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Prefaces Figure 1. Historical, ecological and biological aspects of Lyme borreliosis.
(A) Lyme disease was named after the town Old Lyme, Connecticut, USA.
(B) The Old Lyme public schoolbus. Picture: K.E. Hovius.
(C) Borrelia burgdorferi visualized by microscopy.
(D) Ixodes ticks are the main vector for Lyme borreliosis. Picture: G.A. Oei.
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Chapter 1 Figure 1. Schematic overview of tick–host–pathogen interactions important in the development of Lyme 
borreliosis. In the gut of Ixodes scapularis ticks, Borrelia burgdorferi upregulates ospA expression. OspA binds to the 
tick receptor for OspA (TROSPA) [11]. During tick feeding, B. burgdorferi downregulates ospA expression, starts 
producing OspC and migrates to the salivary gland. OspC binds to a tick salivary protein, Salp15. Salp15 has im-
munosuppressive properties, such as inhibiting CD4+ T-cell activation [48], and immunoprotective effects, such as 
inhibiting antibody-mediated killing of B. burgdorferi by the host [13]. For other tick–host–pathogen factors that 
are of importance in Lyme borreliosis see the text. Unbroken arrows represent processes that take place within the 
tick, and broken arrows represent processes that take place at the tick–host–pathogen interface. Abbreviations: APC, 
antigen presenting cell; MHC, major histocompatability complex; OspA and OspC, outer surface protein A and C; 
TCR, T cell receptor. 
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Chapter 6 Figure 2. Salp15 Iric-1 binds to the surfaces of B. garinii VSBP spirochetes. Spirochetes were preincubated 
with biotinylated Salp15 Iric-1 (A) or biotinylated BSA (B). Spirochetes were detected with bisbenzimide (blue) and 
bound Salp15 or BSA was detected using streptavidin-Cy3 (red). (C) Both Iscap Salp15 and Salp15 Iric-1 bind B. 
burgdorferi N40 (1) and B. garinii VSBP (2) in the overlay binding assay. The arrow indicates Salp15 bound to OspC. 
M, molecular mass. 
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Chapter 6 Figure 4. Inhibition of C5b-9 deposition by Salp15. B. garinii VSBP was preincubated with BSA (A), Iscap 
Salp15 (B), or Salp15 Iric-1 (C) before being subjected to 12.5% NHS. Spirochetes were double labeled with antibo-
dies specific for Borrelia spirochetes (green) and specific for C5b-9 complement complexes (red). (D) Deposition of 
C5b-9 complexes was strongly inhibited in the presence of Iscap Salp15 and even more by Salp15 Iric-1. Bars indicate 
standard deviations, based on duplicate countings of two independent experiments. One hundred spirochetes were 
counted, and the experiment was performed two times. * indicates a statistically significant difference (P < 0.0001) 
between the BSA- and Salp15 Iric-1-treated groups, # shows a significant difference (P < 0.0001) between the BSA- 
and Iscap Salp15-treated groups, and $ indicates a significant difference (P < 0.0001) between the Iscap Salp15- and 
Salp15 Iric-1-treated groups.

