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Abstract

Calprotectin is a potent antimicrobial that inhibits the growth of pathogens by tightly binding 

transition metals such as Mn and Zn, thereby preventing their uptake and utilization by invading 

microbes. At sites of infection, calprotectin is abundantly released from neutrophils, but 

calprotectin is also present in non-neutrophil cell types that may be relevant to infections. We 

show here that in patients infected with the Lyme disease pathogen Borreliella (Borrelia) 
burgdorferi, calprotectin is produced in neutrophil-free regions of the skin, in both epidermal 

keratinocytes and in immune cells infiltrating the dermis, including CD68 positive macrophages. 

In culture, B. burgdorferi’s growth is inhibited by calprotectin, but surprisingly, the mechanism 

does not involve the classical withholding of metal nutrients. B. burgdorferi cells exposed to 

calprotectin cease growth with no reduction in intracellular Mn and no loss in activity of Mn 

enzymes including the SodA superoxide dismutase. Additionally, there is no obvious loss in 

intracellular Zn. Rather than metal depletion, we find that calprotectin inhibits B. burgdorferi 
growth through a mechanism that requires physical association of calprotectin with the bacteria. 

By comparison, calprotectin inhibited E. coli growth without physically interacting with the 

microbe, and calprotectin effectively depleted E. coli of intracellular Mn and Zn. Our studies with 

B. burgdorferi demonstrate that the antimicrobial capacity of calprotectin is complex and extends 

well beyond simple withholding of metal micronutrients.
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Abstract

The metal (red) bound form of calprotectin (green) binds Borrelia burgdorferi and inhibits 

pathogen growth without metal withholding.

INTRODUCTION

Transition metals such as Mn, Zn, Cu and Fe are essential micronutrients for virtually all 

living organisms, yet these same elements are potentially toxic. During infection, the host 

exploits this double-edged sword as part of the immune response against invading 

pathogens. The host may either attack pathogens with high/toxic levels of metals or starve 

the invading microbe of metal micronutrients through a process called nutritional immunity.
1–3 One of the best studied examples of nutritional immunity involves calprotectin (CP), a 

member of the S100 family of proteins.3 CP consists of a heterodimer of S100A8 and 

S100A9 proteins and has been shown to form higher order oligomers in the presence of Zn 

or excess calcium.4–7 Each heterodimer binds transition metals with high affinity through 

two distinct metal coordinating sites at the dimer interface.2, 3, 8, 9 Site 1 consists of six 

histidine residues (two from S100A8 and four from S100A9), while site 2 consists of two 

histidine residues from S100A8 and a histidine and aspartate from S100A9. Both sites have 

been shown to tightly bind Zn with affinities ranging from low nanomolar to sub-picomolar.
10–13 Unlike Zn, Mn only binds site 1 with high affinity (sub-nanomolar to low nanomolar 

range) 10, 11, 14, 15; the relatively poor binding of Mn to site 2 (micromolar range) is not 

likely to contribute to Mn sequestration.10, 14 Both sites are reported to bind other transition 

metals including Cu, Fe and Ni.16–18 CP is an abundant component of neutrophils that is 

released at sites of infection in concentrations reaching 1 mg/mL.19 With its high affinity for 

transition metals, CP can effectively deplete the extracellular environment of metals such as 

Mn and Zn, thereby starving neighboring microbes of these metal nutrients.2, 3 CP has been 

reported to act as an antimicrobial for numerous bacteria11, 12, 17, 20–27 and the mechanism 

has been widely ascribed to the withholding of metal nutrients. 10–12, 17, 21–24, 28–33

As with many bacterial microbes, the Lyme disease (LD) pathogen Borreliella (Borrelia) 
burgdorferi (Bb) is susceptible to growth inhibition by CP in vitro.20, 34 Bb represents a 

particularly interesting case of metals in biology in that the organism has uniquely evolved 

with no known requirement for Fe.35, 36 Additionally, there is no known nutritional 

requirement for Cu, although the spirochete has evolved methods to detoxify the metal.37 Bb 
can accumulate high levels of Mn through at least two Mn uptake systems38, 39, and Mn 

acquisition is essential for pathogenesis.39 This high Mn is required to activate a Mn 
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containing SodA superoxide dismutase 36, 40, 41 essential for virulence.42 Aside from Mn, 

Bb requires Zn to activate numerous Zn metalloenzymes 43–46 and the spirochete is capable 

of maintaining constant Zn levels despite fluctuations in environmental Zn.47 Based on Bb’s 

dependence on Mn and Zn micronutrients, it is possible that withholding of one or both 

metals accounts for this anti-Borrelia activity of CP, although this has never been directly 

tested.

