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PG Peptidoglycan 
LA Lyme arthritis 
Osp Outer surface protein 
OM Outer membrane 
IM Inner membrane 

PAP Peptidoglycan associating protein 
MurNAc N-acetylmuramic acid 
GlcNAc N-acetylglucosamine 
mDAP meso-diaminopimelic acid 
NLR NOD-like receptors 
TLR Toll-like receptors 

PAMP Pathogen associated molecular pattern 
NOD Nucleotide binding oligomerization domain 
NapA Neutrophil attracting protein A 
PBMC Peripheral blood mononuclear cell 

GO Gene ontology 
KEGG Kyoto encyclopedia of genes and genomes 

DO Disease ontology 
OMV Outer membrane vesicle 
SDS Sodium dodecyl sulfate 
Dps DNA binding protein from starved bacteria 







. 

Under normal physiological conditions, B. burgdorferi produces outer membrane vesicles 

(OMVs); blebs pinched off from the OM that contain all sorts of cell envelope contents (19). 









The first responders are the neutrophils that act to fight off invaders while also 

orchestrating the secondary response from other innate cell types. During the initial stages of 

infection, neutrophils phagocytize B. burgdorferi, utilize lethal enzymes and destroy bacterial 

cells using neutrophil extracellular traps (NETs) (43-45). In preparation for this assault, enzymes 

in the tick saliva have been shown to dampen the efforts of neutrophils. These enzymes can 

suppress overall neutrophil functionality, namely through manipulation, enzyme production, and 

chemotaxis (43, 46). In this way, the two-systems wage war with one another both attempting to 

establish dominance in the host.  

Macrophages also phagocytize B. burgdorferi and destroy bacterial cells utilizing oxygen 

radicals in the phagosome. Ingestion of whole B. burgdorferi often causes macrophages and their 

precursors, monocytes, to rupture in apoptosis (43); however, the consequences of this apoptosis 

are still under investigation.  Innate cell lysis removes majority of the bacterial cell from the 

extracellular environment but may also lead to expulsion of robust and inflammatory bacterial 

products such as muropeptides. Macrophages are also the main contributors of innate cytokines 

that lead to inflammation including TNF-  and IFN-  (47).  

Dendritic cells (DCs) are the bridge that connects innate and adaptive immunity. These 

cells ingest B. burgdorferi and present antigens on the surface to naïve lymphocytes via both 

major histocompatibility complexes I and II (43, 48). Miscommunications between the DCs and 



lymphocytes results in a faulty adaptive immune response and although the exact mechanisms 

are still under investigation, it is clear that DCs play a critical role in B. burgdorferi infection. 

This is especially true in that epithelial dendritic cells are among the first to interact with B. 

burgdorferi in the skin during infection and are capable of phagocytosing these bacterium (49, 

50). Careful coordination of each of these cell types are crucial in the host response to acute B. 

burgdorferi infection. 

The innate receptors of this arm of the immune system are equally as important as the 

cells themselves and include the NOD-like receptors (NLRs), Toll-like receptors (TLRs) and the 

peptidoglycan receptor proteins. These receptors may present themselves on the surface of 

immune cells or intracellularly and are often dependent on the type of ligand they bind. The 

innate receptors listed here are all responsible for recognizing common bacterial ligands and are 

thus known as pathogen associated molecular pattern (PAMP) receptors. These PAMPS include 

those such as LPS, nuclear material, cell surface proteins or cell envelope components. Once a 

pattern is recognized, a brigade of downstream effectors is activated, often resulting in large 

scale responses to invaders. These responses include fevers, vasodilation, and inflammation. 

Notice that these attacks are not specific, as they are in the adaptive immune response which will 

be covered later, rather are aimed at boosting the overall ability of the body to clear the 

pathogen. 

The nucleotide-binding oligomerization domain (NOD 1/2) receptors are of particular 

interest in that these are typically how the body distinguishes different types of bacterium. NOD-

2 recognizes a portion of the microstructure of PG, in this case the MurNAc sugar linked to L-

Ala and D-Glu also known as N-Acetylmuramyl-L-Alanyl-D-Isoglutamine (MDP) (51). This 

recognition essentially serves the body as a “general,” PG detector as this structure is nearly 



ubiquitously found in bacterium with PG (Figure 1A). In contrast, NOD-1 only recognizes the 

third amino acid in many Gram-negative bacteria, mDAP (30) . These patterns in PG structure 

are essential for recognition by the immune response and thus the body typically uses NOD-1 to 

recognize Gram-negative bacteria and NOD-2 to for Gram-positives (30, 31, 51). As mentioned 

earlier, in the case of B. burgdorferi this presents a unique scenario in that the third amino acid in 

the peptide chain is the diamine L-Ornithine. B. burgdorferi PG stimulates NOD-2, as its 

structure still contains MDP (23) , however it does not stimulate NOD-1 due to the mDAP 

substitution with L-Ornithine (31). The immunological consequences of the L-Ornithine 

substitution are still under investigation and have been partially explored as part of this thesis 

work.  

Toll like receptors also recognize bacterial antigenic patterns. There are 13 TLRs and 

each one is responsible for binding to a class of microbial ligands (43, 52). Acute infection with 

B. burgdorferi leads to the activation of TLR1, TLR2, and TLR6 (43, 52, 53). There is 

experimental evidence to support the notion that there are other TLRs that are stimulated by 

other B. burgdorferi bacterial components, however only TLR 1, 2 and 6 will be discussed due to 

their enhanced relevance to the acute pathogenesis. Outer surface protein A stimulates TLR2 and 

this has been shown to lead to dimerization of TLR2 with both TLR1/6 (54). This activation 

leads to downstream activation of the inflammasome, thereby increasing the overall 

inflammatory response to the presence of B. burgdorferi. Interestingly, there is a trend in TLR2 

polymorphisms in patients with more severe forms of Lyme disease (55). The arthritic effect 

seen in the TLR2 deficient mouse model is exacerbated and there are less infiltrating innate 

immune cells present when compared to control (56) (57). This indicates that the TLR2 innate 



receptor plays a critical role in the recruitment of innate immune cells that go on to phagocytize 

and clear B. burgdorferi.  

 The two large families of cells in adaptive immunity include CD4/8 T and B cells. The 

role of T cells is to either aid other cell types in differentiation/activation (CD4) or to play a role 

in physically removing foreign invaders from the body (CD8). Depending on the antigen from B. 

burgdorferi that is presented to the T cell, the T cell may go on to stimulate the production of 

antibodies from B cells.  

 Antibody production from B cells occurs in two ways, either T cell dependent or 

independent. The T cell independent pathway typically consists of activation directly from 

antigen presenting cells and these antigens are typically simple bacterial constructs that 

ultimately result in shorter lived antibodies from the B cells they act on.  The T cell dependent 

pathway relies on antigen presentation from T cells and often results in a more robust, lengthier 

antibody response. Antibodies are classified according to their constant chain and are either IgA, 

IgG, IgD, IgE, or IgM. IgM is the first antibody produced in an adaptive response and is often 

the product of a T independent activation of B cells. Within a few weeks, there is a kindling of 

an IgG response from T cell dependent activated B cells. In a majority of cases, the ratio of IgM 

to IgG dwindles over time as less IgM antibodies are produced in favor of IgG. Interestingly this 

is not the case in B. burgdorferi infection as often there is a pronounced effect seen from IgM 

antibodies. Although there is still an IgG response, the overall antibody levels (58, 59) result in 

high quantities of both antibodies throughout the course of infection, perhaps another mechanism 

utilized by this pathogen to evade extermination by the immune system.  



 B. burgdorferi maintains nearly as many methods for avoidance of the immune system as 

the immune system has methods for its destruction and clearance. Although the innate immune 

system deploys numerous tactics to halt the initial infection with B. burgdorferi, the pathogen 

still manages to disseminate to other parts of the body, wreaking havoc wherever that may be. 

Travel for B. burgdorferi is feasible not only through the blood but also through the lymph where 

it can interfere with adaptive immune cell generation (58, 59). Thus, dissemination to the heart, 

central nervous system, and synovial fluid result in late stage symptoms of Lyme disease (39). 

Components in the tick saliva (60, 61), outer surface protein manipulation (9), suppression of 

proper antibody production (58, 59), and motility ability (62) are all methods employed by B. 

burgdorferi to evade the host immune response and establish residency.   

 Irrespective of which arm of the immune response being studied, there is no denying that 

the two rely heavily on each other for proper elimination of pathogens. The temporal immune 

response to B. burgdorferi is unique in that Lyme disease presents as a biphasic illness.  There 

are a specific set of symptoms that are seen in acute patients and these are drastically different 

from those seen in the chronically ill. Where does the shift occur from acute symptoms to long 

term? How early can we detect this shift? What signals are being sent to kickstart it and which 

ones are designated for dealing with the long-term infection? Armed with the fundamental 

knowledge that B. burgdorferi PG is a unique antigen released during the life cycle of the 

bacteria and utilizing this antigen as a bio-tool to study the immunological implications for the 

pathogenesis of Lyme disease, we can truly begin to answer these questions.  

 The physical and economical burdens Lyme disease places on those it affects are brutal. 

The economic impact of Lyme costs the US $292 million a year with over 300,000 annual cases 



diagnosed in the United States alone (63). Each year the cases continue to rise, the geographical 

location spreads, and the costs associated follow the same trends.  

 B. burgdorferi is a unique pathogen in many ways, the architecture of the cell and the 

resulting physiology presents unique challenges to each system it resides in during the enzootic 

cycle. Its compact, yet complex, genome encodes anomalies that often times are involved in the 

unique pathogenesis seen in Lyme disease.  

 This thesis presents evidence for the distinctive immune response elicited from B. 

burgdorferi PG using RNA sequencing. We uncover that the acute immune response from 

bacterial PG is fairly similar but also that there are a few distinguishing responses seen only from 

stimulation with B. burgdorferi PG.  The PG is only a single component of the cell envelope and 

the presence of other proteins potentially associated with the PG implies that there may also be 

implications for the immune response seen. With this in mind, I present work in this thesis that 

describes the function and perhaps the role that Neutrophil attracting protein A (NapA) plays in 

B. burgdorferi. This protein is the first PAP to have been discovered in B. burgdorferi and this 

thesis provides evidence that NapA not only plays a role in the structural integrity of the cell 

envelope, but also doubles as an immunomodulatory beacon to the human immune system. 



Figure 1: PG structure and differentiation 
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Table 1.1 RNA Sequencing Sample Names 

 

Raw 
Sample 
Name 

Novogene NO 
Species 
Latin 
Name 

Sample 
Description(Treatment etc.) 

