or antagonistic activation and modulation of downstream immune 

responses29,30,31.  Indeed, it has been hypothesized that naturally occurring multi-PAMP exposure 

from pathogens augments adaptive immune protection relative to vaccination32.  It is of 

considerable interest, therefore, to combine different PAMPs into structures that integrate their 

signals.  Two relevant examples of how to achieve this include chemically conjugating PAMPs 

together using linear linkers and tethering PAMPs to a core structure such as a microparticle. 

 One strategy for conjugating PAMPs to a chemical linker (e.g. a polyethylene glycol 

(PEG) linker) is to derive and synthesize PAMPs that include attached orthogonal groups that 

react with the PEG linker.  A major advantage to synthesizing a linked agonist is precise control 

over the spatial arrangement of the combined signal: most prior work on PRR agonist synergies 

had focused on free mixtures of the stimulant PAMPs, which often does not faithfully mimic the 

biology of multi-PRR stimulation due to pathogen exposure, where the PAMPs are tethered to 

the pathogen and thus localize to the same area of the cell.  A linear linker provides a specific 

and easily tunable distance between the stimulants to study how this distance may impact the 

integration of the total signal by a responding cell. 

 In considering that pathogens consist of many PRR agonists linked together by the core 

structure of the pathogen itself, a similar synthetic approach—e.g. with a microparticle—is 

another way to introduce multiple, structured PRR signals to immune cells for stimulation that 

may better mimic biological contexts.  While this approach may offer somewhat less control of 

the spatial arrangement of the ligands themselves compared to a linear linker with a single point 

of attachment for each ligand, it is also much more adaptable—able to accommodate multiple 
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different ligand types on the same particle and offering more structural shapes and arrangements.  

Strategies between these two exist as well—for example, using a triazine molecule as a core with 

three attachment points for ligands.  Prior work has shown that triazine cores conjugated with 

TLR2/6, TLR4, and TLR7 agonists in different combinations substantially alter cytokine 

secretion and adaptive immune cell programming relative to unlinked agonist mixtures and to 

each other32, emphasizing a role for structured stimulation for modulating immune responses. 

 

1.7 Biophysics in Host-Pathogen Interactions and Gram-Positive Bacteria 

 The field of host-pathogen interactions is broadly concerned with how pathogens interact 

with an infected host from the time of entry to clearance or pathogen survival.  On a host 

molecular level, the infection process offers numerous ways for a pathogen to interface with the 

host immune system to provoke or antagonize protective responses.  Much of this interaction is a 

tug-of-war of sorts between the host system’s desire for pathogen clearance versus the 

pathogen’s desire for infectivity and immune evasion.  As an example, several bacterial toxins 

are known to disrupt cellular immune functions to evade detection—e.g. by disturbing kinase 

activity in TLR pathways or halting NF-κB migration to the nucleus33.  At the same time, it has 

also been shown that such modifications can sometimes be activators of PRRs in their own 

right—e.g. NLR activation due to RhoGTPase modification, and it has been hypothesized that 

such activation might even lead to innate immune training34.  Evidently, the interplay between 

the host immune system and pathogens is very complex, and it is crucial to understand the 

mechanisms of interaction between host immune cells and pathogens to fully comprehend 

immune protection. 
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 It has also been shown that the biophysical parameters underlying host-pathogen 

interactions influence immune activity.  For example, since many functions of infectivity and 

innate immune detection rely on physical contact of a host cell and a pathogen—e.g. for receptor 

ligation or endocytosis—pathogen motility is an important determinant of how infection and 

clearance proceeds.  Indeed, active matter modeling and microscopy have shown that in vitro 

estimations of infectivity depend on the search time it takes for a motile bacterium to reach a 

host cell, which is dependent on the diffusivity of the bacterium35.  While these experiments are 

lacking potential contextual drivers of infectivity in vivo, bacteria in these experiments do not 

exhibit biased movement toward host cells compared to their movement in the absence of a 

target, thus emphasizing the importance of the bacterial dynamics when considering host-

pathogen interactions.  Recent efforts have also been made to improve motility assaying in 

bacteria-host interactions to better simulate host conditions, including context simulation with 

soft agar, transcriptomic approaches linking gene expression to function, and using real-time 

light sheet microscopy to image host-pathogen dynamics in live zebrafish36. 

    Gram-positive bacteria are a very broad class of bacteria of many different shapes, 

sizes, and biophysical characteristic that participate in host-pathogen interactions.  The bacteria 

are named for their ability to retain the eponymous Gram stain owing to their thick 

peptidoglycan outer layer.  This peptidoglycan layer also makes Gram-positive bacteria exciting 

model organisms with which to study PRR dynamics during host-pathogen interactions, as 

several PRRs participate in peptidoglycan sensing and in sensing of lipoproteins embedded in the 

bacterial cell wall.  Lipoteichoic acid (LTA) in particular is an important agonist of TLR2 found 

exclusively in Gram-positive bacteria whose immunostimulatory capacities have been 

extensively studied37,38,39.  Prior work has also suggested TLR2 organizes into clustered 
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structures upon interaction with LTA to promote downstream internalization and trafficking of 

the activated receptor complex40, again highlighting a role for spatial information processing 

during PRR responses. 

 

1.8 Lattice Light Sheet Micropscopy 

 Traditional light sheet microscopy (LSM) is characterized by the use of a plane of 

excitatory light to image a thin slice of a fluorescent sample.  Fluorescence emissions are 

collected perpendicularly to this plane of light, thus allowing for the fluorescence signal from the 

whole xy-imaging plane to be detected at once.  It is also possible to collect three-dimensional 

images of the sample by scanning the sample or light sheet through the z-imaging plane.  There 

are several advantages to LSM over more conventional fluorescence microscopy approaches: 

firstly, it generates very low out-of-focus signal owing to the selective illumination in the optical 

plane—as opposed to beam-based methods that illuminate more of the sample above and below 

the focal plane.  This selectivity leads to high-quality optical sectioning and 3D image 

reconstruction.  The lower total illumination also causes three to five orders of magnitude lower 

sample irradiation, inducing much less phototoxicity and photobleaching than in confocal 

microscopy, where optical sectioning is derived from filtering out-of-focus fluorescent emissions 

before they reach the detector41.  Finally, LSM is considerably faster than other techniques with 

similar resolution and optical sectioning: image acquisition has been cited as at least ten times 

faster than fast confocal microscopy42.  The speed—along with reduced phototoxicity—makes 

LSM especially suited for live microscopy contexts where samples can move at a fast rate, e.g. 

receptor imaging, and associated tracking applications.  Selected examples of LSM imaging in 

recent years include 3D imaging of cleared whole mouse brain42, tracking of messenger 
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ribonucleoprotein particles in nuclei of Chironomus tentans larval cells43, and imaging of tumor 

vascularization, CAR T cell infiltration, and immune cell composition44. 

Several methods in recent years have modified and improved upon the weaknesses of 

LSM.  In the first modern iteration of LSM—selective plane illumination microscopy (SPIM)—

the light sheet was generated as a static sheet with a cylindrical lens45.  While this technique first 

provided the optical sectioning and reduced photodamage required to image live fruit fly 

embryogenesis, the use of a cylindrical lens to form a static plane can cause refraction 

aberrations and exaggerated scattering in many optically dense biological contexts.  Relatedly, 

the xy-distance through which the light sheet provides near uniform illumination is correlated 

with its thickness, which limits the axial (z) resolution of the image.  Researchers have overcome 

this limitation by introducing scanning action to LSM: by scanning a beam through the xy-axis 

to create a virtual “light sheet,” they can achieve more precisely intensity-controlled illumination 

that can be mobilized from different directions to increase lateral (xy) resolution and which is 

subject to fewer focusing aberrations—although this technique does sacrifice some speed and 

photodamage mitigation46.  

Researchers have also made efforts to improve the resolution of LSM.  Typical SPIM 

lateral resolutions are no better than a standard widefield microscope (i.e. about 200nm in highly 

optimized cases) and axial resolution depends greatly on the size of the light sheet (~6µm in 

Huisken et al’s 2004 paper introducing the technique45).  In general, to achieve an appropriately 

large field of view while maintaining high optical sectioning capability, a sufficiently thin light 

sheet must be projected over a wide area47.  Traditionally Gaussian shaped beams are limited in 

their ability to produce long (i.e. high field of view) light sheets while maintaining sub-micron 

thinness, so alternative, non-Gaussian beam shapes have been proposed to optimize field of view 
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and thinness.  Among the most popular solution to this problem is the non-diffractive Bessel 

beam, which, when scanned, can maintain a thin light sheet owing to its narrow beam shape 

while projecting over a large area due to its non-diffractive properties.   

Bessel beams, however, offer their own challenges in light sheet generation due to their 

shape: in a Bessel beam, concentric lobes of lower intensity light radiate out from the central 

beam.  Because of this, when scanning a single Bessel beam, additional, off focus light sheets are 

created in addition to a thin central sheet.  Lattice light sheet microscopy (LLSM) is a technique 

developed by a team led by Eric Betzig in 2014 to address this issue48.  Lattice light sheet 

microscopy uses a 2D array of Bessel beams in which the concentric side lobes of each beam 

destructively interfere with each other, reducing the total intensity of the array to that of the 

central Bessel beams.  When dithered, this makes a light sheet that is very tightly confined to the 

focal plane without sacrificing field of view.  Depending on the geometry of the lattice pattern, 

the resolution of LLSM can reach as low as 230nm lateral resolution and 370nm axial 

resolution48. 

 

1.9 Fluidic Force Micropscopy 

 Fluidic Force Microscopy (FluidFM) is a technique that combines atomic force 

microscopy (AFM) with a micropipette-cantilever assembly.  The result is a microscope that can 

visualize cells whilst being able to approach, touch, and manipulate cells and dispense femtoliter 

volumes of liquids at the same time with the force sensing and liquid handling features of the 

cantilever49.  The FluidFM is a powerful and versatile tool for assaying nanoscale single-cell 

dynamics, performing biophysical manipulation of cells, and precisely delivering a variety of 

biomolecules to cells. 
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 The basic operating principles of the FluidFM’s AFM component are similar to those of 

traditional AFMs.  Briefly, the cantilever is connected to a piezoelectric driver that controls the 

vertical movement of the probe.  A laser beam is pointed towards the reflective cantilever tip, 

and the laser is deflected towards a position sensitive detector.  As the cantilever is scanned 

through a sample and touches an object, it will bend, resulting in laser displacement that is read 

by the position sensitive detector.  The position sensor converts these deflections into 

topographical information by relaying feedback to the piezoelectric element to move up and 

down to minimize deflection50.  AFM has broad applications in biomechanical sensing: selected 

recent examples include assaying changes in stiffness in tumor cells during metastasis51, 

performing topographical imaging of CD8+ T cell/perforin-mediated pore formation52, and 

measuring PRR/PAMP interaction kinetics in a single-molecule fashion53. 

       FluidFM takes this concept one step further by adding a microchannel to the AFM 

cantilever.  The microchannel is connected to a pressure-controlled pump that allows precision 

control of positive and negative pressure at the tip of the cantilever and for liquid handling 

through the probe.  This pressure control heightens the FluidFM’s ability to perform detailed 

manipulations of its environment over a standard AFM.  For example, the FluidFM can apply 

negative pressure to pick up cells, bacteria, microparticles, and other objects larger than the 

channel, hold pressure to carry them to a different location, then release pressure to set them 

down.  This allows the user to, for example, arrange environments to probe cell-cell interactions 

using the AFM functions of the instrument.  Additionally, while it is possible to functionalize an 

AFM probe with small molecules54, the liquid handling makes it significantly more 

straightforward to dose a single cell with a small number of biomolecules by moving the probe 

directly above a cell and dispensing them locally.  Finally, the FluidFM is capable of puncturing 
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cells with certain shapes of cantilever tip: this function combined with liquid handling means it is 

possible to inject biomolecules directly into cells and to extract cellular contents from inside cells 

on a single-cell basis. 

 FluidFM techniques such as these have been used in a variety of novel investigations.  

Selected recent examples include using robotic enabled FluidFM to probe how the distribution of 

single-cell adhesion proteins changes during the cell cycle55, direct injection of Salmonella 

bacteria into intestinal epithelial cells to study inflammasome activation and host-pathogen 

interactions in the cytoplasm of these cells while bypassing surface PRR engagement56, and the 

dispensing of PRR ligands directly to macrophages with a fluorescent NF-κB reporters to probe 

how macrophage activation through PRRs depends on the local density of other macrophages 

within the signaling environment and indicating a role for cell-cell communication during 

macrophage activation57. 
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CHAPTER 2: RECEPTOR-LIGAND KINETICS INFLUENCE THE MECHANISM OF 

ACTION OF LINKED TLR AGONISTS  

Reprinted with permission from ACS Chem. Biol. 2021, 16, 2, 380–388.  Copyright 2021 

American Chemical Society. 

2.1  Summary 

Toll-like receptors (TLRs) are among the most studied pattern recognition receptors 

(PRRs) that sense a variety of pathogens. Upon activation, they initiate a downstream signaling 

cascade that produces cytokines, chemokines, and costimulatory molecules. Targeting multiple 

TLRs through covalent conjugation of ligands has been known to produce synergistic, additive, 

and subtractive effects, which can uniquely tailor the downstream adaptive immune responses. In 

our continued efforts to move toward rational development of immune agonists that mimic their 

spatial distribution in a pathogen, we sought to investigate the mechanism of action of spatially 

controlled, covalently linked dual TLR agonists.  

We report a mechanistic study comparing the immune activation of conjugated Toll-like 

receptor (TLR) agonists and their unlinked mixtures. Herein, we synthesized a set of 6 linked 

dual agonists with different ligands, molecular structures, receptor location, and biophysical 

characteristics. We ran a series of in vitro cell-based assays with these dimers, comparing initial 

and overall NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) activation, 

cytokine expression profiles, and as time-resolved TNF-α (Tumor Necrosis Factor-alpha) 

expression. We show that initial activation kinetics, ligand specificity, and the dose of the 

agonist influence the activity of these linked TLR systems. These results can help improve 

vaccine design by showing how linked TLR agonists can enhance potency with the appropriate 

selection of key criteria. 
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2.2 Introduction  

Whole-cell vaccines produce potent and prolonged immune responses against pathogens. 

The efficacy of whole vaccines is due to the simultaneous presentation of multiple pathogen-

associated molecular patterns (PAMPs) to innate immune cells, often leading to a robust 

response and overall protection.1,2 Innate immune cells are activated by the recognition and 

binding of specific PAMPs to receptors such as Toll-like receptors (TLRs).3 This causes a 

complex signaling cascade that results in the production of inflammatory cytokines, chemokines, 

and costimulatory molecules which then modulate the magnitude and duration of antigen-

specific adaptive responses.4,5,6 In previous work, we have shown that linked combinations of 

TLR agonists can serve as a unique alternative to the traditional whole-cell vaccines through 

spatially constrained multi-TLR presentation and activation. Additionally, such constructs are 

immunomodulatory, allowing for fine-tuned responses against pathogens of interest.7–9 Multi-

TLR agonists are therefore promising candidates for application as immunostimulants 

(adjuvants) in subunit vaccines and are currently included in several pre-clinical trials.10,11 We 

also found that covalently linked agonists induces synergistic responses by increasing 

inflammatory cytokines and promoting a TH1-biased response compared to the unlinked agonist 

mixtures. We observed spatial inductions that change the cytokine and antibody profile as well 

as epitope affinity.7,12,13 Others have shown that immune cell response to dual stimulation by a 

mixture of unlinked agonists and cytokines leads to distinct ligand and dose-dependent NF-κB 

dynamics.14,15 Simultaneous activation of TLR 2 and 4 in a cell population using a mixture of 

Pam3CSK4 and LPS resulted in each cell’s NF-κB dynamics  resembling the response to one or 

the other ligand and not a combination of both.14 In contrast, a mixture of TNF-α and LPS led to 

a combinatory response of NF-κB dynamics.15 These results taken together suggest that cells 
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have a complex system of integrating and processing multi TLR signals that may be dependent 

on upstream events in the NF-κB activation pathway. 