As mentioned above, neutrophils are believed to be the primary source of anti-microbial CP 

for diverse microbial pathogens. In LD, neutrophils can play a significant role in the 

inflammatory response of persistent infections, particularly in joints and synovial fluid.20, 34 

However, the predominant target of Bb infections in both early and early disseminated 

stages of disease is the skin, classically presenting as the erythema migrans (EM) rash at the 

site of the tick bite, as well as multiple EM as a result of hematogenous dissemination of the 

spirochete. These rashes show little or no infiltration with neutrophils.48, 49 However, in a 

transcriptome study, S100A8 and S100A9 were significantly upregulated in EM lesions.50 

Moreover, the skin is known to produce many S100 family members including S100A7, 

S100A12, S100A8 and S100A9, and CP is known to be secreted by keratinocytes.51–57

Herein, we use a combination of human tissue analyses and microbiology to explore the 

connection between CP and Bb. We provide evidence for a non-neutrophil origin of CP 

relevant to LD. Specifically, CP is widely apparent in the EM rashes of LD patients in both 

the epidermal and dermal layers of the skin. In our in vitro studies, CP exhibits potent anti-

Borrelia activity in laboratory cultures, but growth inhibition occurs in the absence of any 

detectable metal withholding. CP inhibits Bb growth at relatively low doses that are 

ineffective in withholding either Mn or Zn micronutrients from the spirochete. Our findings 

support a model in which toxicity results from physical interactions between CP and the 

spirochete, associated with an increased susceptibility to hypotonic stress.

EXPERIMENTAL

Ethics Statement

Individuals with EM were enrolled in prospective studies (NCT00132327 and 

NCT00028080) approved by the Institutional Review Board at the National Institute of 

Allergy and Infectious Diseases. All participants were adults (at least 18 years old) who 

provided written informed consent.

Skin Biopsy Samples

Specimens of skin from 3 patients with EM were obtained by 4-mm punch biopsy. 

Specimens were obtained from the advancing border of primary EM lesions before the start 

of antibiotic therapy. The sample for histology was placed in 4% formaldehyde, embedded 

in paraffin, and stained with hematoxylin and eosin. Control skin samples were obtained 

from surgical specimens of anonymous patients undergoing surgery for other purposes.
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Tissue slice preparation and microscopy

Sections were deparaffinized and rehydrated using successive 5 minute washes: two washes 

of a xylene isomer mixture (Sigma Aldrich), two of 100% ethanol (EtOH), one of 95% 

EtOH, 70% EtOH, 50% EtOH, ddH2O, and 1XPBS. Slides were then placed in 10 mM 

sodium citrate (pH 6.0) in a polypropylene container and put in boiling water for 10 minutes. 

Samples were then cooled to room temperature. Slides were then rinsed with ddH2O and 

then 1X PBS for 5 minutes each. Slides were blocked in 2% Normal Goat Serum (G9023–

10mL Sigma), 1% Bovine Serum Albumin for 30 minutes. The highly specific anti-S100A8 

antibody (GTX54721 Gene Tex)58 was diluted 1:100 in blocking buffer. Anti-CD8 antibody 

(M7103 Dako) was used at a dilution of 1:50 and anti-CD68 (790–2931 Ventana) was used 

at a concentration of 0.4 μg/mL. A dilution of 1:50 was used for Anti-CD163 (BM4041 

Acris). Slides were incubated with primary antibody overnight at 4oC prior to being washed 

three times in 1XPBS for 10 minutes. Secondary antibodies goat anti-rabbit 488 (ab150077 

Abcam) and goat anti-mouse 594 (ab150116 Abcam) were applied at a dilution of 1:1000 

for 1 hour at room temperature. Slides were then washed two times in 1XPBS for 5 minutes 

each before being stained with DAPI for 5 minutes. Slides were washed once in 1XPBS for 

5 minutes before being mounted on with a coverslip using FlourSave Reagent (Calbiochem). 

Images were taken on a Zeiss AxioObserver Z1 with Apotome microscope at 20× 

magnification. Larger images (Fig. S1, ESI†) were imaged at 10× and stitched together. 