Sample 
Name in 
Report 

Group 
Name 

A_1 CKRN200008764-1A H. sapien h12 Ctrl-1 Ctrl12 
A_2 CKRN200008765-1A H. sapien h12 Ctrl-2 Ctrl12 
A_3 CKRN200008766-1A H. sapien h12 Bb-1 Bb12 
A_4 CKRN200008767-1A H. sapien h12 Bb-2 Bb12 
A_5 CKRN200008768-1A H. sapien h12 Ec-1 Ec12 
A_6 CKRN200008769-1A H. sapien h12 Ec-2 Ec12 
A_7 CKRN200008770-1A H. sapien h12 Bs-1 Bs12 
A_8 CKRN200008771-1A H. sapien h12 Bs-2 Bs12 
A_9 CKRN200008772-1A H. sapien h12 Sm-1 Sm12 
A_10 CKRN200008773-1A H. sapien h12 Sm-2 Sm12 
A_11 CKRN200008774-1A H. sapien h12 Sa-1 Sa12 
A_12 CKRN200008775-1A H. sapien h12 Sa-2 Sa12 
A_13 CKRN200008776-1A H. sapien h72 Ctrl-3 Ctrl72 
A_14 CKRN200008777-1A H. sapien h72 Ctrl-4 Ctrl72 
A_15 CKRN200008778-1A H. sapien h72 Bb-3 Bb72 
A_16 CKRN200008779-1A H. sapien h72 Bb-4 Bb72 
A_17 CKRN200008780-1A H. sapien h72 Ec-3 Ec72 
A_18 CKRN200008781-1A H. sapien h72 Ec-4 Ec72 
A_19 CKRN200008782-1A H. sapien h72 Bs-3 Bs72 
A_20 CKRN200008783-1A H. sapien h72 Bs-4 Bs72 
A_21 CKRN200008784-1A H. sapien h72 Sm-3 Sm72 
A_22 CKRN200008785-1A H. sapien h72 Sm-4 Sm72 
A_23 CKRN200008786-1A H. sapien h72 Sa-3 Sa72 
A_24 CKRN200008787-1A H. sapien h72 Sa-4 Sa72 
A_25 CKRN200008788-1A H. sapien h72 Bb-5 Bb1X12 
A_26 CKRN200008789-1A H. sapien h72 Bb-6 Bb1X12 
A_27 CKRN200008790-1A H. sapien h72 Bb-7 Bb2X72 
A_28 CKRN200008791-1A H. sapien h72 Bb-8 Bb2X72 
A_29 CKRN200008792-1A H. sapien h72 Bb-9 Bb1X72 
A_30 CKRN200008793-1A H. sapien h72 Bb-10 Bb1X72 
A_31 CKRN200008794-1A H. sapien h72 Bb-11 Bb2X12 
A_32 CKRN200008795-1A H. sapien h72 Bb-12 Bb2X12 



Table 2. 1 Differentially Expressed Genes of Interest in PBMCs Stimulated with PGBb for 
12 Hours 

Gene ID Gene Name log2Fold Change 
ENSG00000108342 CSF3 10.325 
ENSG00000196611 HAS1 9.1282 
ENSG00000105509 MMP1 8.8096 
ENSG00000081041 CXCL2 5.1343 
ENSG00000163735 CXCL5 4.5347 
ENSG00000124875 CXCL6 7.2557 
ENSG00000115008 IL11A 7.9102 
ENSG00000125538 IL1B 7.2255 
ENSG00000136244 IL6 5.9373 
ENSG00000169429 IL8 7.1785 
ENSG00000142224 IL19 6.8802 
ENSG00000136688 IL-36G 8.0504 
ENSG00000109320 NFKB1 1.638 
ENSG00000137462 TLR2 1.3073 
ENSG00000106100 NOD1 -0.424 
ENSG00000167207 NOD2 -0.485 
ENSG00000118503 TNFAIP3 1.1767 
ENSG00000123610 TNFAIP6 2.8911 

Table 2. 2 Differentially Expressed Genes of Interest in PBMCs Stimulated with PGBb for 
72 hours 

Gene ID Gene Name log2Fold Change 
ENSG00000108342 CSF3 9.6662 
ENSG00000196611 HAS1 5.8353 
ENSG00000105509 MMP-1 9.8312 
ENSG00000081041 CXCL2 4.6356 
ENSG00000163735 CXCL5 11.879 
ENSG00000124875 CXCL6 1.2273 
ENSG00000115008 IL11A 5.5591 
ENSG00000125538 IL1B 7.5753 
ENSG00000136244 IL6 5.6878 
ENSG00000169429 IL8 7.2734 
ENSG00000142224 IL19 2.8319 
ENSG00000136688 IL-36G 5.9828 
ENSG00000109320 NFKB1 0.345 
ENSG00000137462 TLR2 0.706 
ENSG00000106100 NOD1 -0.955 
ENSG00000167207 NOD2 0.418 
ENSG00000118503 TNFAIP3 1.032 
ENSG00000123610 TNFAIP6 2.8399 



Table 2. 3 Differentially Expressed Genes of Interest in PBMCs Stimulated with Live 
Borrelia for 12 Hours 

 
 
Table 2. 4 Differentially Expressed Genes of Interest in PBMCs Stimulated with Live 
Borrelia for 72 Hours 

Gene ID Gene Name log2Fold Change 
ENSG00000108342 CSF3 0.0709 
ENSG00000196611 HAS1 -0.0386 
ENSG00000105509 MMP1 NA 
ENSG00000081041 CXCL2 -0.10144 
ENSG00000163735 CXCL5 0.746 
ENSG00000124875 CXCL6 0.0629 
ENSG00000115008 IL11A 0.025645 
ENSG00000125538 IL1B 0.57677 
ENSG00000136244 IL6 -0.024473 
ENSG00000169429 IL8 0.989 
ENSG00000142224 IL19 NA 
ENSG00000136688 IL-36G NA 
ENSG00000109320 NFKB1 -0.185 
ENSG00000137462 TLR2 0.359 
ENSG00000106100 NOD1 -0.406 
ENSG00000167207 NOD2 0.616 
ENSG00000118503 TNFAIP3 0.012993 
ENSG00000123610 TNFAIP6 1.03 

Gene ID Gene Name log2Fold Change 
ENSG00000108342 CSF3 0.34004 
ENSG00000196611 HAS1 -0.17191 
ENSG00000105509 MMP1 0.13029 
ENSG00000081041 CXCL2 2.0512 
ENSG00000163735 CXCL5 5.6366 
ENSG00000124875 CXCL6 0.48111 
ENSG00000115008 IL11A 2.3115 
ENSG00000125538 IL1B 3.0072 
ENSG00000136244 IL6 2.3263 
ENSG00000169429 IL8 2.4063 
ENSG00000142224 IL19 0.272 
ENSG00000136688 IL-36G 0.20953 
ENSG00000109320 NFKB1 0.971 
ENSG00000137462 TLR2 1.12 
ENSG00000106100 NOD1 0.266 
ENSG00000167207 NOD2 1.32 
ENSG00000118503 TNFAIP3 1.328 
ENSG00000123610 TNFAIP6 2.45 



Table 3. 1 Reactome Analysis Post 12 Hour PBMC Stimulation with PGSm 

 

Table 3. 2 Reactome Analysis Post 12 Hour PBMC Stimulation with PGSa 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 134/1261 450/8819 2.71E-18 3.03E-15 134 
Interleukin-10 signaling 29/1261 43/8819 2.47E-15 1.38E-12 29 

Interferon Signaling 69/1261 189/8819 1.28E-14 4.76E-12 69 
Interferon gamma signaling 37/1261 88/8819 1.81E-10 5.06E-08 37 

Interferon alpha/beta signaling 30/1261 67/8819 1.56E-09 3.48E-07 30 
Interleukin-4 and 13 signaling 39/1261 104/8819 3.21E-09 5.98E-07 39 

Class A/1 (Rhodopsin-like receptors) 59/1261 217/8819 3.86E-07 5.52E-05 59 
Chemokine receptors bind 

chemokines 
20/1261 43/8819 3.94E-07 5.52E-05 20 

Cell surface interactions at the 
vascular wall 

36/1261 115/8819 2.24E-06 0.00027864 36 

Phosphorylation of CD3 and TCR 
zeta chains 

12/1261 20/8819 2.87E-06 0.00032146 12 

Description GeneRatio BgRatio pvalue padj Count 
Viral mRNA Translation 64/2450 86/8838 2.14126E-19 2.14543E-16 64 
Neutrophil degranulation 211/2450 449/8838 3.40274E-19 2.14543E-16 211 

Eukaryotic Translation Elongation 65/2450 89/8838 5.92962E-19 2.49242E-16 65 
Nonsense Mediated Decay (NMD) 
independent of the Exon Junction 

Complex (EJC) 

66/2450 92/8838 1.5183E-18 3.3697E-16 66 

Eukaryotic Translation 
Termination 

65/2450 90/8838 1.56292E-18 3.3697E-16 65 

Peptide chain elongation 63/2450 86/8838 1.60335E-18 3.3697E-16 63 
Selenocysteine synthesis 63/2450 90/8838 6.70848E-17 1.20848E-14 63 

SRP-dependent cotranslational 
protein targeting to membrane 

71/2450 109/8838 3.06056E-16 4.8242E-14 71 

Formation of a pool of free 40S 
subunits 

66/2450 99/8838 5.96726E-16 7.24524E-14 66 

Nonsense-Mediated Decay (NMD) 71/2450 110/8838 6.32019E-16 7.24524E-14 71 



Table 3. 3 Reactome Analysis Post 12 Hour PBMC Stimulation with PGEc 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 226/2294 453/8824 4.23E-29 5.32E-26 226 

Interferon Signaling 97/2294 190/8824 8.05E-14 5.06E-11 97 
Interferon gamma signaling 55/2294 89/8824 9.83E-13 4.12E-10 55 

Interleukin-10 signaling 33/2294 42/8824 1.40E-12 4.40E-10 33 
Interferon alpha/beta signaling 44/2294 67/8824 9.32E-12 2.34E-09 44 
Interleukin-4 and 13 signaling 55/2294 100/8824 5.75E-10 1.20E-07 55 
Toll-Like Receptors Cascades 73/2294 150/8824 1.62E-09 2.92E-07 73 

Immunoregulatory interactions between a 
Lymphoid and a non-Lymphoid cell 

61/2294 123/8824 1.45E-08 2.27E-06 61 

Cell surface interactions at the vascular wall 58/2294 116/8824 2.24E-08 3.13E-06 58 
Toll Like Receptor 4 (TLR4) Cascade 61/2294 127/8824 6.55E-08 8.23E-06 61 
 

 

Table 3. 4 Reactome Analysis Post 12 Hour PBMC Stimulation with PGBs 

Description GeneRatio BgRatio pvalue padj Count 
Eukaryotic Translation Elongation 70/1818 89/8791 7.25E-32 9.07E-29 70 