Most mechanistic studies of synergistic induction by multiple stimuli have been 

conducted using mixtures of agonists or cytokines. In our continued efforts to move toward 

rational development of immune agonists that mimic their spatial distribution in a pathogen, we 

sought to investigate the mechanism of action of spatially controlled, covalently linked dual TLR 

agonists. To achieve this, we synthesized a small library of six combinations of linked agonists—

varying the size of the agonist, signaling adaptor involved and the location of the TLR. With 

these six dimers we ran a series of in vitro experiments on murine macrophages to define the 

structural and molecular mechanisms that influence immune responses of linked dual TLR 

ligands.  

 

2.3  Materials and Methods 

Unless otherwise noted, all reagents were purchased from commercial sources and used 

as received. DBCO-NHCO-PEG13-NHS ester was purchased from BroadPharm. CPG ODN 1826 

was purchased from Integrated DNA technologies. Azido acetic acid was purchased from Sigma 

Aldrich. Peptide reagents were purchased from CEM corporation. Nα-Fmoc-Nε-azide-L-Lysine 

was purchased from Chem-Impex. Automated solid-phase peptide synthesis was performed 

using Liberty Blue™ automated peptide synthesizer. Analytical reversed-phase HPLC was 

performed using Agilent Zorbax SB-C18 or C8 column (50 mm X 4.6 mm) with a flow rate of 

1.0 mL/min on an Agilent 1260 Infinity LC system. Preparative reversed-phase HPLC 

purification was carried using Phenomenex Luna C18 or C8 Prep (150 X 21.2250 mm, 5 μm 

particle size) column with a flow rate of 21.2 mL/min on a Gilson 333/334 pump system and 
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GX-271 liquid handler system. UV detection (214 nm, 254 nm, and 260 nm) was used for 

analytical and preparative HPLC. Size exclusion chromatography was performed on a GE 

superdex G75 in DPBS, pH 7.4 at a flow rate of 1mL/min with a UV/Vis detector set to monitor 

at 495 nm and 260 nm. Gel electrophoresis was carried out using Any KD Mini-PROTEAN 

TGX precast protein gels in a Mini-PROTEAN tetra cell (BIO-RAD). Gel electrophoresis 

samples were analyzed using Azure biosystems imager. UV-Vis was measured on Thermo 

Scientific Nano Drop. Mass spectrum was obtained using Agilent LC/MSD. MALDI was 

obtained using Bruker Ultraflextreme MALDI-TOF/TOF. Cytometric bead array data was 

acquired on a NovoCyte Benchtop Flow Cytometer. Data was analyzed using student T-test or 

one-way ANOVA in Graph Pad Prism software. All values were reported as mean ± SD.  

2.3.1  Synthetic Procedures 

2/6_peg13_9 

Synthesis of Pam2CSK4GN3: Rink amide resin (100-200 mesh, 0.55 mmole/g, 0.05 mg) 

was weighed out into a solid-phase peptide synthesizer reaction vessel. The peptide was 

constructed by coupling Fmoc-Cys((RS)-2,3-di(palmitoyloxy)-propyl)-OH, Fmoc-Ser(tBu)-OH, 

Fmoc-Lys-OH, Fmoc-Gly-OH, Nα-Fmoc-Nε-azide-L-Lysine (0.2 M in DMF) from the C 

terminus to the N terminus. Deprotection was done using 20% piperidine in DMF. Coupling was 

done after activation with diisopropylcarbodiimide (DIC) (0.5 M in DMF) in the presence of 

Ethyl cyanohydroxyiminoacetate (oxyma) (1M in DMF). Fmoc-Cys((RS)-2,3-di(palmitoyloxy)-

propyl)-OH was coupled at 90°C for 10 min. All other couplings were done at 90°C for 5 min. 

All reactions and subsequent washes were performed in DMF. After the synthesis was 

completed, the resin was transferred into a Bio-Rad Poly-Prep chromatography column.  
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Deprotection and Purification: Global deprotection was done by agitating the resin in 

trifluoroacetic acid (TFA)/thioanisole/anisole/H2O (8.5:0.5:0.5:0.5) for 2 hours. The peptide was 

precipitated by adding the cleavage cocktail filtrate to 30 mL diethyl ether in a 50 mL centrifuge 

tube pre-cooled to -78°C. The precipitate was collected by centrifuge (4000 XG for 5 min). The 

precipitate was dissolved in 20% CH3CN in 0.1%TFA) and filtered through a 0.45 µm syringe 

filter. Purification was performed using reverse-phase HPLC C8 column (gradient elution with 

30–90% CH3CN /0.1% TFA over 15 min). Pure fractions were pooled together and the peptide 

was recovered through lyophilization. MALDI-TOF MS (m/z) 1482.38 [M+H] + 

Synthesis of 2/6_peg13_9: 5’-FAM-tccatgacgttcctgacgtt-3’-NH2 (2.2 mg, 0.32 µmol) in 

3 mL PBS pH 8 was incubated with DBCO-NHCO-PEG13-NHS ester (7 mg, 6.70 µmols, 0.75 

mg/ml in DMSO) overnight at 37°C with vigorous stirring while protected from light. The 

reaction mixture was purified with a centrifugal filter unit with a 3 kDa cutoff, washing (X6) 

with pH 7.4 PBS to remove unreacted DBCO-NHCO-PEG13-NHS ester. The resulting reaction 

mixture was diluted to 3 mL PBS pH 8 and incubated with Pam2CSK4GK-Azide (3.0 mg, 2.0 

µmols, 5 equiv.) overnight at 37°C with vigorous stirring. The reaction mixture was first purified 

using a centrifugal filter unit with a 3 kDa cutoff washing (X6) with pH 7.4 PBS then purified 

passed through a 0.2 µm filter and directly purified by fast protein liquid chromatography 

(Superdex G75, DPBS, 0.2 mL/min). Elution of the heterodimer was confirmed by monitoring 

the elution absorbance at 495 nm. The dimers were quantified by UV/Vis and quantified via the 

local Absmax at 495 nm using a standard curve generated by known concentrations of Fam-CPG 

(Figure A.2.1) before serial dilutions in PBS to relevant assay concentrations. 
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2/1_peg13_9 

Synthesis of Pam3CSK4GN3: Rink amide resin (100-200 mesh, 0.55 mmole/g, 0.05 mg) 

was weighed out into a solid-phase peptide synthesizer reaction vessel. The peptide was 

constructed by coupling Palmitic acid, Fmoc-Cys((RS)-2,3-di(palmitoyloxy)-propyl)-OH, Fmoc-

Ser(tBu)-OH, Fmoc-Lys-OH, Fmoc-Gly-OH, Fmoc-Lys-azide-OH (0.2M in DMF) from the C 

terminus to the N terminus. Deprotection was done using 20% piperidine in DMF. Coupling was 

done after activation with diisopropylcarbodiimide (DIC) (0.5M in DMF) in the presence of 

Ethyl cyanohydroxyiminoacetate (oxyma) (1M in DMF). Palmitic acid and Fmoc-Cys((RS)-2,3-

di(palmitoyloxy)-propyl)-OH were coupled at 90°C for 10 min. All other couplings were done at 

90°C for 5 min. All reactions and subsequent washes were performed in DMF. After the 

synthesis was completed, the resin was transferred into a Bio-Rad Poly-Prep chromatography 

column.  

Deprotection and Purification: Global deprotection was achieved by agitating the resin 

in trifluoroacetic acid (TFA)/thioanisole/anisole/H2O (8.5:0.5:0.5:0.5) for 2 hours. The peptide 

was precipitated by adding the cleavage cocktail filtrate to 30 mL diethyl ether in a 50 mL 

centrifuge tube pre-cooled to -78°C. The precipitate was collected by centrifuge (4000 XG for 5 

min). The precipitate was dissolved in 20% CH3CN in 0.1%TFA) and filtered through a 0.45 µm 

syringe filter. Purification was performed using reversed-phase HPLC C8 column (gradient 

elution with 30–90% Methanol /0.1% TFA over 15 min). Pure fractions were pooled together 

and the peptide was recovered through lyophilization. MALDI-TOF MS (m/z) 1719.28 [M+H] + 

Synthesis of 2/1_peg13_9:  5’-FAM-tccatgacgttcctgacgtt-3’-NH2 (2.2 mg, 0.32 µmols) in 

3 mL PBS pH 8 was incubated with DBCO-NHCO-PEG13-NHS ester (7 mg, 6.70 µmols, 0.75 

mg/ml in DMSO) overnight at 37°C with vigorous stirring. The reaction mixture was purified 
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with a centrifugal filter unit with a 3 kDa cutoff washing X6 with pH 7.4 PBS to remove 

unreacted DBCO-NHCO-PEG13-NHS ester. The resulting reaction mixture was divided into 3 

equal fractions, diluted to 2 mL with PBS (pH 8.0) and incubated with Pam3CSK4GK-Azide (1.0 

mg, 0.67 µmols, 5 equiv.,10 mg/ml, DMSO) overnight at 37°C with vigorous stirring. The 

reaction mixture was first purified using a centrifugal filter unit with a 3 kDa cutoff washing X6 

with pH 7.4 PBS then purified passed through a 0.2 µm filter and directly purified by fast protein 

liquid chromatography (Superdex G75, DPBS, 0.2 mL/min). Elution of the heterodimer was 

confirmed by monitoring the elution absorbance at 475 nm. The dimers were quantified by 

UV/Vis and quantified via the local Absmax at 495 nm using a standard curve generated by 

known concentrations of Fam-CPG (Figure A.2.1) before serial dilutions in PBS to relevant 

assay concentrations. 

2/6_peg13_4 

Cyclohexyl amine derivatized TLR 4 activating indole was synthesized as described in 

previous publications.8  To the indole (10 mg, 0.023 mmols) in 2 mL DMSO was added 

triethylamine (4.5 mg, 0.046 mmoles, 2 equiv.) and DBCO-NHCO-PEG13-NHS ester (10 mg, 

0.01 mmoles, 0.5 equiv.) and the mixture stirred at RT overnight. The reaction mixture was 

purified using reversed-phase HPLC C8 column (gradient elution with 30–90% CH3CN /0.1% 

TFA over 15 min). Pure fractions were pooled together and lyophilized to obtain the product as a 

white powder. (6.2 mg, 40%) MALDI-TOF MS (m/z) 1400.85 [M+Na] + 

Synthesis of 2/6_peg13_4: Pam2CSK4GN3 (3.2 mg, 0.0021 mmols) and DBCO 

derivatized indole (3.6 mg, 0.0026 mmols) was incubated with agitation at 37°C for 12 hours. 

The reaction mixture was purified using reversed-phase HPLC C8 column (gradient elution with 
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30–90% CH3CN /0.1% TFA over 15 min). Pure fractions were pooled together and lyophilized 

to obtain the product as a white powder. (5 mg, 67%) MALDI-TOF MS (m/z) 2860.55 [M+H]+ 

2/1_peg13_4 

Pam3CSK4GN3 (2.0 mg, 0.0015 mmols) and DBCO derivatized indole (2.8 mg, 0.002 

mmols) was incubated with agitation at 37°C for 12 hours. The reaction mixture was purified 

using reversed-phase HPLC C8 column (gradient elution with 30–90% MeOH /0.1% TFA over 

10 min). Pure fractions were pooled together and lyophilized to obtain the product as a white 

powder. (1.7 mg, 37%) MALDI-TOF MS (m/z) 3100.19 [M+H] + 

2/6_peg13_7/8 

Benzyl amine derivatized TLR 7/8 activating imidazoquinoline was synthesized as 

described in previous publications.7 To the imidazoquinoline (10 mg, 0.027 mmols) in 2 mL 

DMSO was added triethylamine (4.5 mg, 0.046 mmoles, 2 equiv.) and DBCO-NHCO-PEG13-

NHS ester (10 mg, 0.01 mmoles, 0.5 equiv.) and the mixture stirred at RT overnight. The 

reaction mixture was purified using reversed-phase HPLC C8 column (gradient elution with 30–

90% CH3CN /0.1% TFA over 15 min). Pure fractions were pooled together and lyophilized to 

obtain the product as a white powder. (7.3 mg, 43%) MALDI-TOF MS (m/z) 1312.34 [M+Na] + 

Synthesis of 2/6_peg13_7/8: Pam2CSK4GN3 (2.0 mg, 0.0013 mmols) and DBCO 

derivatized imidazoquinoline (2.0 mg, 0.0016 mmols) was incubated with agitation at 37°C for 

12 hours. The reaction mixture was purified using reversed-phase HPLC C8 column (gradient 

elution with 30–90% MeOH /0.1% TFA over 10 min). Pure fractions were pooled together and 

lyophilized to obtain the product as a white powder. (1.3 mg %, 37%) MALDI-TOF MS (m/z) 

2772.68 [M+H]+ 
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2/1_peg13_7/8 

Pam3CSK4GN3 (2.0 mg, 0.0011 mmols) and DBCO derivatized imidazoquinoline (2.0 

mg, 0.0016 mmols), in 2 mL DMSO was incubated with agitation at 37°C for 12 h. The reaction 

mixture was purified using reversed-phase HPLC C8 column (gradient elution with 30–90% 

MeOH /0.1% TFA over 10 min). Pure fractions were pooled together and lyophilized to obtain 

the product as a white powder. (1.1 mg, 32%) MALDI-TOF MS (m/z) 3011.68 [M+H] + 

2.3.2  Biological Procedures 

Raw Blue NF-κB reporter assay 

RAW-Blue cells were passaged and plated in a 96 well plate at a density of 100,000 

cells/well in 180 μL DMEM containing 10% heat-inactivated FBS (HI-FBS) and selective 

antibiotics. The cells were stimulated with the conjugates and unlinked controls for 20 to 24 h at 

37 °C and 5% CO2. NF-κB activity was measured by a QUANTI-Blue (InvivoGen) assay and 

the absorbance was measured at 620 nm using a Multiskan FC plate reader (Thermo Scientific).  

Measurement of cytokine levels secreted by RAW macrophages and BMDCs stimulated with 

agonists or unlinked mixtures. 

RAW 264.7 macrophages or BMDCs were plated at a density of 100,000 cells/well in 

180 μL DMEM containing 10% HIFBS. The cells were stimulated with the conjugates and 

unlinked controls and supernatants were collected at the desired time points between 2 h and 24 

h post stimulation and stored at -20 °C until further analysis. The IL-6 and MCP-1 levels were 

quantified was performed using Mouse Inflammation Cytokine Bead Arrays (BD, Cat. 552364). 

The TNF- α levels were measured using HEK-blue TNF-α reporter cell line as described below. 
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HEK-Blue TNF-α reporter assay 

Stimulation of HEK-Blue TNF-α cells with TNF-α triggers a signaling cascade leading to 

the activation of AP-1/NF-κB and the subsequent production of SEAP. HEK-Blue cells were 

passaged and plated in a 96 well plate at a density of 100,000 cells/well in 180 μL DMEM 

containing 10% HI-FBS and selective antibiotics. The cells were stimulated with 20 μL of the 

stored cell culture supernatants collected at various time points. A standard curve was generated 

using incubation with recombinant mouse TNF-α. The cells were incubated for 24 h at 37 °C and 

5% CO2. SEAP levels was measured by a QUANTI-Blue (InvivoGen) assay and the absorbance 

was measured at 620 nm using a Multiskan FC plate reader (Thermo Scientific).  

NF-κB Imaging 

RAW 264.7 G9 macrophages30  were plated at a density of 50,000-100,000 per well in 8-

well microscopy plates in 200μL DMEM with 10% FBS and 1% antibiotic-antimycotic and 

incubated overnight in an incubator at 37 °C and 5% CO2.  The medium was then replaced with 

180 μL DMEM with 10% HI-FBS and incubated for an additional 2 hours. The cells were then 

stimulated with 20 μL of the conjugates or unlinked controls for the desired time after which the 

media was removed and the cells were fixed with 200 μL cold 3% formaldehyde in PBS for 10 

min at room temperature, washed three times with PBS, and stained with HOECHST nuclear 

stain (0.5 μg/mL, 200 μL) for 20 mins at room temperature in the dark. The cells were then 

washed three times before imaging.  

The cells were imaged on an Olympus spinning disc confocal microscope using a 40x 

water objective. Images captured included GFP NF-κB stain at 480 nm excitation, nuclear 

HOECHST stain at 405 nm excitation, and a brightfield image. The overlap of the GFP signal 

and HOECHST signal (indicating nuclear translocation of NF-κB) was determined using 
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CellProfiler. Briefly, each nucleus in the HOECHST stain was outlined, and then the outlines 

were slightly shrunken and expanded. In the GFP image, the area between the expanded and 

original outlines was taken to be cytoplasmic GFP signal, and the area inside the shrunken 

outline was taken to be nuclear GFP signal. The ratios of these numbers determined cellular 

activation for each cell. The activation state of each cell was then plotted as a histogram in R. 