Multiple images (approximately 10) from a single section of each sample were analyzed for 

S100A8 quantification. Cell counts were quantified using ImageJ. For quantification, TIFF 

files exported from Zeiss ZEN software were converted to 8-bit greyscale. Contrast was 

enhanced 5%. Pictures were thresholded to 35 before the colors were adjusted to RGB and 

the channels were merged. Multiple images (approximately 10) from a single section of each 

sample were analyzed for S100A8 quantification. A one-way ANOVA with Tukey post-test 

was applied. Analysis was carried out in Graphpad Prism v5.0 Software.

Bacterial strains, growth medium and growth conditions

Bb strain 29759 and E. coli strain DH5α were cultured in BSK II medium (pH 7.6) 

containing 6% (v/v) rabbit serum 60, 61. E. coli was chosen for comparative analyses based 

on its documented susceptibility towards metal withholding effects of CP11, 12, 17, 32, its 

well-defined Mn and Fe containing superoxide dismutase enzymes36, 62 and its ready 

availability as a BSL1 laboratory organism. Bb cultures were supplemented with 0.05 

mg/mL rifampicin, 0.1 mg/mL phosphomycin, and 5 μg/mL amphotericin61, and were 

maintained at 34°C; growth was monitored by counting spirochetes under dark field 

microscopy (Nikon Eclipse 80i). E. coli was cultured without antibiotics at 37°C and growth 

monitored by absorbance at 600 nm.

For CP toxicity studies, triplicate 200 μl cultures of Bb were inoculated at 1×104 cells/mL in 

96-well flat-bottom plates in 80% BSK II medium with 6% rabbit serum/20% calprotectin 

buffer (20 mM Tris pH 7.5, 100 mM NaCl,10 mM BME, 3 mM CaCl2) containing human 

recombinant WT or mutant CP. The metal content of this medium is shown in Table S1 

(ESI†). Mn and Zn levels are similar to that of the Tryptic Soy Broth (TSB) based media 

previously used in studies of microbial toxicity to CP11, 12, 17, 32 , and the levels of calcium 

are sufficient to activate CP.12, 14, 17 The presence of BME does not affect cell growth in 
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BSK II medium. Cells were enumerated following 6–7 days of growth. E. coli sensitivity 

towards CP was tested similarly using cells inoculated at 1×107 cells/mL and grown for 5–6 

hours. In both cases, cell reached late log phase growth following 7–9 cell doublings in the 

presence of CP. Preparative Bb cultures for biochemical analyses were seeded at 1×105 

cells/mL; CP was added when cultures reached ≈5×105 cells/mL and growth proceeded 

until untreated controls reached 107–108 cells/mL. Cultures of E. coli for biochemical 

analyses were seeded in BSK II at 8×107 cells/mL and grown to ≈2 × 109 cells/mL.

Biochemical analysis

All samples of recombinant WT and mutant CP were prepared according to our standard 

published protocols.10, 11 Bb or E. coli cells for biochemical analyses were harvested by 

centrifugation at 3,000 × g at 4°C for 50 or 20 minutes, respectively. Cell pellets were 

washed twice in either cold 1 mM Tris, 10 mM EDTA, pH 7.8 or in Bb washing buffer 

(20mM HEPES, pH 7.6, 100mM NaCl, 10mM EDTA)35 followed by washing twice in cold 

MilliQ water. The nature of washing did not alter the level of CP associated with Bb. For 

metal analysis of Bb by ICP-MS, pellets containing 2×108–1×109 cells were resuspended in 

500 μL of 67–70% (v/v) nitric acid (J.T. Baker, Ultrex II Ultrapure Reagent) and heated at 

80°C for 1 hour. Cell debris was removed by centrifugation at 20,000 × g for 5 minutes and 

the supernatant was diluted 1:14 in MilliQ water prior to analysis by ICP-MS in semi-

quantative mode (Agilent 7700×, University of Maryland, School of Pharmacy, Mass 

Spectrometry Center). With E. coli, 6×109–1×1010 cells were digested in 500 μL of 20% 

(v/v) nitric acid overnight at 90°C and diluted 1:10 in MiliQ water in preparation for ICP-

MS as described above. As blank controls, BSK II medium (no cells) was incubated in 

parallel and subjected to the identical centrifugation, washing and acid treatments. Any 

metal values of these blanks were subtracted from cell samples.