Eukaryotic Translation Termination 70/1818 90/8791 2.62E-31 9.44E-29 70 
Peptide chain elongation 68/1818 86/8791 3.02E-31 9.44E-29 68 
Viral mRNA Translation 68/1818 86/8791 3.02E-31 9.44E-29 68 

Nonsense Mediated Decay (NMD) 
independent of the Exon Junction 

Complex (EJC) 

70/1818 92/8791 3.05E-30 7.63E-28 70 

Selenocysteine synthesis 68/1818 90/8791 4.37E-29 9.10E-27 68 
Formation of a pool of free 40S 

subunits 
72/1818 99/8791 6.19E-29 1.10E-26 72 

SRP-dependent cotranslational protein 
targeting to membrane 

75/1818 109/8791 1.50E-27 2.35E-25 75 

Nonsense-Mediated Decay (NMD) 74/1818 110/8791 3.16E-26 3.95E-24 74 
Nonsense Mediated Decay (NMD) 

enhanced by the Exon Junction 
Complex (EJC) 

74/1818 110/8791 3.16E-26 3.95E-24 74 



Table 3. 5 Reactome Analysis Post 12 Hour PBMC Stimulation with PGBb 

Description GeneRatio BgRatio pvalue padj Count 

Neutrophil degranulation 258/2942 451/8865 5.44E-27 6.89E-24 258 

Interferon Signaling 112/2942 190/8865 1.71E-13 1.08E-10 112 

Interleukin-4 and 13 signaling 69/2942 101/8865 4.30E-13 1.82E-10 69 

Interleukin-10 signaling 36/2942 42/8865 2.55E-12 8.08E-10 36 

Interferon gamma signaling 59/2942 89/8865 1.45E-10 3.67E-08 59 

Interferon alpha/beta signaling 47/2942 67/8865 5.99E-10 1.26E-07 47 

Platelet activation, signaling and 
aggregation 

125/2942 257/8865 1.42E-07 2.57E-05 125 

Interleukin-3, 5 and GM-CSF 
signaling 

33/2942 48/8865 4.75E-07 7.52E-05 33 

The citric acid (TCA) cycle and 
respiratory electron transport 

86/2942 167/8865 6.36E-07 8.95E-05 86 

Signaling by NOTCH 60/2942 109/8865 1.92E-06 0.000242987 60 



Table 4. 1 Reactome Analysis Post 72 Hour PBMC Stimulation with PGSm 

Table 4. 2 Reactome Analysis Post 72 Hour PBMC Stimulation with PGSa 

Description GeneRatio BgRatio pvalue padj Count 
Interleukin-10 signaling 18/548 43/8794 2.15E-11 9.60E-09 18 

Class A/1 (Rhodopsin-like receptors) 42/548 218/8794 2.98E-11 9.60E-09 42 
Chemokine receptors bind chemokines 18/548 44/8794 3.43E-11 9.60E-09 18 

Interleukin-4 and 13 signaling 26/548 103/8794 4.64E-10 9.73E-08 26 
Response to metal ions 9/548 121/8794 2.47E-09 4.15E-07 9 
GPCR ligand binding 48/548 311/8794 3.29E-09 4.60E-07 48 

Peptide ligand-binding receptors 27/548 123/8794 5.98E-09 7.17E-07 27 
Activation of Matrix Metalloproteinases 12/548 27/8794 2.23E-08 2.34E-06 12 

Regulation of Insulin-like Growth Factor (IGF) 
transport and uptake by Insulin-like Growth 

Factor Binding Proteins (IGFBPs) 

23/548 103/8794 5.78E-08 5.39E-06 23 

Post-translational protein phosphorylation 21/548 90/8794 9.80E-08 8.22E-06 21 

Description GeneRatio BgRatio pvalue padj Count 

Neutrophil degranulation 287/3707 452/8811 4.06E-21 5.15E-18 287 

rRNA processing 141/3707 196/8811 1.13E-17 7.20E-15 141 

rRNA processing in the nucleus and cytosol 136/3707 188/8811 1.99E-17 8.43E-15 136 

Major pathway of rRNA processing in the 
nucleolus and cytosol 

128/3707 178/8811 3.92E-16 1.24E-13 128 

Formation of a pool of free 40S subunits 78/3707 100/8811 1.93E-13 4.91E-11 78 

Regulation of expression of SLITs and ROBOs 112/3707 162/8811 2.05E-12 3.58E-10 112 

Eukaryotic Translation Initiation 87/3707 118/8811 2.25E-12 3.58E-10 87 

Cap-dependent Translation Initiation 87/3707 118/8811 2.25E-12 3.58E-10 87 

Signaling by ROBO receptors 134/3707 205/8811 9.02E-12 1.27E-09 134 

L13a-mediated translational silencing of 
Ceruloplasmin expression 

81/3707 110/8811 1.45E-11 1.85E-09 81 



Table 4. 3 Reactome Analysis Post 72 Hour PBMC Stimulation with PGEc  

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 284/3512 451/8779 4.74E-24 6.03E-21 284 

Interferon alpha/beta signaling 49/3512 57/8779 8.41E-13 5.34E-10 49 

Interferon Signaling 115/3512 181/8779 9.32E-11 3.95E-08 115 

Mitotic G1-G1/S phases 92/3512 146/8779 1.30E-08 4.13E-06 92 

Interleukin-10 signaling 35/3512 43/8779 3.13E-08 6.77E-06 35 

Cell Cycle, Mitotic 255/3512 492/8779 3.20E-08 6.77E-06 255 

Interleukin-4 and 13 signaling 67/3512 102/8779 1.23E-07 2.21E-05 67 

Interferon gamma signaling 60/3512 89/8779 1.39E-07 2.21E-05 60 

Interleukin-1 family signaling 72/3512 115/8779 7.06E-07 9.97E-05 72 

Antigen processing-Cross 
presentation 

61/3512 94/8779 8.45E-07 0.0001074 61 

Table 4. 4 Reactome Analysis Post 72 Hour PBMC Stimulation with PGBs 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 139/1417 450/8745 1.19E-15 1.45E-12 139 

Interferon Signaling 66/1417 181/8745 1.93E-11 1.17E-08 66 
Interferon gamma signaling 38/1417 88/8745 1.63E-09 6.60E-07 38 

Interleukin-10 signaling 24/1417 43/8745 3.10E-09 9.42E-07 24 
Interleukin-4 and 13 signaling 39/1417 101/8745 4.37E-08 1.06E-05 39 

Phosphorylation of CD3 and TCR 
zeta chains 

13/1417 20/8745 1.27E-06 0.00025707 13 

Interferon alpha/beta signaling 25/1417 59/8745 1.56E-06 0.00027 25 
PD-1 signaling 13/1417 21/8745 2.84E-06 0.000431 13 

Translocation of ZAP-70 to 
Immunological synapse 

11/1417 17/8745 9.32E-06 0.00125706 11 

Amino acid transport across the 
plasma membrane 

14/1417 26/8745 1.13E-05 0.00137105 14 



Table 4. 5 Reactome Analysis Post 72 Hour PBMC Stimulation with PGBb 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 132/1455 452/8803 3.35E-12 4.03E-09 132 

Interferon alpha/beta signaling 31/1455 59/8803 2.06E-10 1.24E-07 31 
Interferon Signaling 62/1455 181/8803 3.33E-09 1.34E-06 62 

Interleukin-4 and 13 signaling 41/1455 104/8803 1.76E-08 5.28E-06 41 

Interleukin-10 signaling 22/1455 43/8803 1.67E-07 4.01E-05 22 
Interferon gamma signaling 34/1455 88/8803 5.08E-07 0.00010177 34 

Chemokine receptors bind 
chemokines 

21/1455 44/8803 1.41E-06 0.00024162 21 

Extracellular matrix organization 71/1455 261/8803 6.90E-06 0.00103777 71 
Response to metal ions 9/1455 Dec-03 1.23E-05 0.00163739 9 

Phosphorylation of CD3 and 
TCR zeta chains 

12/1455 20/8803 1.36E-05 0.00163739 12 



 

Table 5. 1 GO Analysis "Granulocyte Activation," Pathway 

Stimulant Genes in Pathway Temporal Difference Uniquely Expressed Genes

PGBb 12 hrs 271
132

ABR ACAA1 AGPAT2 ALAD ALDH3B1 ALOX5 ANXA2 APEH ARHGAP9 ARPC5 ARSAASAH1 ATG7 
ATP11B ATP6AP2 ATP6V0A1 ATP8A1 B2M BIN2 BRI3 BST1 CAPN1 CAT CD33 CD47 CD63 CDA CFP 

CLEC4C CLEC4D COTL1 CPPED CRISPLD2 CTSA CTSB CTSD CTSS CTSZ CXCL6 CYBB DBNL DDOST 
DDX3X DERA DOCK2 DOK3 DPP7 DSP ENPP4 ERP44 FAF2 FTL FUCA2 GDI2 GHDC GLB1 GLIPR1 

GMFG GSDMD GUSB GYG1 HEBP2 HK3 HLA-B HLA-C HMGB1 HMOX2 HSP90AA1 HSP90AB1 
HSPA1A HSPA6 HSPA8 IQGAP2 ITGAM ITGB2 KCNAB2 KPNB1 LAMP1 LAMP2 LAMTOR1 LAMTOR2 

LGALS3 LILRB2 LRG1 LTA4H MANBA MLEC MVP NAPRT1 NBEAL2 NCKAP1L NCSTN NFAM1 NFKB1 
NIT2 NPC2 NRAS PAFAH1B2 PDXK PFKL PGM2 PLAC8 PLAU PPIA PRDX4

PREX1 PSAP PSMA5 PSMB1 PSMC2 PSMC3 PTPRC PYGB PYGL RAB10 RAB14 RAB24 RAB27A RAB31 
RAB5C RAB6A RAC1 RAP1A RAP1B RAP2C RHOA RHOG S100A11 SERPINB1 SIRPB1 SLC15A4 

SLC27A2 SNAP23 SRP14 STOM STX4 STXBP2 SYK TBC1D10C TCIRG1 TIMP2 TMC6 TMEM179B 
TMEM63A TRAPPC1 TRPM2 TSPAN14 TYROBP UNC13D VAT1 VCL VCP YPEL5

PGBb  72 hrs 139
ALDOA ALDOC ANO6 ANPEP ATP8B4 C3AR1 CEACAM3 CXCR1 ELANE F2RL1  FCER1G GNS IGF2R 

IQGAP1 PGM1 PKM PPBP PTPRJ QPCT S100A12 SLC2A5

Live Borrelia 12 hrs 272
188

FGR FUCA2 ENPP4 MPO LAMP2 ALDH3B1 PSMB1 TYROBP MVP SERPINB1 ERP44 RNASET2 VCL
HEXB CYBA HEBP2 ATP11B CTSA CNN2 CDK13 PKM ROCK1 ATP11A KCNAB2 STK10 PLD1 STXBP2 