Dynamic light scattering 

Dynamic light scattering (DLS) measurements were performed by a Wyatt Mobius DLS 

instrument. Measurements were performed at 25C using a laser wavelength of 532 nm. 

Scattered light was collected at a fixed angle of 163.5 . The size distribution plots were obtained 

using the installed software from the instrument. 

Endotoxin test 

Endotoxin concentrations were determined with ToxinSensor™ Single Test Kit 

(GenScript) according to the manufacturer’s instructions. No gelation occurred with any of the 

synthesized dimers which confirmed the absence of endotoxin.  

 

2.4  Results  

2.4.1  Design and Synthesis of TLR Agonist Heterodimers  

TLRs recognize a varied set of PAMPs and can be further classified based on the ligands 

that activate the TLRs; TLR 1,2 and 6 recognize lipids, TLR 3,7,8 and 9 recognize nucleic acids, 

and TLR 4 recognizes diverse structural elements.3 To investigate the mechanism of action of the 

linked TLR agonists, we needed to synthesize a set of molecules sufficient to test (1) molecular 

variation, (2) receptor location variation, and (3) differences in biophysical characteristics of the 

ligand.  
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While the TLR system is limited in the available ligands, we selected five molecules of 

varying size and receptor identity to form six combinations. The six combinations were made up 

of synthetic lipopeptides Pam2CSK4 (TLR 2/6) and Pam3CSK4 (TLR 2/1),16-18 synthetic 

oligonucleotides CPG_ODN 1826 (TLR 9)19, pyrimido[5,4-b]indole (TLR 4)20,21 and 

imidazoquinoline (TLR 7/8)22. To covalently link the agonists, we synthesized derivatives with 

orthogonal conjugatable handles and used a heterotelechelic polyethylene glycol (PEG) discrete 

linker. We installed azide groups on the lipopeptides and used amine-derivatized indole25 and 

imidazoquinoline27 and CPG for conjugation. With these agonists we made the following pairs: 

2/6_peg13_4, 2/6_peg13_7/8, 2/1_peg13_4, 2/1_peg13_7/8, 2/6_peg13_9 and 2/1_peg13_9 

(Figure 2.1). Based on previous work done by us and others23, we did not synthesize 

homodimers (e.g. 4_4 or 9_9) as we were interested in inducing dual TLR stimuli.  Similarly, 2/6 

and 2/1 both target TLR2-containing receptor complexes rendering dimers of the two as possible 

antagonists of one or both pathways. Additionally, 7/8_9, dimer targeting endosomal receptors, 

never showed altered responses in our hands, and we have not reported on these molecules 

further. These rules left us with these six combinations to examine.  

The synthesized dimers were purified by chromatographic techniques and 

spectroscopically characterized. Synthetic lipopeptides have been shown to self-assemble into 

micelle structures when studied at a concentration of 0.5 wt%.24 In this mechanistic study, we 

sought to rule out self-assembly of the dimers and the influence of secondary structure to 

immune response. We characterized the dimers by dynamic light scattering in PBS pH 7.4 at 

experimentally relevant concentrations to investigate possible particle formation and 

aggregation. At concentrations of 250 nM and above, we observed that the lipopeptide-small 

molecule dimers formed larger particles than of the parent lipopeptides (Figure A.2.4). 
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2/1_peg13_4, 2/1_peg13_7/8 dimers showed evidence of aggregation with no uniform 

distribution of particles. However, we did not observe particle formation by DLS at the lower 

concentrations that we used for in vitro analyses.  

 

 

Figure 2.1. Comparing mechanism of NF-κB migration and subsequent immune response after activation 

with linked agonist and unlinked agonist mixture. (B) Molecular structures of agonist selected in this 

study. (C) Covalent site-specific linking strategy for synthesis of linked TLR agonist dimers. 

 

2.4.2 NF-κB Activity of TLR Dimers 

Initially, we sought to ascertain the differences in activity between these compounds. 

TLR activation by ligands or agonists activates MyD88 and TRIF pathways where the 

downstream effect is activation of transcription factors NF-κB and AP-1 (Activator Protein 1).25 

Using the RAW 264.7 macrophage reporter cell line, RAW-Blue™, we profiled the overall 

transcriptional activity of the linked agonists by measuring the level of secreted embryonic 

alkaline phosphatase (SEAP) induced by both NF-κB and AP-1. The lipopeptide-CPG dimers, 

2/1_peg13_9 and 2/6_peg13_9 showed significantly higher activity than the corresponding 

equimolar agonist mixtures (Figure 2.2). 2/6_peg13_9 was slightly higher compared to the 

agonist mixtures and the monomers while 2/1_peg13_9 showed an additive response at 10 nM 
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concentration. Surprisingly, the small molecule derived dimers of Pam2CSK4, 2/6_peg13_4 and 

2/6_peg13_7/8 2/1_peg13_4 and 2/1_peg13_7/8 showed a subtractive response when compared 

to the individual and unlinked mixture of agonists. Reduction in activity for conjugated small 

molecule agonists such as the indole and the imidazoquinoline has been reported and could be 

attributed to a disruption in the receptor-agonist interactions.8 In some cases, the activity is either 

restored due to synergistic effects after conjugation or the dimer retains the activity of the more 

potent monomer. In this case, the small molecules conjugated onto the lipopeptide agonists did 

not increase the cellular response. However, the decrease in activity was not expected indicating 

a possible molecular change in the cellular immune response. The set of 6 dimers were 

representative of additive, subtractive and unaltered effects, which made it an ideal toolset to 

study. 

 

Figure 2.2. Immune activation of Pam2CSK4 (2/6), Pam3CSK4 (2/1), CpG_1826 (9) indole (4) and 

imidazoquinoline (7/8), corresponding equimolar mixtures and linked agonists measured by RAW-Blue 

activation via NF-κB stimulation after 24 h incubation at 37 °C. A) 50 nM, B) 10 nM. Samples run in 
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triplicate. Statistical significance is between the single, unlinked mixtures vs linked agonists, compared by 

the one-way ANOVA *p ≤ 0.05, **** p ≤ 0.0001. 

 

2.4.3  Comparing Cytokine Secretion Profiles of Linked and Unlinked Agonists  

After analysis of overall immune activation using RAW-Blue™ assay, we compared the 

cytokine profile of cells treated with linked and unlinked equimolar heterodimer agonists. 

Equimolar mixtures of agonists and ligands resulted in either synergistic or inhibitory cytokine 

responses. The downstream effects are governed by the interaction of the MyD88 and TRIF 

pathways. Upon recognition of PAMPs, TLRs initiate downstream signaling with the help of 

adaptor proteins, mainly MyD88 and TIR-domain-containing adapter-inducing interferon-β 

(TRIF). While all TLRs except TLR 3 activate MyD88, TRIF is only activated by TLR 3 and 4. 

MyD88 signaling leads to the activation of NF-κB thereby producing pro-inflammatory 

cytokines such as IL-6 and TNF-α. Signaling through the TRIF pathway results in the production 

of inflammatory cytokines and type 1 interferons. TLR4 activates both MyD88 and TRIF 

pathways.5 Inhibitory responses are caused by tolerance induced by sequential activation of 

multiple pathways.26-28 By conjugating the agonists, we had more spatial and temporal control on 

the simultaneous activation of dual TLR receptors on a single cell.  We incubated bone marrow-

derived dendritic cells (BMDCs) with 25 nM linked agonists and the corresponding equimolar 

single agonist. We measured the secreted cytokines after 24 h using an inflammatory panel 

cytokine bead array assay for IL-6, IL-10, MCP-1, IFN-γ, TNF-α, and IL-12p70. We detected 

measurable levels of TNF-α, MCP-1 and IL-6 levels at this concentration. We observed no 

significant differences in cytokine production between the lipopeptide-CPG dimers and the 

corresponding monomers and unlinked mixtures. Most lipopeptide derived indole dimers showed 

lower levels of TNF-α, IL-6 and MCP-1—except 2/6_peg13_4 which had higher levels of TNF-

α (Figure 2.3). This cytokine secretion profile correlated results from the RAW-Blue™ assay, 
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indicating that for these dimers, the level of activation of NF-κB was linked to the amount of 

cytokine secreted. On the other hand, we did not observe any synergistic or additive secretion of 

cytokines in cells treated with the 2/1_peg13_9 dimer which had shown higher immune response 

in the RAW-Blue™ assay. In addition, the 2/6_peg13_7/8 dimer induced similar cytokine 

secretion levels in contrast to the lower immune activity as shown by the RAW-Blue assay at the 

same concentration.   

 

Figure 2.3 In vitro cytokine production from BMDC cells measured by cytokine bead array assay. Cells 

were incubated with 25 nM of Pam2CSK4 (2/6), Pam3CSK4 (2/1), CpG_1826 (9) indole (4) and 

imidazoquinoline (7/8), corresponding equimolar mixtures and linked agonists for 24 h at 37 °C, 5% CO2. 

Samples run in triplicate. Statistical significance is between the single, unlinked mixtures vs linked 

agonists, compared by the one-way ANOVA *p ≤ 0.05, **** p ≤ 0.0001 

 

2.4.4  Effect of Dose on TNF-α Secretion Over Time 

After observing the differences in cytokines, we became curious as to why these 

differences appeared to contrast so much between different compounds and different agonist 
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sets. In these experiments, we noted that, while TNF-α levels appeared similar after 24 h, at 

earlier time points there were distinct differences, implying that kinetics of synergistic 

interactions are related to early time points. We decided to explore these kinetic differences 

further, as they seemed to show a potential explanation for clear distinctions between the 

agonists. Investigating TNF-α secretion could explain the differences observed in the other 

cytokines and provide a standard basis for comparison, as most agonist sets resulted in similar 

levels at 24 h. In previous reports, we have also observed that lowering agonist concentration can 

sometimes alter the synergistic response, so we conducted our kinetic screen with varying 

concentrations. Using RAW 264.7 macrophages, we measured the secretion of TNF-α from 0-24 

hr at 2 and 4 h intervals after stimulating the cells with agonists at concentrations of 10, 25, and 

50 nM. We observed dose- and time-dependent activity for the different agonist combinations. 

At lower concentrations (10 nM), treatment with 2/1_peg13_4, 2/6_peg13_4 and 2/1_peg13_7/8 

dimers consistently produced lower cytokine secretion over 24 h. As the dose was increased, 

these dimers activated RAW 264.7 cells at comparable levels as the unlinked equimolar mixtures 

(Figure 2.4). This data suggests that activation of TLRs was modulated by the rate of receptor-

agonist interactions for these dimers, which increased as the dimer concentration increased. 

However, for the 2/1_peg13_9 dimer, we observed a significant increase in TNF-α secretion at 

lower concentrations, but this effect was not observed at higher concentrations. This correlated 

with the overall immune activity data measured by RAW-Blue™ assay (Figure 2.2) suggesting 

that a synergistic activation involving these specific 2/1 and 9 agonists is facilitated by 

conjugation. 
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Figure 2.4. Kinetic profiling of cytokine TNF-α secretion. RAW macrophages were incubated with of 

Pam2CSK4 (2/6), Pam3CSK4 (2/1), CpG_1826 (9) indole (4) and imidazoquinoline (7/8), corresponding 
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equimolar mixtures and linked agonists at 10, 25 and 50 nM concentrations. Secreted TNF-α in the 

supernatant was measured at defined time intervals for 24 hours. The supernatant was incubated with 

HEK-Blue TNF-α reporter cell line for 20 to 24 h and quantified using TNF-α standards by measuring 

secreted SEAP levels.   

 

2.4.5  NF-κB Translocation Kinetics 

Upon observing the differences in cytokine production that did not uniformly correlate 

with the overall immune activity measured by RAW-Blue™ assay 24 h after activation, we 

hypothesized that initial transcription kinetics would give insight into the differences in activity. 

This hypothesis is based on mounting evidence that NF-κB activation and translocation from 

cytoplasm to the nucleus is a rapid response to TLR activation and the first step towards 

transcription of immune genes.29 We expected that a synergistic response would correlate to 

higher rate of transcription and, conversely, that an inhibitory response would correlate to a 

lower rate of transcription. Using an engineered RAW 264.7 cell line with a stably expressed 

GFP-tagged fusion of the RelA NF-κB protein, we quantified and compared the rate of NF-κB 

translocation of the linked agonists and unlinked mixtures.30 After treating the cells with the 

linked agonists and the corresponding single and unlinked mixtures, we used confocal 

microscopy to track GFP-tagged NF-κB translocation from cytoplasm to nucleus. A nuclear stain 

allowed us to calculate the ratio of nuclear to cytoplasmic NF-κB in each cell using CellProfiler. 

Using this technique, we resolved single-cell-level differences in NF-κB response dynamics. 

Comparing distributions of single-cell activation we observed distinct patterns of activation of 

the cells when treated with the dimers, equimolar mixtures or single agonists. The activation 

profiles of most of the unlinked mixtures resembled that of the monomers. Most of the dimers 

seemed to follow this trend and resemble the unlinked mixtures and the monomers in the 

activation profiles. In contrast the 2/1_peg13_4 dimer profile matched the TLR 4 agonist with 

the unlinked mixture resembling the TLR 2/1 agonist (Figure 2.5). Interestingly, this data 
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correlates closely with the difference we had observed in the RAW-Blue™ assay (Figure 2.2) 

where we saw significant differences in activity for the indole (TLR 4) activating dimers. These 

distinct profile patterns indicate that the linked agonists’ activation of NFκB is determined by 

specific ligand interactions. 
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Figure 2.5. Single-cell analysis NF-κB migration studies. A) GFP- NF-κB migration from the cytoplasm 

to the nucleus. RAW-G9 cells containing NF-κB-GFP are imaged and the kinetics of NF-κB migration 

into the nucleus are quantified after 90 minutes of stimulation with 50 nM B) Pam2CSK4 (2/6), Pam3CSK4 

(2/1), CPG (9) indole (4) and imidazoquinoline (7/8), C) corresponding equimolar mixtures and D) linked 

agonists. Each image contains a distribution the ratios for all cells in the field of view for multiple images. 

Mean values were calculated from all available data.  

 

When we investigated the effect of dose on the NF-κB activation profiles we observed a 

change in the activation profile of the 2/1_peg13_4 dimer. At this lower concentration (10 nM) 

the dimer activated more cells to >2 nuclear/cytoplasm ratio. The profile also seemed to 

resemble the activation profile of the lipopeptide and the mixture of agonists (2/1 and 2/1 +4). 

However, the lipopeptide-CPG dimers had a similar NF-κB activation profile was similar to the 

lipopeptides and the agonist mixtures at both concentrations (Figure 2.6). 

 

Figure 2.6. Effect of dose on NF-κB migration. RAW-G9 cells containing NF-κB-GFP are imaged and 

the kinetics of NF-κB migration into the nucleus are quantified after 90 min. of stimulation with 10 nM 

A) Pam2CSK4 (2/6), Pam3CSK4 (2/1), CPG (9) and indole (4) B) corresponding equimolar mixtures and 

C) linked agonists. Each image contains a distribution the ratios for all cells in the field of view for 

multiple images. Mean values were calculated from all available data.  
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2.5  Discussion 

Linked TLR agonists elicit unique responses in both in vitro and in vivo systems. 

Understanding how these multi-activating systems works is key in the rational development of 

vaccine adjuvants. Combinatory responses to multiple stimuli by unlinked agonist mixtures is 

correlated to synergistic immune responses and distinct NF-κB activation profiles. Previous work 

has shown that cellular integration and processing of these multiple stimuli is specific to the type 

of NF-κB activating stimuli and processing capacity.14,15 Our study on the mechanism of 

activation of linked dual TLR agonists suggests that ligand-receptor interactions influence initial 

transcriptional kinetics and thus downstream cytokine secretion profiles. The immune response is 

also dictated by specific single ligand interactions which can be attributed to the physical 

characteristics of the dimer constituents, the potency of the agonist pair, or the pathway (MyD88 

and TRIF) that is activated by the agonist pair.  

Overall NF-κB activity measured by RAW 264.7 cells showed significant differences in 

immune response when comparing between linked and unlinked agonists. These differences in 

activity were dose- and agonist-dependent with unaltered, additive, and inhibitory outcomes. 