For analysis of metals in the growth media, 200 μL of media (80% BSK II medium/20% 

calprotectin buffer with 3 mM CaCl2) was digested in 1.5 mL of 23% nitric acid for 18 

hours at 80°C. Digested samples were diluted to a final volume of 5.5 mL with MiliQ water 

(~6% final nitric acid concentration), clarified by centrifugation at 4,000 × g for 10 minutes 

and subjected to ICP-MS as described above. Alternatively, BSK II medium was made 1% 

in nitric acid and analyzed directly without dilution using an Agilent 7500ce ICP-MS (Johns 

Hopkins NIEHS Center Core Facility). The metal values representing 80% BSK, 20% 3 mM 

CaCl2 were similar in the two experiments, and averages over the two trials are presented in 

Table S1 (ESI†).

For preparation of Bb and E. coli cell lysates, 1×108–8×1010 and 3×109–1×1010 cells, 

respectively, were lysed by glass bead homogenization in 150 μL of lysis buffer (10 mM 

potassium phosphate (KPi) pH 7.8, 5 mM EDTA, 5 mM EGTA, 50 mM NaCl, 0.45% 

Tergitol-type NP-40 (NP40), 10% glycerol) containing a volume of Zirconium oxide (0.7 

mm) or glass (400–600 nm) beads equivalent to the cell pellet. Following vortexing at 3200 

RPM for three 3 min cycles, lysates were clarified by centrifugation at 20,000 × g and stored 

in −80°C.

Denaturing gel electrophoresis on NuPage 4–12% BisTris Gels (Life Technologies) used ≈ 
30 μg of protein lysate or 100–500 ng of recombinant CP. Gels were subjected to either 
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Coomassie Brilliant Blue staining or immunoblot analysis using anti-S100A9 antibody 

(Abcam ab63818) diluted 1:1,000 and Alexa Fluor 680 donkey anti-rabbit secondary (Life 

Technologies) diluted 1:10,000. To define the molar quantity of CP versus moles of Zn 

associated with Bb, a cell sample of verified Zn content (as determined by ICP-MS) was 

subjected to electrophoresis and Coomassie staining against known quantities of purified 

recombinant human CP. CP bands were quantified using ImageJ software and analyzed 

against the standard curve of recombinant CP.

For SOD activity, 30 to 50 μg of protein lysate was subjected to native gel electrophoresis at 

50 mA using 10 or 12% Tris-glycine native gels (Novex). SOD activity was monitored by 

nitroblue tetrazolium (NBT) staining and Fe-SOD activity eliminated by treating gels with 

30 mM H2O2 prior to NBT staining as described.36

For all in vitro studies, data were considered statistically significantly different for p values 

of ≤0.05 using the two-tailed t test as determined by Graphpad Prism v7.

Microscopy of Bb

For examination of Bb morphology, cells were examined under dark field microscopy at 40× 

magnification. Zinquin-dependent fluorescence was monitored by microscopy of Bb cells 

essentially as described.43 5×107 Bb cells were harvested by centrifugation at 1,000 × g for 

10 minutes. Cells were washed twice with HN Buffer (20 mM NaCl, 50 mM HEPES, pH 

7.6), resuspended in 500 μL HN buffer and incubated at room temperature for 5 minutes. A 

5 mM stock of zinquin ethyl ester (Sigma) dissolved in DMSO was diluted 1:2 in HN buffer 

and added to cells at a final concentration of 25 μM followed by incubation at 34°C for 30 

minutes. Cells were subsequently stained with PKH26 Red Fluorescent dye for membranes 

(Sigma) using 2 μL of dye diluted according to manufacturer’s specifications followed by 

incubation for 5 minutes at room temperature. The staining was terminated by the addition 

of 500 μL BSK II medium. Cells were subsequently washed twice in HN Buffer, 

resuspended in 100 μL HN buffer and subjected to 40× fluorescence microscopy and 

imaging using a Zeiss Observer.Z1 microscope equipped with an Apotome VH optical 

sectioning grid.