PSEN1 HSP90AA1 PPIE RAB10 SCAMP1 B4GALT1 FTL CMTM6 SNAP23 DSP MAPK1 TOM1 ARSA
PYGL MMP9 DNAJC5 CTSZ SIRPB1 BPI MAGT1 GLA DNAJC3 HMOX2 PYCARD STX4 GSDMD GPI 
CD33 VAT1 ALDOC NFKB1 BST1 COMMD9 TCIRG1 MLEC BIN2 PTPN6 FAF2 ARSB QPCT QSOX1 

STXBP3 LAMTOR2 CD58 LRMP VAMP8 NPC2 CAT CCR2 PLAU HVCN1 ARHGAP9 NCKAP1L RAP2C
ATP8A1 SERPINB6 C3 RAP1B UBR4 FGL2 COPB1 EFCAB4B MOSPD2 GMFG CAP1 ACTR10 LGALS3

CHIT1 AMPD3 DOCK2 CD63 TMBIM1 ACTR2 DNAJC13 IDH1 GLIPR1 GPR84 SLC27A2 IQGAP1 ITGAX 
TMC6 PFKL CREG1 FCGR2A ILF2 DEGS1 C1orf35 DOK3 DYNLT1 NAPRT1 SURF4 PTGES2

PTPRJ LAMTOR1 DSN1 ALDOA ADAM8 CCT8 EEF1A1 CDA FCER1G CSTB ITGB2 NBEAL2 HK3 
PSMC2 ARPC5 CTSS S100A11 S100A12 PTX3 PPBP CXCL1 PRKCD APEH IL15 F2RL1 BRI3 CTSB

HGSNAT CYBB VCP PSMC3 CCT2 B2M LAIR1 EEF2 CD300A GHDC FTH1 PAFAH1B2 RAB31 PGM2
AGPAT2 ITGAM GUSB GLB1 PA2G4 FPR2 FPR1 GAA CANT1 PGAM1 HPSE HSPA6 OLR1 PSMD1  

TBC1D10C DPP7 ANO6 IMPDH2 RAP2B ATP6AP2 ANXA2 TMEM173 METTL7A LAMP1 BCR SELL 
HMGB1 TMEM63A MME GM2A CD47 DYNC1H1 ATG7 ELANE SPTAN1 PSAP SIRPA APRT CR1

HSPA1B NRAS DDX3X HLA-B NFAM1 PLEKHO2 DDOST SIGLEC14 MGAM

Live Borrelia 72 hrs 84 MGST1 ALOX5 SLC11A1 RAB27A CD59 CYB5R3 TMEM30A CD93 CFP CD36 GSN CLEC4D
CEACAM3 JUP RAB6A GPR97 C19orf59 AP2A2 CD55 LILRB3



Table 6. 1 Reactome Analysis Post 12 Hour PBMC Stimulation with Live Borrelia 

Table 6. 2 Reactome Analysis Post 72 Hour PBMC Stimulation with Live Borrelia 

 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 256/3379 448/8775 2.00E-16 2.54E-13 256 

Cell Cycle, Mitotic 251/3379 490/8775 2.79E-09 1.77E-06 251 
Signaling by Rho GTPases 205/3379 392/8775 1.02E-08 4.32E-06 205 

RHO GTPase Effectors 147/3379 269/8775 3.76E-08 1.19E-05 147 
Interferon gamma signaling 58/3379 88/8775 1.59E-07 3.90E-05 58 

Interferon Signaling 107/3379 188/8775 1.85E-07 3.90E-05 107 
Toll-Like Receptors Cascades 86/3379 148/8775 8.89E-07 0.0001609 86 

Activated TLR4 signalling 68/3379 114/8775 3.46E-06 0.0005479 68 
Toll Like Receptor 3 (TLR3) 

Cascade 
60/3379 98/8775 3.97E-06 0.00055936 60 

Toll Like Receptor 4 (TLR4) 
Cascade 

73/3379 125/8775 4.56E-06 0.00056017 73 

Description GeneRatio BgRatio pvalue padj Count 
Neutrophil degranulation 76/620 448/8678 4.31E-13 4.01E-10 76 

Interferon gamma signaling 25/620 88/8678 1.15E-09 5.35E-07 25 
Interferon Signaling 35/620 180/8678 3.77E-08 1.17E-05 35 

Interleukin-4 and 13 signaling 24/620 100/8678 9.11E-08 2.12E-05 24 
Phosphorylation of CD3 and TCR 

zeta chains 
10/620 20/8678 3.09E-07 5.76E-05 10 

Amino acid transport across the 
plasma membrane 

11/620 27/8678 1.03E-06 0.0001594 11 

Response to metal ions 7/620 121/8678 5.30E-06 0.00070516 7 
PD-1 signaling 9/620 21/8678 6.17E-06 0.00071773 9 

Translocation of ZAP-70 to 
Immunological synapse 

8/620 17/8678 8.85E-06 0.00091514 8 

Interferon alpha/beta signaling 14/620 58/8678 4.16E-05 0.00387271 14 



Table 7. 1 DO Enrichment Analysis 

 

 

 

 

 

 

DOID Description GeneRatio BgRatio padj 

DOID:7148 Rheumatoid arthritis 253/2301 492/6514 1.65458970051366e-11 

DOID:104 Bacterial infectious 

disease 

137/2301 236/6514 1.43643235991752e-10 

DOID:2237 Hepatitis 204/2301 391/6514 4.03222388307199e-10 

DOID:3213 Demyelinating disease 99/2301 160/6514 7.2113240873819e-10 

DOID:2377 Multiple sclerosis 97/2301 156/6514 7.2113240873819e-10 



Figure 2: CoExpresssion Analysis 





Figure 3: GO Enrichment Analysis Results for the PBMCs Stimulated with Bacterial PGs 

for 12 and 72 Hours. 
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Figure 4: Gene Expression Analysis in PBMCs Stimulated with Bacterial PGs for 12 and 72 

Hours. 





Figure 5: KEGG Enrichment Analysis Results for the PBMCs Stimulated with Bacterial 

PGs for 12 and 72 Hours 
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Figure 6: Cluster Analysis of Differentially Expressed Genes





Figure 7: GO Enrichment Analysis Results for the PBMCs Stimulated with PGBb or Live 

Borrelia at 5000 cells/mL for 12 and 72 hours. 
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Figure 8: KEGG Enrichment Analysis Results for the PBMCs stimulated with PGBb or 

Live Borrelia at 5000 cells/mL for 12 and 72 Hours. 

PGBb Live Borrelia 

PGBb Live Borrelia 



 



Figure 9: Gene Expression Analysis in PBMCs Stimulated with Bacterial PGs for 12 and 72 

Hours. 





Figure 10: Gene Expression Analysis in PBMCs Stimulated with Live Borrelia at 5000 

cells/mLfor 12 and 72 Hours cells/mLfor 12 and 72 Hours











The work in the following chapter was aided by the work of several colleagues. A brief 

overview of the work attributed by them is listed below. 

 

Chapter III: NapA is a Peptidoglycan Associating Protein in B. burgdorferi 

 

Aaron Brock, Ph.D student in the Jutras lab, helped plan and perform experiments as well as aid 

in data analysis. 

Tanner DeHart, undergraduate student in the Jutras lab, helped plan and perform experiments as 

well as aid in data analysis. 

Nick Cramer, at the time an undergraduate student in the Jutras lab, helped plan and perform 

experiments as well as aid in data analysis. 

Brittany Boribong, Ph.D candidate in the Jones lab, planned, performed and analyzed data 

involved with the neutrophil chemotaxis studies. 

Katherine Lee, lab manager in the Jones lab, planned, performed and analyzed data involved 

with the neutrophil chemotaxis studies. 

Yunjie Chang, Ph.D and postdoctoral associate in the Liu Lab, planned and performed Cryo-

Electron Microscopy (Cryo-EM). 

 





Bacterial Strains, Eukaryotic Cells, and Growth Conditions.  

Both B. burgdorferi strains used in this study were generously provided by Frank Gheradini 

(NIH). A laboratory clone of the B. burgdorferi B31 type strain, termed 5A11(7) served as the 

wild-type parental control. The napA mutant was produced in the same 5A11 background and was 

created by allelic replacement as described previously (8). Barbour-Stoenner-Kelly II (BSK-II) 

medium containing 6% heat inactivated rabbit serum was used to culture B. burgdorferi at 37 ℃ 

under 5% CO2.  

Fresh, mixed donor human peripheral blood mononuclear cells (PBMCs) (Zen-Bio) were 

re-suspended in PBMC media (Zen-Bio) overnight prior to stimulations. Human NOD2 reporter 

cells, which were used to detect PG in OMVs (see below), were purchased from Invivogen and 

cultured as recommended by the manufacturer. Human promyelocytic leukemia cells (HL-60 

CCL-240, American Type Culture Collection ATCC, Manassas, VA) were cultured in complete 

media comprising of Iscove's Modified Dulbecco's Medium (IMDM, ATCC, Manassas, VA) 

supplemented with 10% fetal bovine serum (FBS, ATCC, Manassas, VA) at 37°C in 5% CO2, 

according to ATCC instructions. HL-60 cells were differentiated into a neutrophil-like state with 

1.5% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO) to 1.5×105 cells/mL for five 

days. Differentiated HL-60 cells (dHL-60 cells) were stained with Hoechst solution [20 mM] for 

10 minutes (Thermo Fisher Scientific, Waltham, MA) at 37°C and 5% CO2 and spun down and 

re-suspended into a concentration of 5.0×107 cells/mL immediately before use in the migration 

assay. 

 



 

B. burgdorferi DNA Purification and genome sequencing.  

Low-passage, 40 mL cultures of each strain, were propagated to late-log (108 cells/mL) 

exponential growth and harvested. After washing bacterial pellets three times with PBS, cells were 

lysed by sonication and DNA was extracted by standard phenol:chloroform methods. Crude DNA 

extracts were then purified using Zymo Research (Irvine, California) genomic DNA purification 

kit. 

 Whole genomic sequencing was performed by Microbial Genome Sequencing Center 

(MiGS, Pittsburgh, Pennsylvania), who provided >450X coverage for each sample. Unicycler was 

used to process and assemble all sequence data. Results were compared to the published type strain 

(9) and parent of the wild type derivative (5A11) used in these studies.  

  

Peptidoglycan Purification.  