Synthetic lipopeptides Pam3CSK4 and Pam2CSK4 both stimulate cell surface, membrane-bound 

TLR2 complexes. However, the dimers derived by conjugating these two agonists to small-

molecule agonists—indole (TLR4) and imidazoquinoline (TLR7/8)—had different immune 

activity and cytokine secretion profiles. The dimers showed inhibitory NF-κB immune activity 

with lower downstream cytokine secretion compared to treatment with the lipopeptides and 

agonist mixtures. The lipopeptide-CPG dimers showed an increase in immune activity that was 

more pronounced at lower concentrations.  
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 By evaluating single-cell NF-κB dynamics we observed that 2/1_peg13_4 had a similar 

profile as the cells stimulated with indole (TLR 4) suggesting that this dimer preferentially 

activates through TLR 4. The low potency of the TLR4 activating indole could explain the 

decrease in the immune activity of this dimer especially if the dimer preferentially activates 

through the TLR 4 receptor.  This agonist biasing effect was not observed with the 

2/1_peg13_7/8, 2/6_peg13_4, and the 2/6_peg13_7/8 which had a similar profile as the 

corresponding unlinked mixture and the single agonists. Additionally, the time course of TNF-α 

cytokine secretion over time further illustrates the dose and agonist specificity of the linked 

agonists. Ligand-receptor interactions depend on the dose of the agonist with the high immune 

response being attributed to increased interactions. In the TNF-α secretion data set, we observe 

that increase in the dose of 2/1_peg13_7/8 and 2/1_peg13_4 dimers from 10 nM to 50 nM led to 

similar levels of cytokine production as the unlinked agonist and the corresponding mixtures. 

However, in the case of 2/1_peg13_9 we observe synergy in the overall immune response as well 

as in TNF-α secretion in lower concentrations but not at higher concentrations, indicating that for 

this dimer the synergistic interaction is derived from the altered kinetics of NF- κB signaling. 

While we have not definitively concluded what physical phenomenon results in the altered 

kinetics, by contrasting TLR 2/1and TLR 2/6 systems, we can conjecture that the difference may 

stem either from specific receptor pairings enhanced by linkage or by strong lipid interactions of 

the tri-palmitoylation of the TLR 2/1 agonist. 

In this study, we show that the activity of dual linked agonists is both ligand- and dose-

dependent. By observing the initial kinetics of activation, we observed distinct NF-κB dynamics 

that can be attributed to how the immune cells integrate and process two activation signals, 

which further informs the downstream immune response. Using this set of dimers, we show 



48 
 

ligand-dependent immune response with synergy being induced with only specific sets of 

dimers. We also observe a dependence of dose on the magnitude of the immune response, which 

indicates that kinetics of receptor activation by the ligands play a role in the mechanism of 

activation in linked systems. 
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CHAPTER 3: DEVELOPING A FLUORESCENT TLR2 LABELING SYSTEM TO 

INVESTIGATE RECEPTOR DYNAMICS IN LIVE MICROSCOPY 

3.1 Summary  

 Adaptive immune research has benefited greatly from efforts to image and track receptor 

complexes and components during immune signaling; however, the biophysical dynamics of 

pattern recognition receptors in innate immunity are not well understood owing to limited 

methods suitable for labeling and tracking these receptors.  Here, we develop and characterize a 

Fab fragment-based TLR2 label for live microscopy tracking applications.  We demonstrate that 

it is specific for TLR2 and has minimal impact on macrophage signaling and no cross-reactivity 

with stimulatory Gram-positive bacteria of interest.  Our label can be used to assay TLR2 

dynamics in live macrophages to elucidate the biophysical underpinnings of innate immune 

stimulation and responses.   

 

3.2 Introduction  

The features of cellular receptors’ physical dynamics are critical to their function—and 

often, characterizing receptor dynamics can lend crucial understanding to cellular systems and 

processes.  In immunology, for example, much research has been conducted describing T cell 

receptor microcluster dynamics and the structural nature of T cell activation in adaptive 

immunity1,2.  In these studies, researchers find that actin-dependent structuring of T cell 

receptors with other proteins happens within minutes3 of ligand activation and is critical for 

signal amplification4 for the T cell.  Some of the most illustrative work on the matter has 

involved visualization of the microcluster complexes and ligand-receptor interactions with 

microscopy—including single-molecule imaging of the ligand-receptor complex5, tracking of 
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receptor synapse formation under constrained geometry6, and observing the presence of and 

characterizing the pre-formed microclusters on T cells independent of stimulation7. 

Despite the utility of these findings in understanding the mechanisms of adaptive 

immunity, similar care has not been used to date to assay the biophysical dynamics of innate 

immune receptors.  Though PRR organization and clustering has been sparingly shown8,9,10 and 

theorized about11,12, direct observation of TLRs on live macrophages and the effects of 

stimulation on their biophysics has been limited due in part to the need to develop suitable 

imaging platforms to measure and track TLRs.  Here, we describe the development of an 

antibody Fab fragment based TLR2 label capable of illustrating TLR2 dynamics in live lattice 

light sheet microscopy (LLSM).  Our system uses bright, photostable, and conjugable Alexa 

Fluor 647 to easily label membrane-bound TLR2 in macrophages and allows for robust tracking 

of the resulting labeled receptors with high signal-to-noise ratio and little-to-no impact on the 

cell’s immune signaling efficacy.  LLSM has been shown capable of imaging resting and 

stimulated adaptive immune cell receptors in three dimensions to better understand the cells and 

their signaling states13, and we hope to approach innate immune cell understanding in similar 

ways using our system.      

 

3.3 Materials and Methods 

TLR2 Antibody Digestion 

Whole anti-TLR2 antibodies (clone 6C2, eBioscience) were digested via papain digestion 

using a Pierce Fab Preparation Kit (Thermo Scientific).  600 µg of antibody was spin 

concentrated in 10 kDa MWCO microcentrifuge spin filters (Millipore).  The concentrated 

sample was brought up to 500 µL in the cystine-HCl Fab digestion buffer provided with the Fab 
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preparation kit.  This sample was desalted using the kit spin desalting column protocol and then 

incubated with the kit immobilized papain resin for four hours at 37°C with end-over-end 

mixing.  The digested sample was spun out of the column and stored for downstream 

purification.  Digestion was confirmed using SDS-PAGE gel electrophoresis.   

TLR2 Fab Purification  

Fab purification was carried out using an AminoLink Plus Immobilization Kit (Thermo 

Scientific) conjugated with anti-Rat IgG Fc antibodies (Sigma-Aldritch).  Conjugation was 

accomplished following the kit protocol with pH 10 Coupling Buffer and overnight incubations 

where relevant.  Affinity purification was also carried out per protocol with the digested antibody 

sample being incubated in the affinity column for 45 minutes.  Purification was confirmed using 

SDS-PAGE gel electrophoresis. 

TLR2 Fab Fragment AlexaFluor 647 Labeling 

The purified Fab fragments were spin filtered and brought up to 1 mg/mL concentration 

in PBS via NanoDrop (ND-2000c, Thermo Scientific) reading.  The Fabs were then labeled 

using an Alexa Fluor 647 Microscale Labeling Kit per kit instructions with MR = 15, MW = 

50,000 Da, and a 30-minute incubation in with end-over-end mixing in the AF 647 reaction 

mixture.  Degree of labeling was assessed using NanoDrop measurements per kit instructions.  

The Fabs were finally passed through a 0.22 µm syringe filter to sterilize them after the cutting 

and labeling procedure. 

Immortalized Cell Culture 

HEK-Null and HEK-Blue hTLR2 (Invivogen) cells were maintained in DMEM (Life 

Technologies) supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and 1% 

antibiotic-antimycotic (Life Technologies) at 37°C and 5% CO2 in T75 cell culture flasks.  
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HEK-Blue hTLR2 Assay 

HEK-Blue hTLR2 cells (Invivogen) were scraped from their flasks and resuspended in 

DMEM supplemented with 10% HI-FBS and 1% antibiotic-antimycotic.  50,000 HEK-Blue 

hTLR2 cells per well were added to a 96 well plate at 200 µL per well and let to incubate 

overnight at 37°C and 5% CO2. 

The next day, the medium in the HEK-Blue cells was aspirated and replaced with 50 µL 

per well of medium in the presence or absence of TLR2 Fab label and left to incubate for 1 hour 

at 37°C and 5% CO2.  Medium was then aspirated, and the cells were washed three times in fresh 

medium.  The medium in the HEK-Blue cells was then replaced with 200 µL per well of LTA 

supplemented medium at 100ng/mL and left to incubate for overnight at 37°C and 5% CO2.   

The next day, the cells were tested for SEAP activity in the supernatant using a QUANTI-Blue 

(InvivoGen) assay per protocol with absorbance measured at 620 nm using a Multiskan FC plate 

reader (Thermo Scientific). 

Confocal Microscopy 

Cells were imaged on an Olympus spinning disc confocal microscope using a 40x water 

objective (UAPON-340) and EMCCD camera (Teledyne Evolve).  To image HEK cells labeled 

with TLR2 Fab, 50,000 cells per well were plated in an 8-well tray with glass coverslip (Nunc, 

Thermo Fisher) in DMEM + 10% HI-FBS and left to incubate overnight at 37°C and 5% CO2.  

The next day, the cells were incubated with labeled TLR2 Fab at 1:50 concentration for 1 hour.  

Cells were then washed three times in fresh medium before imaging.  
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3.4 Results 

Antibody staining has long been a standard for fluorescent microscopy; however, 

antibodies lend a couple problems for molecular tracking applications in macrophages.  Firstly, 

Fc receptors are among the PRRs present on macrophage surfaces—which bind and are 

immunologically responsive to the Fc portion of antibodies14.  This binding can lead to undesired 

non-specific staining and immune responses.  Additionally, because antibodies have two binding 

sites for their antigen, it means that two antigen molecules can be constrained together using a 

single antibody label.  Since this artificially alters the organization and interactions between 

tracked objects, monovalent labels are preferable.  To navigate both these problems, we first 

used papain digestion to fragment a TLR2 antibody (clone 6C2) to into the Fc and Fab 

fragments.  To purify the Fabs, we used an affinity column immobilized with anti-Rat IgG 

antibodies before concentrating the purified Fab for use.  We confirmed the purification of the 

Fab fragments using SDS-PAGE (Figure 3.1).  We then labeled the Fab fragments using 

succinimidyl ester-conjugated Alexa Fluor 647 (AF 647) to react with primary amines naturally 

present on the Fab fragment.  We checked degree of labeling for the Fab fragments by checking 

absorbance of the sample at 280 nm and 650 nm.  
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Figure 3.1. Reducing SDS-PAGE gel for TLR2 Fab purification.  Whole antibody is shown being 

reduced into heavy and light chain fragments.  Papain digestion fragments antibodies into Fc and Fab 

fragment portions.  The AminoLink purification column has immobilized anti-Fc antibodies that remove 

the Fc fragments from the column flowthrough, and captured Fc is eluted using acid washing. 

 

 To characterize the Fabs functionally, we first determined that they bind to TLR2 using 

HEK 293 cells that were transfected to express human TLR2.  We labeled both wild-type HEK 

293 cells (which do not bear TLR2 natively) and HEK-Blue hTLR2 cells with our Fabs and used 

confocal microscopy to confirm only cells expressing TLR2 were labeled (Figure 3.2).  For 

downstream applications, we also wanted to confirm the Fabs do not cross-react and bind to the 

Gram-positive bacteria B. subtilis and S. griseus.  We incubated the Fabs with the bacteria for 

one hour before spinning the bacteria down, washing out the Fabs, and then used 650 nm 
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absorbance readings to confirm the 647 absorbance was not higher in the Fab-labeled samples 

(Figure 3.2).     

 

Figure 3.2. Characterizing binding of AF647-TLR2 Fab.  (A) Fab fragment labeling of HEK-Blue 

hTLR2 cells at 1:50 dilution for 1 hour.  (B) Fab fragment labeling of B. subtilis and S. griseus at 1:50 

dilution for 1 hour shows no significant light absorbance at 650 nm.   

 

We also used HEK-Blue hTLR2 cells to assess whether TLR2 signaling in cells is 

impacted by Fab labeling.  After we incubated the HEK-Blue hTLR2 cells with Fab for an hour, 

when testing SEAP secretion from overnight incubation with 100 ng/mL LTA, there was no 

significant reduction in the ability for TLR2 to signal relative to unlabeled cells (Figure 3.3). 
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Figure 3.3. Assessing TLR2 function in the presence of TLR2 Fab fragment.  TLR2-bearing HEK-Blue 

NFκB-SEAP reporter cells were dosed with 1 µg/mL LTA overnight.  SEAP secretion linked to NFκB 

transcription was measured the next day using a Quanti-Blue colorimetric assay.  Mean absorbance at 620 

nm between the samples are compared with a two-tailed t-test.  NS p > 0.05.    

 

To visualize the TLRs using LLSM, we immunolabeled TLR2 on RAW 264.7 

macrophages with the AF647-conjugated-αTLR2 Fab fragment.  We recorded 2-minute videos 

of cells with 100 z-stacks, 0.2 µm step size, 63x magnification, and 3 seconds per cell volume.  

Each resulting video contains ~3-6 cells, which amounts to ~60-300 labeled TLR2 clusters per 

video (Figure 3.4).   After image processing, we then tracked the receptors in each video using 

Arivis Vision 4D software.  Our analysis yielded 18 tracked 4D parameters for each receptor 

(Table A.4.1).  For each experimental condition, we combined three different experiments’ 

worth of tracked data for analysis.  We then used R to further process the track data to reduce 

noise before comparing mean values for each parameter between resting and stimulated cell 

images using a two-sided Student’s t-test.  Parameters that highlighted significant TLR2 
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biophysics changes between stimulation regimens included track speed, track displacement, track 

area, and number of collisions between receptors (Figure 3.4). 
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Figure 3.4. LLSM imaging of TLR2 on RAW 264.7 macrophages.  (A) Diagram of lattice light sheet 

microscope imaging.  Briefly, cells are placed on a coverslip immersed in a medium bath between the 

emission and collection objectives, then the light sheet is scanned through the sample.  3D reconstruction 

is carried out using ImageJ and Arivis 4D.  Boxes in the reconstructed image are 10µm by 10µm.  (B) 

Diagram of track speed metrics: Arivis measures the speed of each frame-to-frame segment of motion for 

each track and outputs the average speed, maximum speed, and minimum speed over the entire video.  

(C) Diagram of track displacement metric: Arivis computes the distance between the first position of the 

track and the final position of the track.  (D) Diagram of track area metric: Arivis takes the area of the x 

and y components of motion for each track (i.e. in the plane of the coverslip).  (E) Diagram of number of 

collisions: Arivis counts the number of times two blobs come together to form a new “fused” object.  

These objects may travel together for multiple frames and/or may split apart again. 

 

3.5 Discussion 

 There is much evidence that studying receptor biophysics and dynamics can impart vital 

understanding of the way biological systems operate, and microscopy offers a clear lens through 

which to view and quantify these essential functions.  Here, we develop and characterize a Fab 

fragment-based TLR2 label that can be used to image TLR2 dynamics on macrophages with 

high-speed live imaging techniques.  We have demonstrated that the label is specific for TLR2, 

does not bind to Gram-positive bacteria that might be used as stimulants, and is minimally 

invasive in terms of TLR2-dependent NFκB activation. 

 Our label has a few major advantages: namely, it is easy to make and use, and its 

monovalence allows for an ideal tracking scenario where receptors are not bound together by the 

label.  It is worth noting, however, that we are unable to assess any molecular perturbation to the 

TLR2-macrophage system as a result of attaching a fluorescent dye to it.  At about 50 kDa, the 

Fab fragment is around half of the size of a single TLR2 (~95 kDa15).  One might imagine that 

attaching a Fab to the TLR could impact the receptor’s motion or sterics.  Indeed, labeling 

perturbations on biological systems is a subject of some discourse in the microscopy field16,17.  

On the other hand, it is currently standard in the field to use Fabs or whole antibodies for 

labeling given, for example, methods in recent biological tracking studies in T cells18,19,20,21.  
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Additionally, multiple studies have been conducted on the mechanical adhesion and tether forces 

in macrophage membranes that report on the order of piconewton forces exerted by the cells22,23.  