RESULTS

Non-neutrophil origins of CP at sites of Bb infection

In cases where CP is reported to withhold metals from microbes, the host cell source is 

largely believed to be neutrophils.10, 21, 22, 63 However, the primary site of infection with Bb, 

namely the EM rash in the skin, appears devoid of these immune cells.48, 49 To determine if 

Bb may be exposed to non-neutrophil sources of CP in the skin, we analyzed sections of 

skin biopsies taken from the site of EM rashes from Lyme disease (LD) patients in 

comparison to the skin of control patients (non-LD surgical controls). As seen in the 

immunofluorescent microscopy images of skin in Fig. S1 (ESI†) and in the enlarged images 

of Fig. 1, variable staining with a S100A8 antibody was seen in individual cells of the 

epidermis (defined by DAPI staining), where one LD patient (patient C) had particularly 

high epidermal S100A8. Upon quantification of multiple images, there was no major 
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difference between S100A8 positive epidermal cells in the EM rash of LD patients versus 

the skin of controls (Fig. 2A). Bb is known to colonize the dermal layer of skin64, and we 

observed punctate staining of S100A8 in specific dermal cells of all three patients (Fig. 1). 

This precise pattern of punctate dermal staining for CP has been previously noted in cases of 

skin inflammation and wound healing.53, 65–67 Upon quantification, the total number of 

S100A8 positive cells in the dermal layer varied among the individuals (Fig. 2B), although 

there was a trend towards increased S100A8 positive cells in the skin of LD patients 

compared to controls (see legend to Fig. 2B).

The epidermal staining of S100A8 is likely keratinocytes, which comprise approximately 

95% of cells within the epidermis68, and these cells are well known to produce and secrete 

CP.51, 52, 69 By contrast, the nature of the dermal staining was unclear. The EM rash of LD 

patients is devoid of neutrophils 48, 49, 70, but is marked with infiltrating lymphocytes and 

occasional macrophages.71 Macrophages can produce CP 2, 72–74, and in other reports of 

inflammation (non-LD), CD68 positive macrophages and CD8 positive lymphocytes have 

been shown to express CP.74, 75 We observed both of these immune cell markers in the 

dermis of LD patients (Figs. 3 and 4 and Tables 1 and 2). In double labeling studies, the LD 

patient with the lowest dermal S100A8 (patient A) showed negligible co-localization of 

S100A8 with either CD8 or CD68 markers (Figs. 3 and 4; Tables 1 and 2). By comparison, 

the two patients with high dermal S100A8 (patients B and C) showed marked (25–40%) co-

localization of S100A8 with the macrophage CD68 marker (Fig. 4 and Table 2). There was 

also some co-localization of S100A8 with CD8, but the cells numbers were comparatively 

low and restricted to patient B (Fig. 3 and Table 1). It is important to note that a fraction of 

S100A8 positive cells were neither positive for CD68 nor CD8 and analysis of other immune 

markers such as CD163 proved negative (Fig. S2, ESI†). Additional cell types currently of 

unknown nature must contribute to CP in the infected dermis (see Discussion). Regardless of 

the nature of these cells, our studies demonstrate that CP can exist at sites of primary Bb 
infection in the skin, even in the absence of neutrophils, providing evidence that CP may be 

important for fighting Bb at the site of infection.

CP effects on Bb growth in culture and Bb metals

We next addressed how CP impacts Bb growth and metal homeostasis using laboratory 

cultures of the spirochete and recombinant human CP. Growth of Bb in laboratory cultures 

requires a specialized medium (BSK II) rich in rabbit serum and albumin, whereby the 

spirochete grows optimally between 30oC – 37oC and doubles once every 12–24 hours60, 76. 

Consistent with previous studies20, 34, Bb growth is strongly inhibited by CP at 

concentrations greater than 100 μg/mL (Fig. 5A). These levels of CP are significantly lower 

than what has been reported for several other bacteria grown in different media including 

Helicobacter pylori30, Staphylococcus sp, Pseudomonas aeruginosa and Escherichia coli.11, 

but within the range for other organisms including Listeria monocytogenes, Streptococcus 
mutans 33 and Candida albicans.77 To determine if the BSK II medium affects the bioactive 

dose of CP, E. coli susceptibility to CP was examined in this serum rich medium. As seen in 

Fig. 5B, growth of E. coli grown in BSK II is inhibited by >0.5 mg/mL CP, nearly five times 

the toxic dose of CP for Bb grown in BSK II (Fig. 5A). Thus, Bb seems to have a 

particularly high sensitivity to growth inhibition by CP, at least compared to E. coli.
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CP can sequester transition metals using two high affinity metal binding sites and we tested 

whether this metal binding property was important for the Bb growth inhibition observed. To 

accomplish this, we used a mutant of CP, termed ΔS1ΔS2, that lacks transition metal binding 

capabilities. Specifically, four of the six metal coordinating histidines of site 1 were mutated 

to asparagine and the three histidines and single aspartic acid of metal binding site 2 were 