B. burgdorferi PG was purified as described previously (1) but was typically from 1L of 

culture. For comparative studies that included PAPs, one half of the crude PG material was 

digested overnight with 300 μg/mL chymotrypsin (Sigma-Aldrich) while the other half was not 

treated. Both samples were heat treated 24 hours later to inactivate chymotrypsin and subjected to 

250 U/μL Benzonase Nuclease (Sigma-Aldrich) for 4 hours. After collecting PG material and 

washes with water, both samples were digested with Mutanolysin (10,000 U/mL) overnight. The 

concentration of the purified B. burgdorferi PG was determined using dry weight prior to drying 

via SpeedTrap vacuum concentrator. B. burgdorferi PG was re-suspended in phosphate buffered 

saline (Thermo-Fisher) prior to use. 

 



 

Cellular fractionation.  

Periplasmic fractions from napA/5A11 and 5A11 parental cultures were isolated essentially 

as previously described (10). Each strain was cultured in 100 mL of BSKII supplemented with 6% 

rabbit serum to a final density of 2.5 x 107 cells/mL. Bacteria were harvested at 3,000 x g for 20 

minutes and washed three times with PBS. Each pellet was resuspended in a 6 mL solution 

containing 0.2M Tris (pH 8). One milliliter of each suspension was reserved at used as whole cell 

lysate in western blot analysis. To the remaining 5mL, 1M sucrose, and 1mM EDTA were added 

(final concentration v/v). Lysozyme was added to a final concentration of 5mg/mL and the solution 

was rocked for 15 minutes at room temperature. Spheroblasts were created by adding 20 mL of 

ddH2O and the entire volume was centrifuged at 200,000 x g for 1 hour at 4°C. Supernatants 

contained periplasmic contents and were concentrated prior to assaying by western blot.  

 

Immunoblots.  

All antibodies used in this study have been previously characterized. Anti-FlaB (11) 

loading control, and anti-NapA (12) were graciously provided by Melissa Caimano and Frank 

Gheradini, respectively. Rabbit anti-serum raised against rOspA was purchased from Rockland 

Inc and was previously validated, while anti-BpuR (13, 14, 15) was produced and provided by 

Brian Stevenson. Polyclonal anti-PG rabbit serum was recently validated and provided by the 

Christine Jacobs-Wagner lab. Dilutions for western blots were as follows: Anti-FlaB (1:1000); 

anti-NapA (1:8000); anti-OspA (1:1000); anti-BpuR (1:160); anti-PG (1:90). A 1:8000 dilution of 

rabbit IgG:HRP (Jackson labs) was used to detect all primary antibodies, with the exception of 

FlaB, which was detected with rat IgG:HRP (Jackson labs), used at the same dilution. All 



secondary antibodies were detected by chemiluminescence using SuperSignal West Pico PLUS 

(Thermo Scientific) detection reagents and imaged with a Syngene G:box (Imgene Technologies).  

 

Immunofluorescence.  

The immunofluorescence procedure for NapA and PG was identical to that previously 

described (16). Briefly, pre and post-trypsin treated PG preparations were spotted onto poly-L-

lysine-coated slides. After washing with PBS supplemented with 0.05% Tween 20 (PBS-T) to 

remove unbound material, samples were blocked with 2% BSA in Seablock (Abcam) for 2 hours. 

Anti-NapA (1:800) was co-incubated with 5 μg/mL WGA:Alexa 350 on each sample for 1 hour, 

and washed 15 times with PBS-T. Anti-NapA was detected with the rabbit IgG:Cy3 conjugated 

antibody (Jackson lab), diluted 1:400. Control reactions included secondary antibody, without 

primary. Samples were treated with SlowFade and imaged as described below. 

 

PBMC Stimulations.  

Pooled, cryo-preserved PBMCs were seeded in 12-well plates at 2 x 106 cells/well in 

Lymphocyte culture media (Zen-Bio), pre-equilibrated to 37 °C under 5% CO2. Cells rested for 18 

h under these conditions prior to stimulation. Following stimulation for 18 or 72 h with 25 μg/mL 

of B. burgdorferi PG, the cells were harvested by centrifugation at 800 x g for 5 min at 15 °C. The 

supernatants were collected, aliquoted, and kept at -80°C prior to cytokine analysis. Cytokine 

analyses were performed on stimulated PBMC supernatants, diluted 1:4, according to the 

manufacturers (Abcam ELISA Kit IL-17A/F). Cytokine analysis was tested for statistical 

significance by an unpaired Student’s T Test or One-way ANOVA. Unless stated in the text, 

statistical significance was set at p <0.05 



 

Microscopy and Image Acquisition.  

Samples were immobilized by poly-L-lysine-coated slides. Epifluorescence microscopy 

was performed on a Zeiss Axio Observer equipped with a Hamamatsu Orca-Flash 4.0 V3 Digital 

CMOS camera, Colibri 7, and an oil-immersion phase-contrast objective Plan Apochromat 

100x/1.45 N.A. (Nikon). Phase contrast and epifluorescence exposures were 100ms and 500 ms, 

respectively.  

 

Microscopy analysis.  

Data and statistical tests were performed using Graph Pad Prism 6.0 Software Inc. 

Automated sacculi detection was achieved using Oufti (17) on inverted WGA signal. Sacculi were 

detected using a subpixel logarithmic algorithm that was optimized for our images. The 

localization of NapA was identified by a Gaussian fit to the NapA signal for each cell mesh in the 

population (spotDetection via Oufti). The NapA locations were then normalized and plotted 

relative to NapA signal intensity. NapA locations were then binned; shaded region (18) represents 

the standard deviation for each bin. Data attained from cell meshes were graphed using MatLab 

2019a. The codes used to generate Fig. 2E are listed in the supplementary material.  

 

Cryo-Electron Tomography.  

Frozen-hydrated specimens were prepared as previously described (19). Briefly, B. 

burgdorferi culture was mixed with 10 nm colloidal gold and was then deposited onto freshly 

glow-discharged, holey carbon EM grids for 1 min. Grids were blotted with filter paper and 

then rapidly frozen in liquid ethane, using a homemade gravity-driven plunger apparatus.  

Frozen-hydrated specimens were imaged at -170 °C using a Titan Krios electron microscope 



(Thermo Fisher) equipped with a field emission gun and a K2 Summit direct detector device 

(Gatan). The microscope was operated at 300 kV with a magnification of 53,000 ×, resulting in 

an effective pixel size of 2.7 Å at the specimen level. SerialEM (20) was used to collect tilt series 

with a cumulative dose of ~60 e−/Å2. IMOD (92) was used for alignment and reconstruction.  

 

 Colony Forming Units.   

Parental and NapA mutant cultures were grown to ~6.5 x 106 cells/mL and back diluted to 

a final starting concentration of 106 cells/mL. Each culture was stressed with Lysozyme (0.37 

mg/mL) or NaCl (0.111 M) for 24 hours without additional antibiotic selection. Afterwards, each 

culture was plated using standard methods (21) and cultured at 37  ℃ under 5% CO2. CFUs were 

determined for strain 5A11 after 3 weeks; napA mutant CFUs were counted after 6 weeks.   

 

 



Neutrophil Migration.  

The microfluidic competitive chemotaxis-chip (μC3) (22) was used to perform each 

migration assay. This device allowed for the creation of a dual gradient through two opposing 

chemoattractant reservoirs. The central cell-loading chamber is connected to the two reservoirs by 

perpendicular cell migration ladders (measured 10 μm wide × 10 μm tall). Device fabrication was 

as previously(22). Briefly, two layers of photoresist (SU8, MicroChem), the first one 10 μm thin 

(corresponding to the migration channels) and the second one 70 μm thick (corresponding to the 

neutrophil loading chamber) were patterned on one silicon wafer sequentially using two 

photolithographic masks and processing cycles according to the instructions from the 

manufacturer. The wafer with patterned photoresist was used as a mold to produce 

polydimethylsiloxane (PDMS) (Sylgard 184, Elsworth Adhesives, Wilmington, MA) devices, 

which were then bonded to the base of glass-bottom 6-well plates (MatTek Corp., Ashland, MA), 

using an oxygen plasma machine (Nordson March, Concord, CA). Prior to each migration assay, 

the device was primed with fibronectin (Sigma-Aldrich, St. Louis, MO) (11 μg/mL). After priming 

with fibronectin, each device was covered in 4 mL complete media. Samples were loaded into one 

chemoattractant reservoir of each corresponding device using a trimmed gel loading pipette tip. 

Formylmethionine-leucyl-phenylalanine (fMLP, Sigma-Aldrich, St. Louis, MO) (10 nM) and 

Leukotriene B4 (LTB4, Cayman Chemical, Ann Arbor, MI) (100 nM) served as positive controls 

in the chemotaxis assay and were loaded in the same manner. The second chemoattractant reservoir 

was filled with complete media to measure chemorepulsion from the sample. Complete media in 

both reservoirs served as a negative control in the chemotaxis assay.  dHL-60 cells were loaded 

into the central cell-loading chamber in the ladder device with a gel loading pipette tip. The media 

was removed and replaced with new complete media after the dHL-60 cells were loaded.  



Chemotaxis imaging and measurements.  

Each assay was visualized on a fully automated Nikon TiE microscope using a Plan Fluor 

10X Ph1 DLL (NA = 0.3) lens with a biochamber heated to 37°C with 5% CO2. Image capture 

was performed using NIS-elements (Nikon Inc., Melville, NY). Experiments were run under the 

microscope for 5 hours with brightfield and fluorescent images taken at 2-minute intervals. Image 

analysis of cell migration counts was analyzed automatically using ImageJ (NIH). Cell tracking 

was conducted using an automated tracker, TrackMate (23) (custom tracking and analysis codes 

are available for download at https://github.com/boribong/Single-Cell-Migration-Tracking) and 

ImageJ software (NIH). Cell migration parameters have been defined previously (94).  

 

Statistical Analysis of dHL-60 Cell Chemotaxis towards NapA.  

All experiments were performed and replicated at least three times, unless otherwise stated. 

Statistical analysis was performed using Prism software (GraphPad Software, La Jolla, CA). Data 

expressed as means ± standard deviations. To compare the migration between the different 5A11 

and 5A11/napA samples, we used a one-way ANOVA and Turkey’s Multiple Comparison test. To 

compare the migration toward or away within the different 5A11 and 5A11/napA samples, we 

used a Student’s t-test. Differences were considered statistically significant for p < 0.05.  

 

Outer Membrane Vesicle Analysis.  

Outer membrane vesicles (OMVs) were isolated from B. burgdorferi parental and NapA 

mutant strains using a modified protocol from G. Mordukhovich (25). Briefly, 80 mL BSK-II 

media culture that had hosted both the strains during growth was vacuum filtered through 0.22 μM 

filter prior to ultracentrifugation at 40,000 x g at 4 ℃ for 45 min. The pelleted material was re-



suspended in 1 mL of water and added to the top of an Opti-prep (Sigma-Aldrich) gradient 

composed of 45%, 40%, 35%, 30%, 25% and 20% layers diluted in 1X HEPES buffer. The 

gradient containing the OMV sample was ultra-centrifuged at 215,000 x g for 5 hrs at 4 °C. Each 

layer was removed and assayed for contents as described in the text. 