These forces are several orders of magnitude larger than conservative estimates of drag forces on 

a Fab fragment in aqueous space, which indicates that the Fab fragment likely has minimal 

impact the membrane-induced motion of TLRs.  Still, future development work might be aimed 

at further minimizing the impacts of the TLR label on the biological environment by using 

smaller labels or developing label-free methodology for tracking these receptors. 
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CHAPTER 4: LATTICE LIGHT SHEET MICROSCOPY REVEALS A ROLE OF 

BIOPHYSICAL STIMULANT DIVERSITY ON MACROPHAGE TLR2 RESPONSES 

4.1 Summary 

Macrophages are an essential early immune cell subset that physically interface with 

pathogens and their environment using pattern recognition receptors to sense threats.  There is 

growing evidence that the physical organization and dynamics of macrophage receptors in space 

informs downstream cellular activation and the immune response; however, the biophysical 

behaviors of immune cells upon first contact with stimuli are poorly understood due to lack of 

direct observation of these receptors.  Here, we used lattice light sheet microscopy to image 

macrophages with Fab-fragment-labeled TLR2 and track the receptors’ motion on the cell 

membrane. We observed that TLR2 speed increases upon single-ligand LTA stimulation and 

decreases upon Gram-positive bacterial stimulation in a TLR2-dependent manner, and these 

changes alter the cells’ cytokine secretion resulting from stimulation with different bacteria.  Our 

findings highlight that macrophages differentiate between different stimuli and accordingly 

coordinate their biophysical response, which helps inform understanding about the innate 

immune response and novel stimulus design. 

 

4.2 Introduction 

Macrophages are a first line of immune defense that are responsible for pathogen 

detection, targeted response, and communication with other effectors for protection11,12.  For 

many of these functions, macrophage receptors physically contact pathogen-associated ligands13, 

the extracellular matrix14, and other immune cells15.  Prior work in our lab and others shows that 

the physical basis and geometry of these contacts is important for robust activation of cells16 and 
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for informing the immune response when there are multiple signals present.  For example, 

organizing multiple Toll-like receptor (TLR) agonists in space via covalent linkages or 

segregating them on beads causes macrophages to integrate and process signals from those 

agonists differently from if they are left free in solution17,18.  We have also found using agonist-

coated microparticles that different densities and numbers of agonists bound on a core structure 

cause different profiles in intensity of immune activation in macrophages19.  Prior work has also 

shown that bacterial biophysics (e.g. motility) and ligand structure impacts intensity of 

macrophage responses, cluster size of responding receptors, phagocytic capacity, and bacterial 

infectivity20,21,22.  However, despite the wealth of evidence that the biophysical context of 

macrophage stimulation informs immune responsiveness, the biophysics of macrophage receptor 

activity upon ligand contact remains poorly understood due to limited direct observation of 

receptor dynamics.  

Here we use lattice light sheet microscopy (LLSM) to directly observe macrophage TLR2 

in macrophages responding to molecular LTA and bacterial stimuli with different shapes and 

biophysical properties.  LLSM utilizes a structured light sheet to illuminate a sample while 

collecting imaging data perpendicular to the light sheet23.  The result of this imaging strategy is 

rapid image acquisition with high axial resolution, high speed, low photobleaching, whole 

volume imaging that is especially optimized for live biological applications1,23,24.  Using LLSM, 

we collected videos of TLR2 on live macrophages resting or post-stimulation and then 

computationally characterized their physical behavior and how these behaviors changed upon 

activation with stimulants of varied biophysical characteristics.  Our imaging reveals that 

macrophage TLR2 speed increases while responding to molecular LTA and decreases while 

responding to bacteria in a TLR2-dependent manner and that these speed changes cause changes 



69 
 

in the immunological response.  These results indicate that macrophages coordinate their 

biophysical responses as one way to respond differentially to different types of stimuli. 

 

4.3  Materials and Methods 

TLR2 Antibody Digestion 

Whole anti-TLR2 antibodies (clone 6C2, eBioscience) were digested via papain digestion 

using a Pierce Fab Preparation Kit (Thermo Scientific).  600 µg of antibody was spin 

concentrated in 10 kDa MWCO microcentrifuge spin filters (Millipore).  The concentrated 

sample was brought up to 500 µL in the cystine-HCl Fab digestion buffer provided with the Fab 

preparation kit.  This sample was desalted using the kit spin desalting column protocol and then 

incubated with the kit immobilized papain resin for four hours at 37°C with end-over-end 

mixing.  The digested sample was spun out of the column and stored for downstream 

purification.  Digestion was confirmed using SDS-PAGE gel electrophoresis.   

TLR2 Fab Purification  

Fab purification was carried out using an AminoLink Plus Immobilization Kit (Thermo 

Scientific) conjugated with anti-Rat IgG Fc antibodies (Sigma-Aldritch).  Conjugation was 

accomplished following the kit protocol with pH 10 Coupling Buffer and overnight incubations 

where relevant.  Affinity purification was also carried out per protocol with the digested antibody 

sample being incubated in the affinity column for 45 minutes.  Purification was confirmed using 

SDS-PAGE gel electrophoresis. 

TLR2 Fab Fragment AlexaFluor 647 Labeling 

The purified Fab fragments were spin filtered and brought up to 1 mg/mL concentration 

in PBS via NanoDrop (ND-2000c, Thermo Scientific) reading.  The Fabs were then labeled 
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using an Alexa Fluor 647 Microscale Labeling Kit per kit instructions with MR = 15, MW = 

50,000 Da, and a 30-minute incubation in with end-over-end mixing in the AF 647 reaction 

mixture.  Degree of labeling was assessed using NanoDrop measurements per kit instructions.  

The Fabs were finally passed through a 0.22 µm syringe filter to sterilize them after the cutting 

and labeling procedure. 

Immortalized Cell Culture 

RAW 264.7, RAW 264.7 G9 clone3, and HEK-Blue hTLR2 (Invivogen) cells were all 

maintained in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (FBS) 

(Life Technologies) and 1% antibiotic-antimycotic (Life Technologies) at 37°C and 5% CO2 in 

T75 cell culture flasks.      

Bacterial Culture 

B. subtilis was maintained in tryptic soy broth (BD Bacto, Fisher Scientific) in an 

incubator at 37°C shaking at 225 RPM.  S. griseus was maintained in tryptic soy broth in an 

incubator at 28°C shaking at 225 RPM. 

BMDM Differentiation 

Monocytes were harvested from the femurs of C57BL/6 mice (Jackson Laboratory) and 

were differentiated into macrophages by incubating them in supplemented culture medium: 

RPMI 1640 (Life Technologies), 10% heat inactivated fetal bovine serum (HI-FBS), 2 × 10−3 M 

L-glutamine (Life Technologies), antibiotic-antimycotic (1×) (Life Technologies), and 10% 

MCSF (mycoplasma free L929 supernatant) for 5 days at 37°C and 5% CO2. 

Cell Preparation for LLSM 

RAW 264.7 cells were scraped from their flasks and resuspended in DMEM 

supplemented with 10% HI-FBS and 1% antibiotic-antimycotic.  This suspension was beaded in 
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20 µL droplets on top of #1.5 5mm round German glass coverslips (World Precision 

Instruments) in individual wells of a 48 well plate.  The beads were left to incubate at 37°C and 

5% CO2 for at least 15 minutes before filling the wells of the 48 well tray with 200 µL medium 

and letting incubate overnight. 

The next day, the medium was aspirated from the wells and replaced with 100 µL of CO2 

independent medium (Gibco, Thermo Fisher) supplemented with 10% HI-FBS (LLSM medium).  

If relevant, OxPAPC resuspended in LLSM medium to a final concentration of 111 µg/mL was 

added to the wells and let to incubate for 1 hour at 37°C on an orbital rocker.  After (or instead) 

of this step, the OxPAPC was aspirated and a 1:50 dilution of labeled Fab fragments in 100 µL 

of LLSM medium was added to the cells and let to incubate for 1 hour at 37°C on an orbital 

rocker.  The Fab medium was then aspirated and replaced with fresh LLSM medium. 

Stimulant Preparation for LLSM  

LTA isolated from B. subtilis (LTA-BS, Invivogen) was resuspended in LLSM medium 

to a concentration of 100 ng/mL in 6 mL total.   

The optical density of the B. subtilis and S. griseus were measured at 600 nm (OD600) 

using the NanoDrop.  1-2 mL of each culture was transferred to a 15 mL centrifuge tube and 

diluted to a final volume x OD600 of 0.6.  BactoView Live Green stain (Biotium) was added to 

each at 1:500.  The bacteria were incubated at 37°C with end-over-end mixing for 1 hour.  The 

bacteria were then pelleted at 9000 x g for 15 minutes, and the supernatant was removed and 

replaced with LLSM medium.  This centrifugation was repeated two more times, and the final 

volume of LLSM medium added was 6 mL for a OD600 of 0.1.  
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LLSM Procedure 

LLSM was carried out on a 3i Lattice LightSheet Microscope with acquisition in 3i’s 

SlideBook software.  The LLSM medium bath was filled with LLSM media warmed to 37°C.  A 

coverslip with labeled RAW 264.7 cells was adhered to the LLSM’s sample holder using 

vacuum grease and then placed on the LLSM.  The resting cells were imaged at 20 ms exposure 

time and 10 mW/50 percent 647 laser power with 100 z-stacks and 0.2 µm step size for a 20 

acquisition time series.  The LLSM medium bath was then aspirated and medium supplemented 

with stimulants as described above was added.  The cells were incubated for 30 minutes with the 

stimulants before the imaging experiment was repeated.  This procedure was repeated for three 

coverslips per experiment. 

LLSM Image Processing 

Each image stack was deskewed using SlideBook’s batch deskewing function and 

exported as .TIFFs.  Images were then imported and stacked in Fiji, Gaussian blurred with r = 

0.7, despeckled, and background subtracted using a rolling ball radius of 100 pixels.  Images 

were then deconvolved using a Fiji implementation of Brian Northan’s YacuDecu GPU 

deconvolution algorithm with a theoretical PSF calculated using the Richardson-Lucy 

algorithm26.  The deconvolved images were then rotated in Fiji to place the coverslip in the xy-

plane. 

Deconvolved and rotated images were then imported into Arivis Vision4D software for 

tracking.  Briefly, the tracking algorithm consists of a Blob Finder step that identifies spots and a 

Tracking step that calculates trajectories from an expected Brownian Motion motion type and 

computationally derived max distance.  The Tracker also tracks fusions and automatically deletes 

tracks that do not have more than one blob in them across the time series and then tracks with 
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relevant track parameters are exported to a spreadsheet.  All tracked parameters are in Table 

A.3.1. 

R Analysis 

After export from Arivis Vision4D, track spreadsheets were imported to R.  All the track 

data were filtered to remove columns with missing and 0 values then filtered again to only 

include tracks present for the whole time series to avoid artifacts.  All data tables for conditions 

were bound together, and Student’s t-tests for each parameter were carried out between resting 

vs. stimulated data sets for each stimulus.  The resulting p-values were corrected for multiple 

hypotheses via a Benjamini-Hochberg correction.  

HEK-Blue hTLR2 Assay 

HEK-Blue hTLR2 cells (Invivogen) were scraped from their flasks and resuspended in 

DMEM supplemented with 10% HI-FBS and 1% antibiotic-antimycotic.  50,000 HEK-Blue 

hTLR2 cells per well were added to a 96 well plate at 200 µL per well and let to incubate 

overnight at 37°C and 5% CO2. 

The next day, B. subtilis and S. griseus cultures were mixed with DMEM + 10% HI-FBS 

to desired concentrations.  The medium in the HEK-Blue cells was aspirated and replaced with 

200 µL per well of bacterial supplemented medium and left to incubate for 2 hours at 37°C and 

5% CO2.  After incubation, the HEK-Blue cells were washed four times with 200µL DMEM + 

10% HI-FBS + 1% Antibiotic-antimycotic medium and left to incubate overnight at 37°C and 

5% CO2. 

The next day, the cells were tested for SEAP activity in the supernatant using a 

QUANTI-Blue (InvivoGen) assay per protocol with absorbance measured at 620 nm using a 

Multiskan FC plate reader (Thermo Scientific). 
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IL-6 and TNFα ELISAs 

Primary BMDMs were scraped from their dishes using 5 × 10−3 m EDTA in PBS and 

resuspended in RPMI 1640 (Life Techologies) with 10% HI-FBS and 1% antibiotic-antimycotic.  

The cells were replated at 100,000 cells per well in a 96 well plate with 200 µL per well and let 

to incubate overnight at 37°C and 5% CO2. 

The next day, B. subtilis and S. griseus cultures were mixed with RPMI + 10% HI-FBS to 

desired concentrations.  The medium in the BMDMs was aspirated and replaced with 200 µL per 

well of bacterial supplemented medium and left to incubate for 2 hours at 37°C and 5% CO2.  

After incubation, the BMDMs were washed four times with 200µL RPMI + 10% HI-FBS + 1% 

antibiotic-antimycotic medium and left to incubate overnight at 37°C and 5% CO2. 

The next day, the cells were tested for cytokine secretion in the supernatant using ELISA 

MAX Mouse Cytokine ELISA kits (BioLegend) per protocol with absorbance measured at 450 

nm using a Multiskan FC plate reader (Thermo Scientific).  Statistical analysis of the ELISA 

results was performed in R by fitting a 4-parameter logistic model to the standard curve data to 

interpret the experimental cytokine levels.  

Mathematical Analysis of Physical Contributions of TLR2 

Suppose the total secretion of a particular cytokine by a cell due to agonist stimulation 

can be expressed as:  

 𝑆𝐴𝑔 = 𝑁𝑜𝑛𝑇𝐿𝑅2/4𝐴𝑔 + 𝑇𝐿𝑅2/4𝐴𝑔 +  𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝐴𝑔 (1) 

Where 𝑆𝐴𝑔 is the cytokine level, 𝑁𝑜𝑛𝑇𝐿𝑅2/4𝐴𝑔 is the cytokine secretion due to non-TLR2 or 

TLR4 sources, 𝑇𝐿𝑅2/4𝐴𝑔 is the cytokine secretion due to traditional activation of the TLR2 and 

TLR4 pathway due to binding the agonist, and 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝐴𝑔 is the cytokine secretion due to 

physical changes of TLR2 and TLR4 due to the agonist. 
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OxPAPC is known to block agonist binding to TLR2/4, and our LLSM experiments show 

ablation of TLR2 physical changes due to agonist stimulation.  Therefore, we suppose cytokine 

levels while stimulating a cell dosed with OxPAPC can be expressed as: 

 𝑆𝐴𝑔,𝑂𝑥𝑃𝐴𝑃𝐶 = 𝑁𝑜𝑛𝑇𝐿𝑅2/4𝐴𝑔 (2) 

Suppose we then select a concentration of B. subtilis (BS) and S. griseus (SG) to have 

equal TLR2/4 signaling through traditional receptor ligation (e.g. by using HEK TLR2 reporter 

cells to measure cellular activation due to both stimulus), i.e.: 

 𝐻𝐸𝐾 𝑇𝐿𝑅2/4𝐵𝑆 = 𝐻𝐸𝐾 𝑇𝐿𝑅2/4𝑆𝐺 = 𝑇𝐿𝑅2/4 (3) 

Where 𝐻𝐸𝐾 𝑇𝐿𝑅2/4𝐵𝑆 is the reporter cell activation level due to B. subtilis stimulation and 

𝐻𝐸𝐾 𝑇𝐿𝑅2/4𝑆𝐺  is the reporter cell activation level due to S. griseus stimulation.  Since the level 

of activation through the receptors is dependent only on the number of agonist/receptor 

interactions on the cell, we expect that these two quantities will be equal as long as two cells of 

the same type are stimulated with these concentrations of agonists because the number of 

agonists and number of receptors should be the conserved in the comparison. 