hovius binnenwerk_23125.indd   260 03-02-2009   15:19:50



261

Color print section

hovius binnenwerk_23125.indd   261 03-02-2009   15:19:56



262

Color print section

Chapter 9 Figure 2. The urokinase receptor (uPAR) is involved in clearance of B. burgdorferi.
A. Urokinase receptor knock-out C57BL/6 mice display higher systemic B. burgdorferi numbers. WT and uPAR -/- 
mice were inoculated with B. burgdorferi and sacrificed two and four weeks post infection. DNA was extracted from 
the indicated tissues and subjected to quantitative Borrelia flab and mouse β-actin PCR. In SHAM inoculated mice 
(2 to 3 per group) we did not detect B. burgdorferi DNA. Six to eight mice per group were used and bars represent 
the mean ± SEM.
B and C. Urokinase receptor knock-out C57BL/6 mice develop more rigorous IgG responses. Sera from C57BL/6 WT 
and uPAR knock-out mice, 2 and 4 weeks post B. burgdorferi (B burg) or SHAM inoculation (SHAM) was used for 
whole cell B. burgdorferi ELISA. Thus, we determined total IgG directed against B. burgdorferi (B) and IgG subclasses, 
of which only IgG1 (C) is shown. 
D. WT and uPAR -/- macrophages produce similar levels of pro-inflammatory cytokines when exposed to viable B. 
burgdorferi in vitro. Peritoneal macrophages were stimulated with control medium (medium) or B. burgdorferi (B 
burg) for 16 hours. The supernatant was analyzed for cytokine production using a mouse inflammation cytometric 
bead array.
E and F. Urokinase receptor deficient granulocytes and macrophages are incapable of adequately phagocytosing B. 
burgdorferi. Whole blood or peritoneal macrophages were incubated with CFSE labeled viable or heat-killed FITC-
labeled B. burgdorferi at 37 °C or at 4 °C as a control. Phagocytosis was stopped by transferring the tubes to ice and 
extracellular bacteria were quenched by addition of a quenching dye containing Trypan blue. When whole blood was 
used erythrocytes were lysed before cells were DAPI stained and subjected to fluorescent microscopy (E) or stained 
for Gr-1 (granulocytes) and subjected to FACS analysis (F; left panel). Peritoneal macrophages were directly subjec-
ted to FACS analysis (F; right panel). Phagocytosis was depicted as the phagocytosis index [63,64]: mean fluorescence 
intensity (MFI) x percentage (%) positive cells) at 37ºC minus (MFI x % positive cells at 4ºC). Six to eight mice per 
group were used, graphs represent the mean ± SEM and are representative of three independent experiments.
G. B. burgdorferi binds equally well to WT and uPAR -/- macrophages. A similar experiment as described in F was 
performed, albeit at 4 °C and without the addition of quenching dye to determine binding of B. burgdorferi to perito-
neal macrophages. Binding is expressed as the binding index: % CFSE positive cells x MFI. Four to six mice per group 
were used and bars represent the mean ± SEM. The experiment was repeated twice. A P value < 0.05 was considered 
statistically significant. * indicating P < 0,05;  ** P < 0,01 and *** P < 0,001.
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Chapter 9 Figure 5. The course of Lyme borreliosis in uPAR knock-out mice on a B. burgdorferi susceptible mixed 
C57BL/6 x C3H/HeN genetic background.
A. Urokinase receptor deficient mice on the mixed genetic background also display higher B. burgdorferi numbers 
compared to WT littermate controls. C57BL/6 mice were backcrossed twice to a C3H/HeN background. We in-
tercrossed F2 mice and used the homozygous and nullizygous offspring (F2 homozygous uPAR deficient C57BL/6 
x C3H/HeN mice and WT littermate controls) for our experiments.  Mice were inoculated with B. burgdorferi or 
SHAM and sacrificed two weeks post infection, DNA was extracted from the indicated tissues and samples were 
subjected to quantitative Borrelia flab and mouse β-actin PCR. B. burgdorferi numbers are depicted as described in 
figure 2. Six to eight mice per group were used.
B. Urokinase receptor deficient leukocytes from mice on the mixed genetic background are not as capable of phago-
cytosing B. burgdorferi as are granulocytes from WT littermate controls. Phagocytosis assays with whole blood were 
performed as described in figure 2. Six to eight mice per group were used.
C, D and E. Peak carditis in these uPAR -/- mice (D) is more severe compared to carditis in WT littermate controls 
(C). Mice were inoculated with B. burgdorferi and sacrificed two weeks post infection. Pictures of hematoxyline and 
eosin stained sagittal sections depict representative sections. Carditis was scored as described in supplemental figure 
4 within the same session (E). Six to eight mice per group were used.
F and G. The main cell involved in murine Lyme carditis is the macrophage. Representative pictures of F4/80 stained 
sagittal sections of hearts from B. burgdorferi infected uPAR deficient mice (G) and WT littermate controls (F).
H. More severe inflammation in B. burgdorferi infected uPAR deficient animals (n=7) compared to WT littermate 
controls (n=7) as measured by multiplex ligation-dependent probe amplification (MLPA). MLPA was performed on 
RNA obtained from half of sagittally dissected hearts from B. burgdorferi or SHAM inoculated mice. Depicted are 
mRNA expression of TNF-α, CCL3, TLR2, CD14, IL1-β, IRAK3, ICAM1 and TBP (housekeeping gene [69]). Other 
genes included in the assay were IL6, IL10, INF-γ, TFPI, F3,PROCR, SERPINE1P, PLAT, PLAUR, TLR4, TLR9 LY96, 
IRAK1, F2R, NFKB1a, NOS3, ITGA5,B2M, ITGAV, ITGAB3, TFRC, HIF1A, MMP2 and HP. 
Bars represent the mean ± SEM. A P value < 0.05 was considered statistically significant. 
* indicating P < 0,05;  ** P < 0,01. 
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Picture from stack movie