 

Identification of PAPS.   

Despite their apparent paucity (9, 24), we hypothesized that B. burgdorferi does, indeed, 

produce (PAPs) that may be functionally akin to Braun’s lipoprotein and/or outer membrane 

proteins (Omps), but are not easily identifiable using standard in silico homology searches. To test 

our hypothesis without any a priori assumptions, we purified PGBb using standard methods (1, 16). 

An initial purification step solubilizes most cellular components using 5% boiling sodium dodecyl 

sulfate (SDS). Following solubilization, PG as well as PG-associated material was collected. After 

washing to remove SDS, sacculi were treated with trypsin, which cleaves PAPs (Fig 11A). Intact 

PG was removed from liberated PAP peptides, and fragments were identified by LC-MS (Fig 

11A). In addition, we performed more rigorous sample processing (see methods) and applied 

inclusion/exclusion criteria to curtail potential hits. Specifically, peptides from proteins that 1) 

were present in multiple biological replicates; 2) consistently had MASCOT scores > 30, and; 3) 

were identified regardless of processing method (Fig. 10A) were considered further. Using these 

exclusion criteria BB0690 (MASCOT score 301 +/- 76, Table 8.1) was the top PAP candidate. 

BB0690 has many names. Earlier studies identified BB0690 bioinformatically as a 

homologue of Dps (DNA binding protein from starved bacteria) and demonstrated that, like Dps, 

its production is regulated and induced by stress (8, 12, 26, 27). Unlike Dps produced by most 



bacteria, BB0690 lacks the DNA-binding domain and does not bind DNA (8).  Curious, since the 

main function of Dps is to decorate DNA and protect heritable material from oxidative stress (27, 

28). Subsequent studies demonstrated that BB0690 does play a role in oxidative stress by 

sequestering metal ions copper and iron, and thereby earned the name BicA (Borrelia iron copper 

binding protein A) (29). Perhaps the most well studied phenomena associated with BB0690 is its 

ability to attract neutrophils and modulate innate immune responses (28, 30-32) which precipitated 

the alternative moniker NapA (Neutrophil attracting protein A). We contend that the basic function 

of BB0690 is not well understood. However, for simplicity, we refer to BB0690 as NapA 

throughout the remainder of this section.  

 

Sub-cellular localization of B. burgdorferi NapA.  

Despite the paradoxical role of NapA acting to protect B. burgdorferi against metal-stress 

(8, 29, 33) but yet does not bind DNA (8),  the sub-cellular localization of NapA has never been 

determined. To begin, we first validated the specificity of polyclonal anti-NapA serum (12) raised 

in rabbits in two strains— a fully infectious derivative of the B31 type strain (5A11) and a mutant 

strain in which the napA locus has been replaced by a kanamycin resistance cassette aphI1 

(5A11/napA). Within the expected size range, anti-NapA yielded a single band in parent strain 

5A11, which was absent in 5A11/napA (Fig. 11B). Comparative, whole genome sequencing results 

of 5A11 and 5A11/napA indicated that the resistance cassette, aphI1, completely replaced the napA 

locus in the mutant, but no additional mutations were present (Tables 9.1 and 9.2).  Upon strain 

and reagent validation, we fractionated 5A11 parental and 5A11/napA mutant lysates and probed 

periplasmic contents by western blot. As expected for a PAP, NapA was readily detectable in the 

periplasm, similar to flagellar filament protein FlaB (Fig. 11C). Outer surface protein OspA, and 



DNA/RNA-binding protein BpuR (1, 13, 14 ) were not detected in periplasmic fraction, indicating 

that NapA signal was not due to contamination during sample fractionation (Fig. 11C).  

Some PAPs traverse the OM and can be detected on the bacterial surface (34, 2). Such 

localization would be noteworthy for a protein thought to influence immune cell chemotaxis (30-

32). To determine if NapA was surface-exposed, we incubated live parental and napA mutant cells 

with Proteinase K, which would cleave proteins on the cell surface rendering them undetectable 

by western blot.  NapA was detected in wild type 5A11 cells, regardless of treatment, whereas 

surface exposed OspA was readily cleaved and no longer detectable in both Proteinase K treated 

samples (Fig. 11D). We conclude that NapA is located in the periplasm of B. burgdorferi.  

 

NapA is associated with the PG of B. burgdorferi.  

To determine if NapA is associated with PG, we developed a strategy based on the concept 

of our screen (Fig. 11A). Parental and napA mutant strains were cultured to mid-log exponential 

growth, cellular components were solubilized with boiling SDS and insoluble material was 

collected. One half of the insoluble material was removed, and the remainder treated with trypsin, 

as is typical for PG purification. A dilution series of each sample was spotted on nitrocellulose and 

probed for NapA and PG. Dot blots demonstrated that PG was present in all samples tested (Fig. 

12A), indicating that each sample was processed similarly and contained relatively equal amounts 

of cell-wall material. Much like PG, NapA signal was clearly present, and reduced with each 

dilution, but only in material purified from parental cells, prior to trypsin treatment (Fig. 12A).  

These data support the notion that, even after harsh treatment in boiling detergent, NapA is 

associated with PGBb . To further assess their relationship, we used immunofluorescence on 

separate, biological replicate samples, prepared as described above. To circumvent anti-serum 



incompatibility issues (rabbit Anti-PG/NapA), we used Wheat Germ Agglutinin (WGA) 

conjugated to Alexa-350 to detect PGBb. Wheat Germ Agglutinin is known to bind GlcNAc— a 

ubiquitous PG sugar. Consistent with dot blot results, PG sacculi were clearly present, at relatively 

equal abundance, pre and post trypsin treatment in both parental and napA mutant strains (Fig. 

12B). Peptidoglycan remained intact and WGA-PG derived signal was relatively uniform, with 

the possible exception of sacculi poles (Fig. 12B and 12C), suggesting that neither sample 

preparation nor the presence of NapA impacted PG signal (Fig. 12B and 12C). Prior to trypsin 

digestion, NapA appears to be scattered throughout the PG sacculus (Fig. 12B and 12C). 

Population level analysis of NapA signal, normalized by total sacculi area, was greater than 5-fold 

above background (Fig. 12D).  While NapA signal appeared to display discrete patterning (Fig. 

12B and 12C), population level assessment of relative position indicated that NapA is 

approximately equally distributed throughout PG sacculi (Fig. 12E). Taken together, our 

immunoblotting and immunofluorescence studies confirm that NapA is a PAP in the Lyme disease 

spirochete. 

 

NapA provides structural and physiological integrity to the cell-wall.  

Since NapA is in the periplasm and decorates the PG sacculus of B. burgdorferi, we 

speculated that NapA-mediated protection from exogenous stress may be at the level of cell 

envelope integrity. If cell envelope integrity is compromised in a NapA deficient bacterium, then 

any cell-wall stress should produce a phenotype, not just oxidative stress (12, 29). To evaluate this, 

we first incubated 5A11 and 5A11/napA cells with increasing amounts of NaCl and Lysozyme, 

which cause osmotic and PG specific stress, respectively. We monitored microtiter plates for 

changes in pH— an indirect measurement of growth (35, 36).  Wild-type cells were more than 8 



times more resistant to NaCl-induced stress (Fig. 13A, right). Similarly, titrations of Lysozyme, 

which attacks the 1-4 glycosidic linkage in PG between glycan sugars, GlcNAc and MurNAc, 

ablated 5A11/napA growth at 5-6 times less enzyme than the wild-type bacteria (Fig. 13A, left).  

Our data hint at a cell-wall defect in NapA deficient bacteria, however our microtiter plate 

assay also suggested a growth defect (Fig. 13A). Indeed, direct culture enumeration indicated that 

NapA deficient bacteria replicate 1.9 times slower than the parental strain (Fig. 13B). Since data 

presented in Figure S1A were end-point measurements after 6 days, we reasoned that the growth 

defect could account for the apparent differences in susceptibility to cell-wall stresses. To 

circumvent these issues, we performed stress tests on both strains at a single, previously optimized 

concentration of NaCl and Lysozyme (Fig. 13A) for 18 hours in liquid broth (see methods). Each 

strain, and treatment, were then diluted in plating media lacking stress and colony forming units 

(CFUs) were determined. Wild-type CFUs were calculated after 3 weeks and, to compensate for 

growth defects, compared to results obtained from the napA mutant bacteria after 6 weeks (Fig. 

13A). Even after accounting for growth rate defects, mutant bacteria were 2-4 logs lower in CFUs 

(Fig. 14A), indicating that NapA plays a basic role in cell envelope integrity and homeostasis. Our 

data are consistent with earlier studies that NapA provides protection from exogenous stress (8, 

12, 29). However, we surmise that NapA protects B. burgdorferi from all cell-wall stresses, 

potentially by reinforcing PG. 

The distribution of NapA throughout the PG sacculi (Figs. 12B, 12C, and 12E) suggested 

that NapA may help bolster the PG, and that this association is essential to overall cell-wall 

integrity (Fig. 14A and 14B). Mechanistic insights were provided by comparative Cryo-Electron 

Microscopy (Cryo-EM) analysis of napA mutant and parental strains. Bacteria unable to produce 

NapA possessed compromised PG— appearing discontinuous, thinner, and more ruffled in 



shape— relative to the thicker, more electron dense PG layer of the parental strain (Fig. 14B). 

Analysis of multiple micrographs, along the cell body, from each strain demonstrated that both 

were true. The thickness of PG sacculi in mutant bacteria was, on average, roughly half (0.53) that 

of wild type cells (Fig. 14C). Integrated average PG pixel intensity values, normalized by sampling 

area, were also significantly less in the napA mutant strain (Fig. 14D). These data clearly delineate 

the role of NapA in cell envelope integrity and provide critical insights into the mechanism by 

which it protects the cell from stress. 

 

NapA and PG fragments are secreted in B. burgdorferi Outer Membrane Vesicles.  

Bacterial elongation requires PG synthesis. Newly synthesized PG multimers are 

incorporated into the existing structure, resulting in expansion, but at a cost. Each incorporation 

event requires that incisions are made to provide substrates for transglycosylation reactions. Most 

diderms typically recycle excised PG monomers back into the cytoplasm for reuse. B. burgdorferi 

lacks the transporters and enzymes necessary for PG recycling. The result— approximately 45% 

of B. burgdorferi PG is shed per generation from the periplasm into the extracellular environment 

(1). How these PG fragments cross the outer membrane boundaries of the cell envelope is not 

known.  