Given this assumption, for the above selected concentrations of BS and SG, we may 

rewrite eq (1) as:  

 𝑆𝐵𝑆 = 𝑁𝑜𝑛𝑇𝐿𝑅2/4𝐵𝑆 +  𝑇𝐿𝑅2/4 + 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝐵𝑆 

𝑆𝑆𝐺 = 𝑁𝑜𝑛𝑇𝐿𝑅2/4𝑆𝐺 +  𝑇𝐿𝑅2/4 +  𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝑆𝐺 

(4) 

(5) 

Substituting eq (2) into these and subtracting the two yields the following form:  

 𝑆𝐵𝑆 − 𝑆𝑆𝐺 = 𝑆𝐵𝑆,𝑂𝑥  + 𝑇𝐿𝑅2/4 + 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝐵𝑆 − 𝑆𝑆𝐺,𝑂𝑥 − 𝑇𝐿𝑅2/4 − 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝑆𝐺 (6) 

Finally, canceling the 𝑇𝐿𝑅2/4 term and rearranging gives an expression for the difference in 

TLR2/4 physical contributions from the two different bacteria on cytokine signaling: 

 𝑆𝐵𝑆 −  𝑆𝑆𝐺 − 𝑆𝐵𝑆,𝑂𝑥 + 𝑆𝑆𝐺,𝑂𝑥 =  𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝐵𝑆 −  𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,𝑆𝐺 (7) 
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This form implies that if the left-hand side calculated value is non-zero, then the physical effect 

on TLR2/4 signaling is different for the two bacteria.  

 

4.4  Results 

4.4.1  Single Ligand Stimulation Causes a Speed Increase in TLR2 Tracks  

To assess how TLR2 motion changes in a stimulated macrophage versus a resting one, 

we used LLSM to image a macrophage that was stimulated with lipoteichoic acid (LTA)—a 

TLR2 agonist isolated from gram-positive bacteria2.  After taking an image of the cells at rest, 

we swapped the culture medium in the LLSM bath for medium supplemented with 100ng/mL 

LTA.  The cells incubated in this medium for 30 minutes before we imaged again.  We 

confirmed that this stimulation activates cells in a separate LLSM imaging experiment using a 

RAW 264.7 mutant cell line with GFP-tagged NFκB (RAW G9 cells)3.  Under the described 

stimulation regimen, we saw robust nuclear translocation of NFκB at 30 minutes (Figure A.4.1).  

After stimulating with LTA, we saw an increase of 9.07 ± 2.14 % in the average speed of 

TLR2 tracks relative to resting average track speeds (Figure 4.1).  We also saw maximum track 

speeds increase in the stimulated cells by 16.7 ± 5.02% while there was no significant change in 

minimum track speeds versus resting.  Additionally, we found that track displacement increased 

25.6 ± 6.57% in cells post-stimulation.  There were no significant differences between stimulated 

and resting for track area and number of collisions.  Because LTA only activates TLR2 in the 

cells25, we hypothesized that any changes in TLR2 dynamics are a direct consequence of TLR2 

activation.  To confirm this, we treated the cells with a 111 µg/mL dose of oxidized PAPC 

(oxPAPC), a competitive TLR2 inhibitor, for one hour before imaging4.  After blocking TLR2 

signals, we saw no differences in track speeds, displacement, area, or collisions post-stimulation 
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with LTA (Figure 4.1).  Taken together, these results indicate that single-molecule LTA 

stimulation causes macrophages’ TLR2 to move faster in a TLR2 signaling-dependent manner.    

 

Figure 4.1. Percentage changes in track metrics from resting after stimulating with LTA.  (A) Three 

groups of cells were imaged at rest before being dosed on the microscope with 100 ng/mL LTA for 30 

minutes, then the same coverslip (but three different groups of cells) was imaged again.  (B) Percentage 

change in mean track parameters after LTA stimulation when compared to resting.  (C) The same 

experiment was performed with a 1 hour pre-treatment of the macrophages with 111 ng/mL OxPAPC 

before imaging.  Means for each parameter in resting vs. stimulated cells are compared with a two-tailed 

t-test.  NS p > 0.05, ** p < 0.01, *** p < 0.001    
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4.4.2  Bacterial Stimulation Causes a Speed Decrease in TLR2 Tracks 

We then sought to assay a more biologically relevant stimulus by using live gram-

positive bacteria to stimulate the macrophages instead of soluble LTA.  Among many other 

innate immune receptor signals from gram-positive bacteria, TLR2 plays a role recognizing 

bacterial cell wall components such as LTA and peptidoglycans5.  We selected two bacteria with 

very different physical properties to see how TLR2 dynamics might be affected by size, shape, 

and motility.  B. subtilis is a small, rod-shaped cell (2-6µm long, ~1µm diameter) that moves via 

flagellar motor6,7.  S. griseus, on the other hand, is a large, segmented filamentous bacterium 

(10+ µm long, ~1 µm diameter) that does not have intrinsic motility8.  After imaging resting 

cells, we dosed the cells for 30 minutes with medium containing either bacterium (0.1 optical 

density measured at 600 nm), then imaged the stimulated cells.  We again confirmed activation 

of the macrophages at these doses of bacteria using a separate G9 cell experiment (Figure A.4.1). 

Unlike with the LTA stimulation, after B. subtilis stimulation we saw a decrease of 6.77 ± 

2.29% in the average speed of TLR2 tracks relative to resting (Figure 4.2).  We also saw 

minimum track speed reduction of 19.3 ± 5.19% for B. subtilis post-stimulation although we saw 

no maximum track speed change when dosing with these bacteria.  Additionally, we found that 

track area decreased 33.9 ± 6.91%, and the number of collisions of TLR2 tracks decreased 28.9 ± 

5.73% post-stimulation.  There was no significant difference between stimulated and resting for 

track displacement.  We, again, confirmed that OxPAPC dosage ablates these changes (Figure 

4.2).  These data suggest that bacterial stimulation—specifically with B. subtilis—cause TLR2 

behaviors associated with decreased speed and motion and that these changes depend on TLR2 

activation.  Importantly, the OxPAPC experiment shows that these speed changes require TLR2 
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activation even in contexts where the macrophage receives other, non-TLR2 stimulatory 

signaling from bacteria. 

 

Figure 4.2. Percentage changes in track metrics from resting after stimulating with 0.1 OD B. subtilis.  

(A) Three groups of cells were imaged at rest before being dosed on the microscope with 0.1 OD B. 

subtilis for 30 minutes, then the same coverslip (but three different groups of cells) was imaged again.  

(B) Percentage change in mean track parameters after B. subtilis stimulation when compared to resting.  

(C) The same experiment was performed with a 1 hour pre-treatment of the macrophages with 111 ng/mL 

OxPAPC before imaging.  Means for each parameter in resting vs. stimulated cells are compared with a 

two-tailed t-test.  NS p > 0.05, ** p < 0.01, *** p < 0.001    
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When we stimulated with S. griseus, we also saw TLR2 behaviors associated with 

decreased speeds.  Average TLR2 track speed decreased by 13.1 ± 2.80% compared to resting 

cells; minimum track speed decreased 15.8% ± 5.05%, and maximum speed decreased by 11.3 ± 

5.09% (Figure 4.3).  Additionally, TLR2 track displacement decreased by 23.7% ± 7.57%; track 

area decreased by 32.3% ± 7.33%, and number of track collisions decreased by 27.3% ± 4.25%.  

Our OxPAPC experiments indicated that these decreases were also TLR2 signaling-dependent 

(Figure 4.3).  Taken together, the results from our bacterial stimulation experiments indicate 

that, contrary to the speed up seen with LTA stimulation, gram-positive bacterial stimulation 

causes macrophage activation that slows down the cells’ TLR2.   

 We wondered whether the behavioral changes due to bacterial stimulation were driven by 

TLRs that bound the bacteria.  To test this, we labeled the bacteria with Bactoview Live Green 

stain and took two-color images of both the bacteria and the receptors.  We then added a distance 

measurement between each receptor and the nearest bacterium to our analysis and subset the data 

by receptors that contacted a bacterium during the imaging period and those that did not.  We 

found no differences between the track parameter means of the two groups of tracks, which 

indicates that dynamic differences are not due to receptors touching the bacteria during the 

imaging period (Tables A.4.2-3).  
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Figure 4.3. Percentage changes in track metrics from resting after stimulating with 0.1 OD S. griseus.  

(A) Three groups of cells were imaged at rest before being dosed on the microscope with 0.1 OD S. 

griseus for 30 minutes, then the same coverslip (but three different groups of cells) was imaged again.  

(B) Percentage change in mean track parameters after S. griseus stimulation when compared to resting.  

(C) The same experiment was performed with a 1 hour pre-treatment of the macrophages with 111 ng/mL 

OxPAPC before imaging.  Means for each parameter in resting vs. stimulated cells are compared with a 

two-tailed t-test.  NS p > 0.05, ** p < 0.01, *** p < 0.001    
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4.4.4  TLR Speed Changes Due to Different Bacteria Cause Distinct Functional Changes 

in Macrophages 

Finally, given the biophysical differences in TLR2 signaling we saw for different 

stimulation regimens using LLSM, we sought to establish that these differences inform the cells’ 

immune responses to different stimuli in terms of IL-6 and TNFα production after stimulation.  

The fact that OxPAPC blocks both TLR2 signaling and TLR2 dynamic changes—as seen in our 

LLSM experiments—allowed us to mathematically evaluate the difference between how much 

bacteria-induced TLR2 dynamic changes contributed to cytokine secretion (Figure 4.4, 

Materials and Methods)  To do this, we first used HEK-BlueTM hTLR2 cells to determine 

concentrations of both bacteria that would activate TLR2 signaling to the same level after a two 

hour stimulation (0.05 OD600 B. subtilis, 0.25 OD600 S. griseus, Figure 5B).  Then, we dosed 

mouse bone marrow derived macrophage with these concentrations of bacteria with or without 

one hour pretreatment with 111 µg/mL OxPAPC for two hours.  We then washed the cells to 

remove the stimulus, let the activated cells secrete cytokines overnight, and used the resulting 

supernatant for ELISA assays to determine levels of cytokine secretion.  For TNFα, we observed 

a difference between TLR2phys, BS and TLR2phys, SG of -563.58 pg/mL with a 95% confidence 

interval of [-1112.96, -14.20] pg/mL (Figure 5C).  For IL-6, we observed a difference between 

TLR2phys, BS and TLR2phys, SG of -5244.72 pg/mL with a 95% confidence interval of [-1112.96, -

14.20] pg/mL (Figure 4.4).  These results indicates that the dynamic changes in TLR2 caused by 

the two bacteria affect both macrophage TNFα and IL-6 secretion levels differently and that the 

S. griseus TLR2 dynamic changes affect the macrophages more than the B. subtilis changes.  
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Figure 4.4. Effect of TLR2 physical changes on cytokine secretion in primary macrophages.  (A) An 

expression to quantify the effects of stimulation-induced changes in TLR2/4 physics on macrophage 

cytokine signaling.  SBS = cytokine secretion from B. subtilis stimulation, SSG = cytokine secrtion from S. 

griseus stimulation, SBS, Ox = cytokine secretion from B. subtilis stimulation after OxPAPC treatment, SSG, 

𝑆𝐵𝑆 − 𝑆𝑆𝐺  −  𝑆𝐵𝑆, 𝑂𝑥 +  𝑆𝑆𝐺, 𝑂𝑥 = 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,  𝐵𝑆 − 𝑇𝐿𝑅2/4𝑃ℎ𝑦𝑠,  𝑆𝐺   
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Ox = cytokine secretion from S. griseus stimulation after OxPAPC treatment, TLR2/4Phys, BS = The effect of 

B. subtilis-induced changes in TLR2/4 physics on macrophage cytokine secretion, TLR2/4Phys, SG = The 

effect of S. griseus-induced changes in TLR2/4 physics on macrophage cytokine secretion (B) HEK-BlueTM 

hTLR2 cells only expressing TLR2 were used to determine a dose of bacteria for which TLR2 activation is 

the same.  Cells were treated with the indicated dosages for two hours then washed three times and let to 

produce cytokines overnight before quantification with Quanti-BlueTM.  (C-D) The same dosages of bacteria 

were used to treat activate mouse bone marrow derived macrophages with or without one hour pretreatment 

with 111µg/mL OxPAPC.  Cells were incubated for two hours, washed three times and let to produce 

cytokines overnight before quantification with ELISA.  The resulting values were used to calculate that 

difference between how much bacteria-induced TLR2 physical changes contributed to cytokine secretion 

(95% CI shown).  

 

4.5  Discussion 

Herein, we developed a method to track TLR2 dynamics on RAW 264.7 cells using 

LLSM and show that macrophages respond to TLR2 signaling by altering their biophysics in a 

stimulus-dependent manner.  We found that single-molecule LTA stimulation caused TLR2 

tracks to speed up and move farther while stimulation with gram-positive bacteria caused TLR2 

tracks to exhibit behaviors associated with slowing down.  We also found that dynamic 

differences are dependent on TLR2 signaling.  Moreover, our results show that macrophages can 

differentiate between physically distinct stimuli during ligand contact and accordingly coordinate 

biophysical behaviors which inform biological responses through differential IL-6 and TNFα 

activation. 

We believe that our observations are relevant for synthetic stimulus design where 

programming certain macrophage behaviors may be beneficial.  However, to design stimulants 

that faithfully mimic relevant biological contexts, we must more precisely characterize the 

mechanisms through which macrophages distinguish between different stimuli.  For example, 

macrophages might distinguish between bacteria and single ligands because bacteria have a high 

density of ligand in the same space.  The number of different ligands in the bacteria, their distinct 

patterning on the receptor, and the types and arrangement of responding PRRs could also play a 
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role encoding information to the macrophage.  Further experiments using more engineered 

ligand systems will help us more rigorously test different arrangements and combinations of 

stimulants to help correlate PRR behavior in LLSM and macrophage response with specific 

stimulant physics. 

Additionally, there are outstanding questions as to the functional consequences of the 

macrophage’s dynamic changes post-stimulation.  We hypothesize that the macrophages speed 

up due to single-ligand stimulation because single ligands in a biological context would indicate 

presence of pathogen.  Therefore, increased motility would be useful in finding the threat or 

potentially being more responsive to chemotactic signals.  Conversely, if the macrophage senses 

a whole bacterium, slowing down would keep the macrophage at the relevant site of infection.  

More spatially regulated experiments with, for example, by using microfluidic devices to create 

gradients of ligands or motility signals, could clarify physical consequences of our observed 

TLR2 behaviors.   

The TLR2 behaviors might also be caused in part by actin remodeling driven by the 

activation response, so more investigation into the actin cytoskeleton and phagocytosis regulators 

such as the Arp2/3 complex and the SCAR/WAVE complex could indicate that cells are 

preparing for downstream responses to physically different stimuli in biophysically distinctive 

ways9.  It has also been hypothesized that actin remodeling can be used to amplify immune 

signal in low ligand density environments by increased receptor motility on the cell surface, 

which may be driving TLR2 speed increases in the single-ligand stimulation environment10.  

Uncovering more details about the cells’ actin responses will afford better understanding about 

macrophage behaviors and what biophysical responses are advantageous in what situation, which 

may in turn inform novel stimulant design and macrophage programming. 
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CHAPTER 5: INVESTIGATING KEY PHYSICAL PARAMETERS DURING BACTERIAL 

STIMULATION OF MACROPHAGES USING FLUIDIC FORCE MICROSCOPY 

Parts of this chapter have been reproduced with permission from Liza Mulder and Sara Hoggatt. 

5.1 Summary 

Macrophages use physical ligand-receptor interactions through PRRs to sense when a 

pathogen is present and prime for immune activation and clearance of the pathogen.  

Accordingly, the biophysics of the contact between macrophages and pathogens is an important 

consideration when studying macrophage activation.  Here, we use fluidic force microscopy 

(FluidFM) to precisely control the exposure of b. subtilis to fluorescent reporter macrophages 

and vary the biophysics of the stimulus.  We find that, surprisingly, single b. subtilis do not 

robustly activate short-term macrophage responses and that two or more bacteria are required to 

see a response during 30 minutes of pathogen contact with the macrophage.  Additionally, we 

see that increasing the approach speed of the contact and programming dynamic tapping action 

during contact do not improve the single b. subtilis ability to activate the macrophage.  We 

conclude that higher levels of ligand exposure than a single bacterium provides is essential for 

activation in the context of our experiments.  These studies lend more nuanced understanding of 

the context cues macrophages sense in vitro and pave the way to use FluidFM to robustly study 

single host-pathogen interactions in contexts where biophysics are relevant. 