Chapter 9 Supplemental figure 3. Confocal microscopy of B. burgdorferi phagocytosis.
A and B. Confocal microscopy confirmed that B. burgdorferi in in vitro phagocytosis assays were localized intracel-
lularly. Cells incubated with CFSE-labeled B. burgdorferi were subjected to confocal microscopy. Nuclei of cells were 
stained with DAPI. In Panel A we depicted the widest transversal section of a segmented nucleus of a granulocyte 
stained with DAPI and a CFSE-labeled B. burgdorferi spirochete. Superimposing the brightfield image confirms 
the bacterium is localized intracellularly. Panel B shows another granulocyte and B. burgdorferi from different view 
points (left panel) and a picture from a stack movie (right panel) further verifying that we are assessing internalized 
bacteria in the in vitro phagocytosis assays. 
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Chapter 9 Supplemental figure 4. Carditis in WT, uPAR, uPA, tPA and PAI-1 knock-out mice.
A and B. Peak carditis in C57BL/6 uPAR -/- is of similar severity compared to WT controls, although active carditis 
persists longer in uPAR -/- mice. WT and uPAR -/- mice were inoculated with B. burgdorferi and sacrificed two or 
four week post infection. Sagittal sections of formalin fixed and paraffin embedded hearts were H&E stained. The 
severity two weeks post infection was scored by a pathologist blinded to the experimental design on a scale of 0-3, 
with 0: no carditis; 1: mild carditis; 2: moderate carditis and 3: severe carditis. SHAM inoculated mice did not develop 
carditis (data not shown). Pictures depict representative sections.
C and D. Peak carditis in C57BL/6 uPA, tPA and PAI-1 knock-out mice is comparable to peak carditis in WT C57BL/6 
mice. Carditis was scored as described above. Six to eight mice per group were used and bars represent the mean ± SEM. 
A P value < 0.05 was considered statistically significant. 

hovius binnenwerk_23125.indd   267 03-02-2009   15:20:19



268

Color print section

Chapter 9 Supplemental figure 5. Migration and arthritis in WT and uPAR knock-out mice on a B. burgdorferi 
susceptible genetic background.
A, B and C. Urokinase receptor deficient macrophages from mice on the mixed genetic background can migrate to 
cardiogenic stimuli just as well as macrophages from WT littermate controls. Migration of CellTracker Green labeled 
WT or uPAR deficient macrophages towards several chemotactic stimuli was investigated in vitro (A). As chemotac-
tic stimuli we used B. burgdorferi or activated complement factor 5 (C5a) (B) and supernatant from the cardiomyo-
blastic rodent cell line H9c2 stimulated with B. burgdorferi or control medium for 16 hours prior to experimentation 
(C). All experiments were performed in duplo in serum free DMEM medium without the addition of antibiotics and 
migration was corrected for the no-attractant control. Graphs represent the mean of three independent experiments 
± SEM. The fluorescent signal in the lower chamber (indicative of migration) was measured in real time every two 
minutes (cycli). 
D and E. Only edema, no arthritis in uPAR knock-out mice (n=7) and WT littermate controls (n=8). Ankle swelling 
was measured using a microcaliper during the course of infection (D). In this particular experiment mice were mo-
nitored for three weeks. Post mortem, but before decalcification, radiological examination of the right hindlimb was 
performed (E). No differences between SHAM inoculated and B. burgdorferi infected animals were observed.
A P value < 0.05 was considered statistically significant. * indicating P < 0,05
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Chapter 10 figure 1. Schematic overview of the coagulation cascade. The two major amplification loops in the coa-
gulation cascade are depicted. The first amplification loop consists of TF-FVIIa-mediated factor IX (FIX) activation, 
which leads to the generation of more FXa. A second amplification loop is formed by the activation of factor XI 
(FXIa) by thrombin, which results in more activated FIX (FIXa), and, subsequently, additional FXa generation. The 
right panel indicates how selected tick proteins exert their anticoagulant effect. FIIa, activated factor II; FVa, activated 
factor V; FVIIIa, activated factor VIII.

hovius binnenwerk_23125.indd   269 03-02-2009   15:20:24



270

Color print section

Chapter 10 Figure 2. Diagram showing how an anti-Salp15 vaccine could prevent transmission of B. burgdorferi. 
During tick feeding and early mammalian infection, B. burgdorferi expresses OspC, which binds to Salp15 in tick 
saliva. This binding acts as a shield and protects the spirochete from killing by the host. In addition, Salp15 has been 
shown to directly inhibit dendritic cell and T cell activation, which could facilitate tick feeding. Salp15 antibodies are 
likely to bind to Salp15 that has previously bound to OspC on the surface of B. burgdorferi in the tick salivary gland 
and could thereby enhance clearance by host phagocytes. Obviously, the Salp15 antibodies would need to recognize a 
Salp15 epitope other than the epitope that is required for binding of Salp15 to OspC. Similarly, if anti-Salp15 antibo-
dies were to bind to free Salp15, they could neutralize the immunosuppressive effects of Salp15, which could hamper 
tick feeding and thereby transmission of B. burgdorferi from the tick to the host. Lastly, if anti-Salp15 antibodies were 
to inhibit binding of Salp15 to Borrelia OspC, this would render the spirochete susceptible to pre-existing or newly 
generated immunoglobulins. Importantly, Salp15 was originally identified by screening of a tick salivary gland cDNA 
expression library with tick immune rabbit sera, suggesting that antibodies against Salp15 may participate in tick 
rejection. DC, dendritic cell; MHC, major histocompatibility complex; MF, macrophage; TCR, T cell receptor. 
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