We postulated that PG and, due to their association, potentially NapA, could be released 

from the periplasm in Outer Membrane Vesicles (OMVs). B. burgdorferi produces OMVs, not 

only under stress, but also under regular homeostatic conditions (37). A comprehensive B. 

burgdorferi OMV proteome has not been published, and if available, typical data mining would 

overlook PGBb or muropeptides fragments. To extend upon our findings and query OMVs for 

specific occupants, we cleared mid-log exponential cultures of cells by centrifugation and filtered 



spent culture media. After ultra-centrifugation to enrich for OMVs, we used a density gradient to 

further purify supernatant contents (25). Gradient fractions 1 and 2, from each strain, contained 

OspA (Fig. 15A), an abundant outer membrane protein known to be released in OMVs (38). 

Probing the same fractions for NapA yielded similar results, indicating that the full-length protein 

was indeed in B. burgdorferi OMVs isolated from wild type cells (Fig. 15A). 

Given the NapA-PG association, we reasoned that released muropeptides and/or fragments 

of polymeric PG could, too, be included in OMVs. Given the large distribution of potential PG 

sizes, we opted for dot blot analysis of density fractions and co-immunoblotting with anti-PG and 

anti-NapA. PG could be detected in the fractions containing OMVs, in both parental and napA 

mutant preparations (Fig. 15B), indicating that NapA is not required for PG to be released in 

OMVs. Although, our results suggest that more PG is present in NapA-containing OMVs (Fig. 

15A and 15B). We further confirmed that B. burgdorferi OMVs contain PG by a ligand-receptor 

reporter assay. Each density fraction was incubated with a hNOD2 receptor reporter cell line, 

which, when exposed to PG containing Muramyl-L-Alanine-D-Glutamine (MDP), activates the 

secretion of alkaline phosphatase. Both OMV fractions 1 and 2 caused significant hNOD2 

activation (Fig. 15C). Once again, OMVs produced by wild-type cells contain significantly more 

PG than the napA mutant OMVs (Fig. 15C). Using titrations of known concentrations of MDP, 

we back calculated the average amount of PG in OMVs to be ~6.10 x 10-2 and ~1.91 x 10-2 pg of 

MDP per cell of wild-type and mutant, respectively. Concentration aside, we also note that OMV 

contents activated a cytoplasmic receptor which indicates that 1) B. burgdorferi OMVs lysed 

during the experiment or 2) they are capable of fusing with eukaryotic membranes and expelling 

their contents, as reported for other bacteria (39, 37). 

 



NapA-associated PG acts as a molecular beacon, augmenting the immunomodulatory properties 

of the B. burgdorferi cell wall.   

B. burgdorferi PG was recently shown to be a persistent antigen in the synovium of LA 

patients and is capable of inducing both inflammation and arthritis (1). We note that these studies 

were performed using purified PGBb, which includes a trypsin digestion step to cleave any linked 

proteins. Since, in its natural biological state PG is associated with NapA, we questioned whether 

the combination may augment the inflammatory response. Here, we focused on IL-17 since 1) 

PGBb only modestly increased IL-17 secretion (1); 2) IL-17 is markedly over-represented in LA 

patients (1, 40); and 3) previous studies have found that recombinant NapA can stimulate an 

TH1/TH17 response (28, 32). Using OMVs containing NapA-PG is complicated by package 

contents and casing. Instead, we used the same pre trypsin treated PG samples as above, prepared 

from wild-type and mutant napA cultures. Relative to napA mutant derived PG preparations, wild-

type PG caused human peripheral blood mononuclear cells (PBMCs) to secrete ~9-fold more IL-

17 (Fig. 15D), which highlights two important points: 1) The NapA-PG association has 

immunological consequences and 2) while it is possible that other proteins are associated with B. 

burgdorferi PG (Table 8.1), NapA alone is sufficient to augment the PG-induced IL-17 response 

(Fig. 15D).   

 Since NapA-PG produced higher levels of IL-17 it may also act as a molecular beacon for 

neutrophils, naturally. To determine the chemoattractant capabilities of NapA-PG, we performed 

a comparative study using real-time neutrophil tracking in a microfluidic chamber. In this system, 

neutrophils flow into a central chamber that is flanked by reservoirs on each side (Fig 15E). 

Migratory bait is added to one reservoir and compared to the adjacent media-containing reservoir. 

Migration towards a potential stimulus was monitored by phase-contrast epifluorescent 



microscopy for 5 hours. Percent migration was determined by the number of cells that reached a 

flanking reservoir. The only PG bait that acted as a significant chemoattractant was NapA-

associated PG (16.03 ± 1.93%)(Fig. 15F); similar to that of known attractants LTB4 (25.89 ± 

3.52%) and fMLP (35.94 ± 5.42%) (22). None of the other PG preparations caused significant 

attraction or repulsion (Fig 15F). Since data presented are the combined results of three biological 

replicates, we conclude that NapA alone, is both necessary and sufficient to cause neutrophil 

migration toward PGBb. 

 

The studies outlined here provide the first evidence for a PAP in B. burgdorferi. We report 

that NapA exists in the periplasm but is not surface exposed (Fig. 10). Molecular and cellular 

studies demonstrate a NapA-PG interaction and that this association is important in stabilizing the 

B. burgdorferi cell envelope (Figs. 12 and 14). NapA-PG is not only important for the physical 

and physiological homeostasis, but the nature of the interaction has pathogenic consequences— 

increased IL-17 production and neutrophil attraction (Fig. 15). Here the findings are discussed in 

the context of Lyme disease, spirochete biology and pathogenesis, in addition to bacterial 

evolution.  

The natural life cycle of B. burgdorferi is complex and involves establishing residency in 

very different hosts—the tick vector, and dozens of potential vertebrate hosts (41). Earlier studies 

have shown that napA is dispensable for mouse infection but required for tick survival (8). Bacteria 

unable to produce NapA are more susceptible to stress — particularly PG-specific stress (Fig. 14). 

With the exception of host blood, it is not clear what stressors would be present in the tick mid-

gut or how NapA ameliorates the osmoprotective properties of PG. Ixodes scapularis, however, 



does produce the B. burgdorferi PG-specific hydrolyzing enzyme Dae2 (42, 43), which could 

function more effectively in the absence of NapA-linked PG.  Further studies are required to 

elucidate the nature of the NapA-PG interaction since disrupting their association would likely be 

an effective mode of pathogen control in ticks. 

Cell elongation requires both PG anabolism and catabolism. Excised muropeptides 

accumulate outside the cell and are involved in the pathogenesis of LA (1). Until now, there has 

been no mechanism to explain how released PG crosses the B. burgdorferi outer membrane. Here, 

we show that one route of PG release is through OMVs (Fig 15). OMVs also contain NapA 

(Fig.15). Based on our cellular reporter assay, OMV contents can end up inside eukaryotic cells 

(Fig. 15C). Several mechanisms have been proposed, including endocytosis and membrane fusion. 

Two-way lipid exchange has been shown to occur following internalization of B. burgdorferi 

OMVs (39), which supports the notion that OMVs may also be used for exchange of periplasmic 

contents such as NapA and other potentially pathogenic material. Of course, it is also possible the 

OMVs lyse, spilling their contents into the extracellular space of host systems. Regardless of the 

possible mechanism, NapA-linked PG augments the helper T cell response caused by PG alone, 

inducing higher levels of IL-17 (Fig. 15D). These findings are in line with studies using rNapA, 

which has been implicated in LA (28, 32). While other PAPs are likely (Table 8.1), these effects 

can be solely attributed to NapA-PG.  

Neutrophils are akin to a platoon on the front lines— controlling the environment, initiating 

a response, and recruiting backup. During the initial stages of infection, neutrophils phagocytize 

B. burgdorferi, utilize lethal enzymes, and destroy bacterial cells using neutrophil extracellular 

traps (NETs)(44-46).  This initial attraction may be due to NapA-linked PG released from B. 

burgdorferi during growth, as our migration studies indicate that NapA-PG attracts neutrophils 



and that PG alone does not. Although neutrophils are recruited to the site of the tick bite — and 

function to recruit other immune cells — later symptoms of the disease are often disseminated to 

other organ systems including the joints, heart, and central nervous system, indicating that the 

initial assault is not enough to stop the infection from spreading. One method of diversion may be 

the use of NapA-PG containing OMVs that attract neutrophils to themselves, leaving B. 

burgdorferi to disperse to other parts of the body. In another light, the NapA-PG in these OMVs 

may also represent a more biologically relevant PG. Purified NapA has been shown to provoke 

inflammation in rat synovial tissue via the recruitment of immune cells (32). In a similar manner, 

trypsin treated PGBb has been shown to induce arthritis in the mouse model (1).  Therefore, the 

coordinated effect of both NapA and PG within the synovial tissue could exacerbate arthritis 

severity since the two have been tested individually but not simultaneously. These results, in 

conjunction with the chemotactic properties of NapA-PG, create a unique situation in which a 

structural protein moonlights as a molecular beacon for immune cells— attracting them to an 

abundant inflammatory molecule.  

Dps homologues are produced by virtually all bacteria (47). NapA shares structural and 

amino acid sequence homology to Dps (27,31) (Fig. 16). However, there are notable differences 

which may extend to other proteins that have evolved to perform altered functions. 1) Dps 

production is highly upregulated in stressed conditions, and 2) acts by shielding DNA for oxidative 

damage, a ubiquitous function that appears to be highly conserved across diverse taxa (26). NapA, 

on the other hand, does not bind DNA (8) and its role in cellular homeostasis is in the periplasm 

(Fig 11). NapA production does appear to increase under oxidative stress (11), but others have 

argued that basal production is considerable in culture and increased NapA expression by metal 

stress is negligible (48). Our findings are in line with the latter— we detect considerable NapA 



under exponential growth, which would make sense for a structural protein. At the amino acid 

level, B. burgdorferi NapA has two distinct features that separate it from other Dps homologues. 

First, much like H. pylori, B. burgdorferi NapA has a truncated N-terminus that lacks the Lys-rich 

residues implicated in DNA binding  (8, 49, 50). Unlike H. pylori NapA, the B. burgdorferi 

homologue has an extended C-terminus, which is rich in Cysteine residues (Fig. 16B and 16C).  

The latter is intriguing since Cysteine is known to be important in Protein-PG interactions (51, 52). 

In silico analysis indicates that this feature is unique to Borreliae; other spirochetes do not appear 

to have the same extended Cys-rich region (Fig. 16B and 16C). Regardless of the divergence 

among spirochetes, our findings highlight the ingenuity of bacteria in which a protein can evolve 

mechanistically, while maintaining the same basic biological function.   