 

5.2 Introduction 

 When macrophages sense pathogens through PRRs, they physically interface with the 

pathogen to bind their cell surface receptors, capture the pathogen, and prepare for downstream 

responses such as endocytosis.  Recent evidence shows that the host cells and PRRs undergo 
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coordinated organization and dynamical changes to effect immune responses in response to 

pathogen exposure1,2,3; however, less is known about how the biophysics of the pathogen affect 

the host cell’s response.  Some research suggests, for example, that the structure of the pathogen 

and arrangement in space of ligands causes differential immune responses in responding 

macrophages4.  Additionally, it has been shown that knocking out flagellar motor rotation in 

bacteria causes them to be more efficient at phagocytic evasion4, that the number of encounters 

between host cells and bacteria depends on the diffusivity of the bacteria5, and that bacterial 

search behaviors can depend on morphological variation within bacterial species6.  Despite this 

work, however, it has been challenging to adequately assay the types and magnitudes of 

pathogen biophysical parameters that most impact innate immune detection—in part because it is 

difficult to precisely and accurately control the physics of pathogen presentation to immune cells. 

 Here, we utilize fluidic force microscopy (FluidFM) to exert exact control over B. subtilis 

bacterial presentation to fluorescent NFκB reporter macrophages to monitor the immune 

response while varying exposure parameters.  We have begun a preliminary analysis that varies 

number of contacts, contact duration, approach speed, and bacterial health to determine 

parameters that impact immune sensing.  Our results show that single bacteria alone struggle to 

activate macrophages and that the exposure time for a single bacterium required to efficiently 

activate the cell may be much higher than the typical duration of single pathogen exposures 

under uncontrolled conditions.  Higher bacteria counts—at least two or more—seem more 

effective for stimulating a macrophage response toward the stimulus.   

 

5.3  Materials and Methods 

Immortalized Cell Culture 
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RAW 264.7 G9 clone7 cells were all maintained in DMEM (Life Technologies) 

supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and 1% antibiotic-

antimycotic (Life Technologies) at 37°C and 5% CO2 in T75 cell culture flasks.      

Bacterial Culture 

B. subtilis was maintained in tryptic soy broth (BD Bacto, Fisher Scientific) in an 

incubator at 37°C shaking at 225 RPM.  In frozen conditions, bacteria were used directly from 

frozen stocks made with 50% glycerol. 

Cell Preparation for FluidFM 

 Raw 264.7 G9 cells were detached from the culture flask using warm HBSS (Gibco) and 

replated in a 50mm microscopy dish (TedPella 14027-200) in DMEM + 10% heat-inactivated 

FBS (HI-FBS, Life Technologies) at 500,000 cells/plate density and left to incubate overnight at 

37°C and 5% CO2.   

 One hour before the experiment, medium was changed to 10% HI-FBS in CO2-

Independent medium (Fisher Scientific) with 2% L-glutamine.  The cells were then incubated 

30-60 min at 37°C and atmospheric CO2 on the microscope, stained with 100 ng/mL Hoechst 

33342 nuclear stain (Fisher Scientific), and incubated a further 15-30 min. Cells were kept in a 

heated box surrounding the FluidFM microscope (Cytosurge) at 37°C for the duration of the 

experiment. 

B. Subtilis Preparation for FluidFM 

Roughly 50 µL of the B. subtilis culture was added to fresh tryptic soy broth to a total 

volume of 500 µL.  1 µL of BactoView Live Red stain (Biotium) was added to the culture and 

the mixture was incubated at 37°C with end-over-end mixing for 1 hour.  The bacteria were then 

pelleted at 9000 x g for 10 minutes, and the supernatant was removed and replaced with fresh 
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broth.  The labeled B. subtilis solution was then put into a 50mm microscopy dish with 2 mL of 

broth and kept covered at 37°C in the heated microscope box until ready for use. 

Bacterial Stimulation with the FluidFM 

 The dish with the labeled bacteria was placed under the FluidFM probe and the probe 

was lowered to the bottom of the dish using a 200 mV deflection.  The probe was then raised by 

2 µm and centered over a bacterium in the dish.  -200 mbar of pressure was exerted at the probe 

tip, and the probe was lowered again on top of the bacterium until the bacterium stuck to the 

probe.  Sticking was confirmed by moving the probe and seeing the bacterium move with it.   

The probe was then lifted 100 µm and the bacteria dish was replaced with a coverslip.  

The probe with bacterium was then washed by pipetting a 750 µL drop of water onto the 

coverslip, letting the probe sit in the water, and repeating this wash three additional times.   

The washing coverslip was then replaced with the dish of RAW 264.7 G9 cells, and the 

probe was lowered to the bottom of the dish in an empty region next to a cell of interest.  The 

probe was then raised 5 µm and an image stack of the resting cell was acquired.  The probe was 

then centered over the cell and the approach setpoint was set to ~30-40 mV before lowering the 

probe and bacterium to contact the macrophage.  Image stacks were acquired after contact at 5-

minute intervals.  After the desired contact time, the probe was lifted 100 µm and image 

acquisition continued until the end of the experiment. 

Image Analysis 

 Image quantification was carried out in CellProfiler as previously described8.  Briefly, 

each nucleus in the Hoechst stain was outlined, and then the outlines were slightly shrunken and 

expanded. In the GFP image, the area between the expanded and original outlines was taken to 
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be cytoplasmic GFP signal, and the area inside the shrunken outline was taken to be nuclear GFP 

signal. The ratios of these numbers determined cellular activation for each cell. 

Microscopy 

Imaging was performed using a Zeiss Axio Observer 7 inverted optical microscope, 

Hamamatsu ORCA-Flash4.0 V3 sCMOS camera (Hamamatsu C13440-20CU-KIT), Spectra-X 

Light Engine, and Zeiss Zen Pro software. Microscope equipped with Pecon live cell incubation 

box, Zeiss Heating Unit XL S, and Zeiss TempModule S to maintain temperature at 37°C when 

imaging live cells.  RAW 264.7 G9 cells stimulated with the FluidFM were imaged at the same 

location before and after treatment using a 40x (Zeiss 441350-9970-000) air objective. Channels: 

hoechst33342 nuclear stain (Ex/Em 350/461) and GFP reporter (Ex/Em 488/507). 

 

5.4  Results 

5.4.1  FluidFM Stimulation of Macrophages with B. Subtilis 

 The FluidFM is a combination of atomic force microscope (AFM) and micropipette 

capable of fine-grained manipulation of single cells in vitro.  The AFM cantilever has a pressure-

controlled channel for nanoliter-scale liquid handling while offering sensitive force detection 

using laser deflection off its surface10.  We used this instrument to present B. subtilis bacteria by 

labeling the bacteria and applying negative pressure to stick bacteria to the FluidFM probe.  We 

then lowered the bacteria down onto RAW 264.7 G9 macrophages7, which stably express GFP-

tagged p65 subunits of NFκB.  Together with a nuclear Hoechst 33342 stain, we can image and 

track NFκB nuclear localization in the stimulated cell to assay its immune activation (Figure 

5.1).  We can then vary physical parameters of the contact—such as number of bacteria, contact 
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speed, and number of contacts—to determine which features might be most important for 

optimal pathogen sensing. 

 

Figure 5.1. Representative FluidFM stimulation with B. subtilis.  (A) Diagram of the experimental 

proctocol.  Labeled bacteria are picked up using suction from the probe, washed in a bead of water four 

times, then presented to a fluorescent reporter macrophage with labeled NFκB.  As the experiment 

proceeds, the nuclear localization of NFκB is tracked to determine level of immune activation.  (B) 

Representative microscopy imaging of an activated macrophage.  Pink: labeled bacterium (BactoView 

Live Red), green: NFκB-GFP, blue: nuclear Hoescht 33342. 

 

5.4.2  More Than One B. subtilis is Required to Activate Macrophages During Short-Term 

FluidFM Stimulation 

 In our initial experiments, we used the FluidFM to present RAW 264.7 G9 macrophages 

with single B. subtilis stained with Bactoview Live Red stain directly after thawing from -80°C 

glycerol stocks.  We used the nuclear-to-cytoplasmic ratio of the GFP-labeled NFκB in these 

cells to assay cellular activation via microscopy.  Surprisingly, after 30 minutes of continuous 

bacteria-macrophage contact, we saw that freshly thawed bacteria did not activate the 

macrophages any better than the negative controls of blank polystyrene beads (Figure 5.2).  We 
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then tested with bacteria that had been grown and passaged at least once before exposure and 

found similar results. 

 We then tested stimulation with clumps of bacteria to see if higher source ligands would 

activate macrophages better.  While using visual quantitation of number of bacteria in the clump, 

we achieved significant macrophage activation when stimulating with clumps of 2-10 B. subtilis 

(Figure 5.2).  These results suggest that there is a critical mass of bacteria beyond a single 

bacterium that is required to activate a macrophage in vitro.     

 

Figure 5.2. Multiple B. subtilis are required for efficient macrophage stimulation.  Single B. subtilis or 

clumps of B. subtilis numbering 2-10 bacteria were presented to macrophages for 30 minutes.  Cells were 

assessed for nuclear/cytoplasmic NFκB ratio at 30 minutes.  Means for each group are compared with a 

two-tailed t-test.  NS p > 0.05, * p < 0.05.    

 

5.4.3  Increased Approach Speed of Single B. Subtilis Does Not Improve Macrophage 

Responses 

 Prior work shows that bacterial speed is related to macrophage detection and 

phagocytosis: for example, that phagocytosis increases with increasing centrifugal force of 
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bacteria on a monolayer of macrophages9, or that phagocytosis can decrease when motility of 

bacteria is suppressed4.  We therefore tested whether bacteria could be sensed better by 

increasing the approach speed of the FluidFM-mediated contact between B. subtilis and 

macrophages. 

 When we compared typical experimental approach speeds of 2 µm/s to approach speeds 

of 12.9 µm/s during a 30-minute stimulation, we found no significant difference in the ability of 

single bacteria to stimulate the macrophage, and they did not stimulate above the level of 2 µm/s 

negative controls (Figure 5.3).  This result suggests that, while higher approach speeds might 

inform higher stimulation efficiency in bulk scenarios, stimulation with more than one bacterium 

is still required to effectively activate the cell even with high speeds. 

 

Figure 5.3. High B. subtilis approach speeds do not improve macrophage stimulation.  Single B. subtilis 

were presented to macrophages for 30 minutes with an approach speed during the contact of 2 µm/s or 

12.9 µm/s.  Cells were assessed for nuclear/cytoplasmic NFκB ratio at 30 minutes.  Means for each group 

are shown in red and compared with a two-tailed t-test.  NS p > 0.05.    
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5.4.4  Dynamic Tapping of Single B. Subtilis on the Macrophage Does Not Improve 

Macrophage Responses 

 We also considered whether dynamic exposure of the bacterium to the macrophage over 

the experimental window would improve the macrophage’s response.  This type of exposure is 

perhaps more faithful to freely moving pathogens, as we have seen some B. subtilis exhibiting 

short duration contacts of around 10 seconds or fewer using lattice light sheet microscopy and 

others note similar contact times during Salmonella infection11.  We therefore used the FluidFM 

to tap the bacteria on the macrophage during the exposure.  We either tapped 10 times for 1 

second each or 10 times for 18 seconds each before a final holding of the bacterium onto the 

macrophage for the rest of the 30-minute experimental window.  After these stimulations, we 

saw no difference in the ability of single B. subtilis to activate the macrophages (Figure 5.4).  

These results suggest that a dynamic initial stimulus, while perhaps more biologically relevant, is 

not enough to have a macrophage respond to a single bacterium.    
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Figure 5.4. Tapping during initial B. subtilis contact does not impact macrophage response.  Single B. 

subtilis were presented to macrophages for 30 minutes without tapping, with 10 1 second taps before 

maintain contact for the rest of the 30 minutes or with 10 18s taps before maintaining contact for the rest 

of the 30 minutes.  Cells were assessed for nuclear/cytoplasmic NFκB ratio at 30 minutes.  Means for 

each group are shown in red and compared with a two-tailed t-test.  NS p > 0.05.    

 

5.5  Discussion 

 In this study, we presented individual b. subtilis to macrophages using FluidFM to 

quantitatively assess activation of the macrophages toward sparse bacterial stimulus.  Due to the 

FluidFM methodology, we had precise control over the physics of this interaction, and we varied 

approach speed and dynamics of the interaction to simulate certain parameters we hypothesized 

would modulate activation based on prior work.  Our results indicate that, surprisingly, it takes 

more than one bacterium to robustly activate a single macrophage, and that the activation due to 

a single bacterium was not improved by increased approach speeds or dynamic tapping of the 

bacterium during exposure. 

 It is unclear exactly why single bacteria do not activate the macrophage; however, we 

hypothesize that it might relate to a mechanism by which macrophages regulate low-dose 

responses.  It has been shown that NFκB signaling is modular depending on the strength of the 

stimulus—that high, sustained stimulus leads to rapid and uniform cellular activation and that 

low, sustained stimulus leads to heterogeneous response probability and delayed activation 

timing12.  This principle is sensible in terms of the broad immune landscape: if cells were always 

rapidly and strongly responsive to small signals, it might lead to significant immune-related 

damage, so some tolerance of low signals is appropriate.  We might be seeing some form of this 

tolerance in single b. subtilis exposures; however, further research is required to understand the 

precise nature of the tolerance of low bacterial ligand ligation by PRRs. 
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 We are also interested in more detailed probing of the parameters that cause effective 

macrophage activation.  We saw no changes in single-bacterium activation due to variance in 

approach speed or tapping; however, it does not mean these parameters are uninformative in 

higher dose stimulation cases.  Further work using bacterial clumps or other controllable 

activating stimuli (e.g. ligand-coated microparticles) is required to adequately characterize the 

effects of biophysical contact variation on macrophage activation. 

 Finally, we are continuing to consider the biological environment and ramifications of 

our findings on host-pathogen interactions in vivo.  We respect that there is significant biological 

context missing from our experiments that macrophages would experience in vivo that could 

inform the system, e.g. macrophage polarization signals13 and responses from neighboring 

cells14.  It is possible to simulate certain of these environments in vitro by pretreating the 

macrophages with growth factors, supplementing the medium with cytokines, or by activating 

neighboring cells using the FluidFM.  We are particularly interested in what signals might prime 

macrophages to activate more robustly toward single bacteria or be more responsive to changes 

in the biophysical environment of the cell.  Additionally, we are considering what low activation 

due to single pathogens might mean therapeutically.  Further work is needed to determine if we 

can, for example, introduce compounds that prime the macrophage to activate against lower 

pathogen signals to enhance clearance without over-activating against non-invasive signals, or if 

we can increase bacterial signaling by causing bacteria to clump into higher-dose ligands 

assemblies. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Research Summary 

In this thesis, we have interrogated the spatial and temporal biophysics of innate immune 

activation in a variety of novel ways.  Firstly, we used spatially organized TLR agonists to 

stimulate unique kinetic and functional NFκB responses relative to unorganized agonist 

mixtures.  We then used LLSM to track labeled TLR2 after stimulation with single-molecule 

TLR2 agonists or Gram-positive bacteria and found different modes of stimulation caused 

biophysical changes to the TLR2.  Generally, single-molecule agonists caused behaviors 

associated with increases in TLR2 speed and bacteria caused behaviors associated with 

decreased TLR2 speed, and these changes had functional consequences for the cell.  Finally, we 

used FluidFM to precisely control the physics of contact between a bacterium and an NFκB 

reporter macrophage and found that single B. subtilis bacteria are unable to stimulate short-term 

activation in macrophages, and increased approach speed or dynamic tapping in the contact do 

not improve immunogenicity.  Our techniques have provided us with the ability to probe the 

small- and fast-scale interactions of the innate immune system with unprecedented specificity, 

throughput, and control and lead us to new understanding about the physical immune world and 

new directions for further research. 

  

6.2 Multi-Molecule Ligands as a Therapeutic Frontier 

 PRRs afford the immune system a robust way to recognize a wide range of signals 

associated with pathogens.  The nature of PRR signaling is by necessity a cooperative one: since 

pathogens contain many PAMPs simultaneously, a given pathogen exposure will see many PRRs 

activating toward the same pathogen.  Indeed, the synergies and antagonisms between different 
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PRRs is the subject of much discourse in the field.  Many studies have evaluated receptor pairs 

and noted that combinatorial activation of certain receptors leads to enhanced immune responses 

in certain contexts (e.g. TLR3/TLR7 synergy in porcine reproductive and respiratory virus 

response1, dectin-1/TLR2/4 synergy for TNFα production2, and TLR9/STING synergy for anti-

tumor activity3).  Additionally, studies have shown PRR crosstalk must be tightly regulated, as 

certain agonist combinations are implicated in inflammatory disease4.  The mechanisms for 

crosstalk between different PRRs are not always clear; however, since many of these receptors 

share pathways, adaptors, kinases, and downstream effectors, there are many opportunities for 

synergy on a molecular level to provide uniquely programmed responses to combinatorial 

agonists. 

 We hope to take advantage of these synergies to exert control over immune responses.  

We have shown that, by developing new molecules that combine different ligand cues in 

structured ways, we can ensure relevant signals are being displayed to the cell in spatial 

arrangements that program the kinetics of the immune response in specific ways.  Again, the 

precise mechanisms of this programming require further study and depend largely on the 

agonists being combined.  It is possible, for instance, that combinatorial surface TLR agonists 

allow for efficient crosslinking of MyD88 at the receptor TIR domains, which we could assess 

through MyD88 cluster microscopy.  It is also possible that the chemical interactions between 

receptor and ligand play a role—e.g. if a high affinity ligand could help chaperone a lower 

affinity ligand to its receptor; further binding studies with specific ligand pairs may help 

illustrate this principle. 

 There are many possible applications for which multi-ligand stimulation may be 

beneficial.  For example, innate immune training can be achieved through multiple different 
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PRRs by stimulation with specific training molecules5.  One might imagine a multi-PRR agonist 

that co-delivers training and supplemental stimuli for efficient or programmable training.  We 

also do not have to stop at merely linking PRR agonists together.  Other non-PRR receptors have 

shown important crosstalk with PRRs—e.g. macrophage scavenger receptor 1 crosstalk with 

TLR4 for fungal clearance6.  Finally, our lab has discovered small molecular immunomodulators 

that promote or suppress specific immune programming7, which might be of benefit to co-

administer using a linked-ligand approach with stimulatory compounds, for example, in vaccines 

to program effective protective responses while minimizing side effects.   

  

6.3 Probing TLR Activation Through Microscopy 

 Even though microscopy has improved tremendously for live biological imaging 

applications in recent years, live microscopy of TLR activation is still limited.  Nonetheless, our 

research shows that TLR tracking can offer a compelling window into the cell’s behavior toward 

stimulants during activation.  In showing that the biophysical response of TLR2 changes toward 

differently sized and shaped stimuli, we have highlighted that the cell is somehow able to 

differentiate between stimulants and modify its physical and functional response accordingly, 

although the mechanism behind this discernment is unclear.   

We hypothesize that the physical and functional differences are related to the needs of the 

cell given the stimulus: if a cell senses a single molecule or low-density stimulus, it might need 

to increase motility both to heighten sensing and receptor-receptor interactions and to move to 

the source of that stimulus (i.e. a pathogen).  Whereas if the cell senses a pathogen, it decreases 

motility and prepares energy for other functions like phagocytosis.  Further research is required 

to determine if or which pieces of this hypothesis are correct, and microscopy is an ideal avenue 
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to continue to track the cellular behavior.  For example, gradient-based microscopy with a 

transwell assay8 or microfluidic microscopy9 would help give a sense of directionality of TLR2-

mediated macrophage motility and whether the cells migrate preferentially toward a ligand 

source or are especially responsive to chemotactic gradients that might be present in an in vivo 

environment.  We are also currently working on LLSM tracking of unrelated, non-immune 

receptors (e.g. Sphingosine-1-Phosphate Receptor and CD45) to see if the physical behavior 

changes are on the whole-cell cell membrane level or are specific to TLR2. 

In terms of microscopic tracking of PRRs themselves, there are also many future 

directions to build from our work.  One limitation to our LLSM approach is a lack of single-

molecule resolution.  LLSM has no higher resolution than more conventional techniques; 

therefore, we were not able to confidently track single TLRs while they became activated.  If we 

move to a super-resolution system ideal for fast tracking of single molecules (e.g. dSTORM10), 

we will be able to probe more specific questions about the nature of the TLR activity.  For 

example, we could use a labeled single-molecule ligand and track differences between bound and 

unbound single receptors to understand how a receptor’s biophysics changes upon ligation.   

It would also be of considerable interest to develop labels for other PRRs and do two-

color super-resolution tracking of multiple PRRs in the same cell.  In this way, we could 

establish the physical nature of receptor synergy and crosstalk between PRRs.  Prior work has 

suggested that there is a physical component to receptor synergy and that synergy depends on the 

organization of ligands in space11.  Using two-color tracking, we could use structured and 

unstructured combinatorial stimuli that engage PRRs in synergistic ways and see how they co-

localize with each other as part of that activity. 
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6.4 Biophysical Manipulation of Host-Pathogen Interactions 

 Our work using FluidFM to manipulate single bacterium-macrophage interactions is quite 

preliminary.  Nonetheless, it highlights our ability to use FluidFM for high levels of 

characterization in innate immune biophysics.  At best, stimulation of single macrophages by 

single bacteria has been carried out in microfluidic droplets17; however, this is, to our 

knowledge, the first study to exert such finely tuned control over host-pathogen interactions—

where we can adjust number of contacts between the pathogen and the immune cell, the speed, 

frequency, and location of those contacts, and can do so on a single-pathogen level.  Already our 

findings have shown the result that one B. subtilis is unable to activate a macrophage with 30 

minutes of direct contact in vitro.  This result seems unintuitive because pathogen detection is 

essential for clearance; however, it also highlights apparent mechanisms for macrophage 

temperance in the presence of low amounts of stimulation. 

 The mechanisms of this temperance and how it translates to in vivo contexts are unclear 

because most of our intuition of bacterium-macrophage interactions come from bulk stimulation 

experiments.  Signal information is encoded to cells in terms of duration and strength, and it is 

known in adaptive immune cells that both contact time and ligand dose modulate the responses 

of these cells12—and even that weak, sustained signaling is a primary motivator for selection of 

these cells during development13.  Additionally, it has been shown that macrophages are not 

robust to weak signaling and that the probability of their activation is very sensitive at low ligand 

doses14, and these responses are time delayed on the order of an hour or more, possibly as a 

protective measure against consistently strong immune responses.  Further work, therefore, is 

warranted to determine whether there is a threshold of time at which a single B. subtilis does 

activate a macrophage, as it may be longer than the 30-minute trials we completed.  If that is the 
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case, further research is also needed to determine what the long single-bacterium exposure times 

required to activate a macrophage mean in vivo.  Our LLSM experiments show B. subtilis 

contacts with macrophages on the order of seconds or less when freely swimming with cells, and 

adaptive immune responses can be triggered by fewer than 100 ligand-receptor interactions in a 

matter of seconds15, so the relative difficulty of a single bacterium to activate a macrophage is 

striking.  It might be that there are other contextual factors that help guide activation in a very 

metered way toward pathogens—from macrophage polarization to cell-cell interactions—that 

would be of interest to elucidate.  We could, for example, supplement the macrophage medium 

with IFNγ while doing our single B. subtilis stimulations to see the effect conventional 

macrophage priming has on sensing ability to quantify the role of such signals for sensing in low 

stimulus environments. 

 Additionally, the manipulation of exposure biophysics in the innate immune response 

allows us to understand what physical parameters are most important for effective immune 

activation.  Our studies were limited in this arm as we did not see robust activation from single 

bacteria; however, by using a stronger stimulus, we could characterize the innate immune 

response from a biophysical perspective.  Bacterial motility in particular has been cited as 

important in pathogen sensing: studies have shown that highly motile bacteria are more likely to 

be phagocytosed.  For example, using centrifugation to increase the collision speed of bacteria 

onto a bed of macrophages caused greater uptake of the bacteria16.  Collision speeds in these 

experiments were as high as 2.5 µm/s; however, this speed is much lower than that of a typical 

motile bacterium (~20-50 µm/s).  The FluidFM can increase collision speed much higher than 

centrifugation with lower risk of damage to the bacterium, so it is easier to study this 

phenomenon using our method.   
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The FluidFM’s movement capability also allows us to simulate searching behaviors of 

motile bacteria.  Studies have shown intuitively that bacterial infectivity is proportional to how 

many encounters with host cells they have and have modeled this phenomenon in terms of 

diffusivity of the bacterium18.  Additional research has shown that in vitro bacteria typically 

make 1-3 contacts per minute with host cells that last less than 10 seconds19.  It is straightforward 

with the FluidFM to model these parameters in a collection of macrophages to see how number 

of contacts and contact duration affect the macrophage response.  In our preliminary tapping 

experiments, we simulated 10 second contacts to see if a single bacterium would activate the cell 

with typical motile-like behaviors given that motile bacteria are typically more phagocytosed.  

While we did not see activation in our experiments, it is possible we would see greater activation 

if we better simulated the biological environment by tapping the bacterium on different parts of 

the cell.  Perhaps PRR ligation in multiple areas of the cell could lead to higher levels of 

activation; however, more research is needed to confirm this possibility. 

Finally, we are interested in a recent hypothesis that the innate immune system is primed 

to sense pathogen material due to biochemical errors from the pathogen’s perspective that might 

result in damage or aberrant stimulus exposure20.  If this were the case, we could use the 

FluidFM to assay activation due to intact versus chemically damaged bacteria to see if the 

increased ligand exposure due to bacterial damage does drive innate immunity.  We have begun 

experimenting with the idea of antibiotic or alcohol treatments to disrupt bacteria; however, 

physical disruption might also be possible using the FluidFM probe tip or pressure, and more 

research is needed to determine the ideal approach. 

All told, using the FluidFM to manipulate single host-pathogen interactions can afford 

unique opportunities to learn about optimal sensing in the innate immune system.  One eventual 
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goal might be to drive therapeutic development with novel findings.  For example, with our 

current results, we might consider development of a therapeutic that sticks bacteria together, so 

they are more immunogenic than single bacteria alone.  In the future, if we determine how 

contact must occur between the pathogen and the macrophage for ideal activation, we might 

develop compounds that help to stimulate such an environment. 
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APPENDIX: SUPPLEMENTAL DATA 

 

A.2 Data Supporting Chapter 2 

 

 

Figure A.2.1. Standard curve to quantify CPG dimers relative to FAM absorbance at 495 nm. 

 

Figure A.2.2. Gel electrophoresis of FAM labeled CpG_1826, and FAM labeled Pam_PEG 13 _CpG 

compounds visualized by 6 fluorescein amidite tag (495 nm laser excitation).  
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Figure A.2.3. Concentration scan of Pam2CSK4 (2/6), Pam3CSK4 (2/1), CpG_1826 (9) indole (4) and 

imidazoquinoline (7/8), corresponding equimolar mixtures and linked agonists measured by RAW-Blue 

activation after 24 h incubation at 37 °C. 
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Figure A.2.4. Intensity vs particle size of lipopeptide and lipopeptide derive dimers measured by dynamic 

light scattering (DLS). Samples measured at 250 nM in PBS. 
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Figure A.2.5. Box graph showing distribution of single cells based on the nuclear/cytoplasm NFκB ratio. 

Line representing mean.  
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A.4 Data Supporting Chapter 4 

 

Track Parameter Description 

Average, Track Speed (µm/s) 
The average speed measured from all track segments 

that make up the track 

Max, Track Speed (µm/s) 
The highest speed measured from the track 

segments that make up the track 

Min, Track Speed (µm/s) 
The lowest speed measured from the track segments 

that make up the track 

Length (max), Track Length (µm) 
The highest distance traveled by a track segment in 

the track 

Length (sum), Track Length (µm) The total length of all track segments in a track 

Area, 2D Oriented Bounds (µm²) 
The area of a box projected onto the longest and 

shortest dimension of motion of the track 

Side Ratio, 2D Oriented Bounds 
The ratio of the two side lengths for the above box 

Total Displacement,  

Track Mean Squared Displacement (µm²) 

The average of the squared distance traveled by all 

track segments 

X Displacement,  

Track Mean Squared Displacement (µm²) 
X-component of mean squared displacement  

Y Displacement,  

Track Mean Squared Displacement (µm²) 
Y-component of mean squared displacement  

Z Displacement,  

Track Mean Squared Displacement (µm²) 
Z-component of mean squared displacement  

# Fusions, Track Lineage (advanced) 
Number of times another segment was added to the 

track via fusion onto the primary track 

# Children 
The total number of tracked blobs that make up the 

track 

Length (min), Track Length (µm) 
The lowest distance traveled by a track segment in 

the track 

Straightness (max), Track Straightness 
Calculated (max displacement/max length) for the 

track 

Straightness (min), Track Straightness 
Calculated (min displacement/min length) for the 

track 

Table A.4.1.  List of tracked parameters for TLR2. 
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Figure A.4.1. Stimulation of RAW G9 macrophages on the LLSM.  Cells were incubated with the 

indicated stimulus for 30 minutes, and activation caused fluorescently tagged NFκB to migrate to the 

nucleus. 
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Figure A.4.2. Full distribution of LTA resting vs. stimulated data.  Means compared with a two-tailed t-

test.  NS p > 0.05, ** p < 0.01, *** p < 0.001  
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Figure A.4.3. Full distribution of B. subtilis resting vs. stimulated data.  Means compared with a two-

tailed t-test. NS p > 0.05, * p < 0.05, ** p < 0.01  
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Figure A.4.4. Full distribution of S. griseus resting vs. stimulated data.  Means compared with a two-

tailed t-test.  NS p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 
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Track Parameter 
T-Test P-

value 

BH-

Adjusted 

P-Value 

Significance 

Y Displacement, Track Mean Squared Displacement (µm²) 0.09522369 0.3792473 NS 

Total Displacement, Track Mean Squared Displacement (µm²) 0.09805082 0.3792473 NS 

Average, Track Speed (µm/s) 0.09875103 0.3792473 NS 

Max, Track Speed (µm/s) 0.13470682 0.3792473 NS 

Area, 2D Oriented Bounds (µm²) 0.13846319 0.3792473 NS 

X Displacement, Track Mean Squared Displacement (µm²) 0.14221772 0.3792473 NS 

Length (max), Track Length (µm) 0.1781235 0.4071394 NS 

Straightness (max), Track Straightness 0.26489926 0.5297985 NS 

Min, Track Speed (µm/s) 0.32405564 0.5467727 NS 

Length (sum), Track Length (µm) 0.3496077 0.5467727 NS 

# Fusions, Track Lineage (advanced) 0.37590622 0.5467727 NS 

Straightness (min), Track Straightness 0.48600832 0.6480111 NS 

Z Displacement, Track Mean Squared Displacement (µm²) 0.55457746 0.6825569 NS 

Length (min), Track Length (µm) 0.76789866 0.8215822 NS 

# Children 0.77023329 0.8215822 NS 

Side Ratio, 2D Oriented Bounds 0.89609988 0.8960999 NS 

Table A.4.2. Comparison of track parameters for tracks touching B. subtilis and those that do not.  A “touching 

track” was defined as a track that contacts B. subtilis during the imaging time.  Mean parameter values for those 

tracks were compared to mean values for all non-touching tracks in the same videos.   

 

Track Parameter 
T-Test P-

value 

BH-

Adjusted 

P-Value 

Significance 

Average, Track Speed (µm/s) 0.07806482 0.5112069 NS 

Length (max), Track Length (µm) 0.09195983 0.5112069 NS 

Length (sum), Track Length (µm) 0.1819148 0.5112069 NS 

Area, 2D Oriented Bounds (µm²) 0.22313719 0.5112069 NS 

X Displacement, Track Mean Squared Displacement (µm²) 0.23796782 0.5112069 NS 

Max, Track Speed (µm/s) 0.23848891 0.5112069 NS 

Total Displacement, Track Mean Squared Displacement (µm²) 0.24562231 0.5112069 NS 

# Fusions, Track Lineage (advanced) 0.32097736 0.5112069 NS 

Y Displacement, Track Mean Squared Displacement (µm²) 0.32857042 0.5112069 NS 

# Children 0.33488493 0.5112069 NS 

Length (min), Track Length (µm) 0.37851323 0.5112069 NS 

Min, Track Speed (µm/s) 0.38340519 0.5112069 NS 

Straightness (max), Track Straightness 0.45331548 0.5388105 NS 

Z Displacement, Track Mean Squared Displacement (µm²) 0.4714592 0.5388105 NS 

Side Ratio, 2D Oriented Bounds 0.5994319 0.639394 NS 

Straightness (min), Track Straightness 0.77104954 0.7710495 NS 

Table A.4.3. Comparison of track parameters for tracks touching S. griseus and those that do not.  A “touching 

track” was defined as a track that contacts S. griseus during the imaging time.  Mean parameter values for those 

tracks were compared to mean values for all non-touching tracks in the same videos.   

 