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 8. 1 Summary LC-MS results from PAP screen 

Accession  Name/Function   MW  MASCOT   Exp  
                                       (kDa)         mean (+/-STD) 
BB0476  Elongation Factor Tu   43.6  1134 (343)  T+ 
BB0744  Borrelia P83/P100 antigen  79.9  599 (238)  T+ 
BB0690  NapA/Neutrophil attracting  21.3  301 (76)  T+/M+ 
BB0073  OM Protein/Unknown   21.5  199 (47)  T/M  
 

T+  Present with MASCOT score >30 in replicate Trypsin experiments 
T   Present with MASCOT score >30 in one Trypsin experiment 
M+ Present with MASCOT score >30 in replicate Mutanolysin/Trypsin experiments 
M  Present with MASCOT score >30 in one Mutanolysin/Trypsin experiments  

  
LC-MS results from biological replicates of PG-associated protein analysis following trypsin 
cleavage (T) or Mutanolysin treatment, followed by trypsin (M). Data are organized by mean 
MASCOT score. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 9. 1 Parental clone 5A11 mutations relative to B31 reference genome 

Mutation Event   Coordinate  Location  Result  
  
S  G T   10,883   Coding-OspB  G199V 
S  C A   28,269   Coding-BBN41 Q82K 
S  C T   17,924   Intergenic  — 
A  +C   3,140   Intergenic  — 
S  G A   56,157   Coding-BB0059 V42I 
A  +A   138,870  Intergenic  — 
A  +T   366,152  Intergenic  — 
A  +A   422,314  Intergenic  — 
D  -G   515,969  Intergenic  — 
D  -C   516,002  Intergenic  — 
D  -G   516,098  Intergenic  — 
S  T A   528,031  Intergenic  — 
A  +G   532,509  Intergenic  — 
A  +T   540,032  Intergenic  — 
S  T G   747,897  Intergenic  — 
A  +A   862,670  Intergenic  — 
 
S Substitution 
A Addition 
D Deletion 
 
All mutations that differ from the B31 type strain are shown with the exception of the 
hypervariable vlsE expression locus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 9. 2 5A11/napA mutations relative to B31 reference genome 

Mutation Event   Coordinate  Location  Result  
  
S  G T   10,883   Coding-OspB  G199V 
S  C A   28,269   Coding-BBN41 Q82K 
S  C T   17,924   Intergenic  — 
A  +C   3,140   Intergenic  — 
S  G A   56,157   Coding-BB0059 V42I 
A  +A   138,870  Intergenic  — 
A  +T   366,152  Intergenic  — 
A  +A   422,314  Intergenic  — 
D  -A   424,631  Intergenic  — 
D  -G   515,969  Intergenic  — 
D  -C   516,002  Intergenic  — 
D  -G   516,098  Intergenic  — 
S  T A   528,031  Intergenic  — 
A  +G   532,509  Intergenic  — 
A  +T   540,032  Intergenic  — 
D  Allele exchange 731,203-731,758 Coding-NapA  napA- 
S  T G   747,897  Intergenic  — 
A  +A   862,670  Intergenic  — 
 
S Substitution 
A Addition 
D Deletion 
 
All mutations that differ from the B31 type strain are shown with the exception of the 
hypervariable vlsE expression locus. 
 
 

 

 

 

 

 

 

 



Figure 11: Identification of peptidoglycan-associated proteins (PAPs) in B. burgdorferi 



Figure 11: (A) Peptidoglycan was isolated from live B. burgdorferi (phase-contrast micrograph, 

scale bar 5um) and treated with trypsin. Peptides from each preparation were identified by LC-

MS. Data presented in Table S1 were from two biological replicates, for each method. (B-D) Sub-

cellular localization of putative PAP NapA. (B) Western blot analysis of whole cell lysates 

prepared from the parental, wild-type strain (5A11) and napA mutant (5A11/napA). Each 

preparation was assayed by western blot for NapA (below) and the constitutive protein FlaB 

(above). The latter served as a loading control. (C) Whole cell lysates (L) or periplasmic (P) 

fractions were prepared for wild-type and napA mutant bacteria and probed by western blot for 

outer membrane protein OspA, periplasmic protein FlaB, or cytosolic DNA/RNA binding-protein 

BpuR. Like FlaB, NapA was found in the periplasmic fraction. (D) Surface proteolysis assay using 

proteinase K. Live, intact wild-type and mutant bacteria were treated with proteinase K (+) or 

untreated mock control (-) and lysates were probed by western blot for surface exposed outer 

membrane protein OspA or NapA. 

 

 

 

 

 

 

 

 

 

 



Figure 12: NapA is a PAP 



Figure 12: (A) Dot blot analysis of PG. Wild-type (5A11) and napA mutant (5A11/napA) bacteria 

were cultured to mid-log exponential growth, cells were harvested, and PG was purified. Prior to 

trypsin treatment, one half of each sample was removed. Serial dilutions of each pre and post 

trypsin preparation were spotted on nitrocellulose and probed for PG (Anti-PG, left) or NapA 

(Anti-NapA, right).  (B) The same samples, prepared in A, were used for immunofluorescence 

studies. Whole PG sacculi were visualized by epifluorescence microscopy using wheat germ 

agglutinin (WGA) conjugated to Alexa Fluor 350. NapA was detected using anti-NapA antibody 

and anti-rabbit IgG conjugated to Alexa Fluor 488. Scale bars = 5um. (C) Fluorescent intensity 

line scan analysis of WGA (left y-axis) and NapA (right y-axis) in arbitrary units (au). Data 

presented were collected from pre trypsin treated cells in B. (D) Population-level analysis of 

integrated fluorescent signal intensities of NapA from sacculi isolated from 5A11 (n=310) and 

5A11/napA (n=345). (E) Demograph analysis of NapA signal from wild-type sacculi, pre-trypsin 

treatment. Sacculi were organized based on cell length. NapA signal is shown along the length of 

each sacculi (n = 310) and shown as heat-map in arbitrary units from 0-1 (right). 

 

 

 

 

 

 

 

 



Figure 13: Lysozyme and NaCl stress tests 

 

 

 

 

 

 



Figure 13: A) Both 5A11 and 5A11/napA strains were grown to 1 x 104 cells/mL in BSK II at 37 

oC media prior to adding increasing amounts of Lysozyme (2 mg/mL to 0) (left) or NaCl (0.5 M 

to 0.4mM) (right). Cells were allowed to grow for one week in a 96 well plate prior to growth 

analysis using spectrophotometry. (B) Growth curves. 5A11 and 5A11/napA were grown at a 

starting concentration of 1 x 103 cells/mL in BSK II media. Cells were enumerated roughly every 

24 hours for 10 days with the exception of the first count which occurred 48 hours after inoculation. 



Figure 14: Cell envelope stress and defects of NapA deficient bacteria. 



Figure 14: (A) Osmotic and lysozyme susceptibility in wild-type (5A11) and napA mutant 

(5A11/napA) bacteria. Following exposure to 0.111 M NaCl (left) or 0.37 mg/mL Lysozyme 

(right) for 18 hours, each strain was diluted in fresh media and plated. Three (wild-type) or six 

(mutant) weeks later, CFUs were determined. Bars shown are the mean (+/-) SD from 4 

experimental BSK II plates with either strain. P-value determined using unpaired t-test, * = P 

<0.05. (B) Cryo-electron micrographs of the inner membrane (IM), peptidoglycan (PG) and outer 

membrane (OM) of the 5A11 (top) and 5A11/napA (bottom) strains. Scale bar 100 nm. (C) 

Population-level analysis of average PG width (in nm, left) and (D) average PG pixel intensity 

(au), normalized by sampling area. Note that measurements collected in C and D excluded PG 

from 10% of each cell pole since these areas are thicker and more variable. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 15: NapA-PG is released in outer-membrane vesicles and together act as a 

neutrophil chemoattractant 



 

Figure 15: (A) Crude preparations of Outer-membrane vesicles (OMVs), collected from wild-type 

(5A11) and napA mutant (5A11/napA), were further purified by density gradient and probed for 

contents by western blot. OspA (above) and NapA (below) was present in OMV fractions 1 and 2. 

(B) The same density gradient fractions, prepared in A, were probed for PG (above) and NapA 

(below) by dot blot analysis. (C) Reporter assay to query each density gradient fraction for PG 

containing Muramyl dipeptide (MDP). Human NOD2 reporter cell line (Invivogen) was used to 

measure the amount of MDP in each density fraction (from panels A-C). Serial dilutions of purified 

MDP was used to for standards curves to back calculate the amount of MDP in each fraction. Bars 

shown are the mean (+/- ) SD.  P-value determined using unpaired Student’s t-test, * = p < 0.05 

and indicates significant difference between 5A11 density gradient layer 1 and layers 3-6. ** = p 

< 0.05 between 5A11 and 5A11/napA gradients layers 1 and 2 for both, samples respectively. (D) 

IL-17 production by human peripheral blood mononuclear cells (PBMCs). Three pools of eight 

mixed donor PBMCs samples were stimulated with 10 ug/mL of PG, prior to trypsin treatment, 

from wild-type and napA mutant bacteria. Culture supernatants, from each stimulation, were 

assayed for IL-17 by ELISA (Abcam). Normalized, mean values (+/-SD) are shown. Statistical 

analysis unpaired Student’s t-test, * = p < 0.05.  (E) Merged Phase-contract/epifluorescence 

micrograph of microfluidic competitive chemotaxis-chip ( ) (94) used to measure dHL-60 cell 

(blue) migration both toward (red) and away (black) from gradients of each stimulus. Scale bar = 

500 μm. (F) dHL-60 cells show a higher percentage of cells migrating toward PG-linked NapA. 

Reservoirs that flank each maze were loaded with 125 μg/mL of each PG sample, diluted in dHL-

60 cell culture media, and compared to opposite reservoir, which contained culture media alone. 

Controls included media, 10nM of Formylmethionine-leucyl-phenylalanine (fMLP), and 100nM 



of Leukotriene B4 (LTB4). Data were collected over 5 hours, images captured every 2 minutes, 

while cells were maintained at 37°C under 5% CO2. Results shown are mean +/- SD of three 

biological replicate experiments. To evaluate differences between responses ANOVA were 

performed with Turkey’s correction for multiple comparisons (* = p < 0.05, ** = p < 0.005). 

 

 

 

 



 Figure 16: Phylogenetic Analysis of NapA



 
 
Figure 16: Phylogenetic analysis of Dps/NapA. (A) Phylogenic analysis of Dps/NapA 

homologues in Borreliae, Helicobacter pylori, Treponema pallidum, Leptospira interrogans, 

Yersinia pestis, and Escherichia coli. (B) Amino acid alignment of Dps/NapA homologues from 

bacteria in A. The Lysine-rich DNA binding domain is underlined (blue) (C) Zoomed in amino 

acid sequence of the C-terminus of Dps/NapA homologues. Note that the extended C-terminus 

contains several Cysteine residues and the repeat sequence DDCKCSC (red underline) found in 

B. miyamotoi. 
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