mutated to asparagine and serine, respectively.11 As seen in Fig. 6A, this ΔS1ΔS2 CP mutant 

showed no toxicity to Bb. Additionally, we examined the effects of individual mutations at 

site 1 versus site 2 and find that CP toxicity was also greatly reversed with ΔS2 CP mutated 

at site 2 (Fig. 6B). By comparison, ΔS1 CP defective in site 1 effectively attenuated Bb 
growth at 125 μg/mL, similar to WT CP (Fig. 6B), although ΔS1 CP did show some loss of 

toxicity at the lower dose of 80 μg/mL. Thus, of the two metal binding sites, site 2 appears 

most critical for inhibiting Bb growth in culture, with site 1 contributing less to toxicity.

Mn binds to CP specifically through site 1 and since the ΔS1 mutant is still toxic to Bb, this 

suggests that CP does not inhibit the growth of Bb by withholding Mn. To investigate this, 

we examined total Mn levels in Bb by ICP-MS. As seen in Fig. 7A, there was no decrease in 

Mn in Bb cells cultured at the mean inhibitory concentration (MIC) of CP (80 μg/mL). If 

anything, Mn levels rose (Fig. 7A). We also examined activity of the Mn dependent 

superoxide dismutase SodA, a biomarker of intracellular Mn in Bb.36, 40, 42 Although the 

equivalent SodA in Staphylococcus aureus is inactivated by CP in culture 10, 29, we observed 

no such inhibition of SodA in Bb when cells were cultured (Fig. 7B). Altogether, the 

findings of Fig. 6B, 7A and 7B demonstrate that CP inhibits Bb growth without withholding 

Mn from the bacteria.

In complex growth media such as BSK II, the binding of metals to CP is affected by the 

relative bioavailability of the transition metals Mn, Zn, Cu and Fe. As seen in Table S1 

(ESI†), and consistent with previous findings47, BSK II media contains Mn and Zn levels 

that approximate that of the TSB-based medium employed in earlier studies involving CP.
11, 12, 17, 32 However, Fe and Cu are higher in BSK II, with contributions from serum (e.g., 

heme, ferritin, transferrin and cupro-ceruloplasmin) and albumin78–80. It was therefore 

possible that the lack of Mn withholding by CP was due to poor availability of Mn compared 

to these other metals. To address this possibility, we used E. coli as an indirect approach to 

monitoring CP sequestration of metals from BSK II. E. coli is reportedly susceptible to 

metal withholding by CP 11, 17, 32, and any loss in E. coli Mn would be indicative of CP 

binding to Mn in BSK II. As seen in Fig. 7C, CP treatment of E. coli resulted in a 

pronounced decrease in intracellular Mn, at both the 80 μg/mL mean inhibitory dose for Bb 
and at the higher 350 μg/mL dose that approximates the mean inhibitory dose for E. coli. 
This lowering of intracellular Mn in E. coli impacted Mn availability for SOD enzymes. 

Like Bb, E. coli expresses a Mn dependent SodA in addition to an Fe containing SodB. 

These SODs can be discerned by differential sensitivity towards H2O2 inactivation (Fig. 

7D).36 As seen in Fig. 7E, the activity of the Mn requiring SodA was greatly attenuated in 

BSK II cultures treated with CP, even at the 80 μg/mL dose, which has no effect on the 

activity of Bb SodA (Fig. 7B). In spite of potentially competing Fe, Cu and Zn ions, CP has 

the capacity to sequester Mn in BSK II medium. However, Bb seems refractory to this Mn 

sequestration by CP.
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Rather than Mn, CP may withhold Zn from Bb. In fact, Montgomery and colleagues 

reported reversal of CP toxicity in Bb cultures treated with 3 μM Zn, suggestive of Zn 

withholding.20 However, we failed to observe any reversal of CP toxicity with similar Zn 

supplements (Fig. S3A, ESI†) and Zn supplements up to 25 μM (BSK II has ≈3 μM Zn, 

Table S1, ESI†) did not change the mean inhibitory concentration of CP towards Bb (Fig. 

S3B, ESI†). To directly test whether CP withholds Zn from Bb, we measured total Zn in the 

spirochete by ICP-MS. As seen in Fig. 8A, there was no diminution in Zn in Bb when 

cultured with the mean inhibitory dose of CP. In fact, Zn levels dramatically rose >10 fold. 

A similar rise was seen with Cu, while Fe levels were below limits of detection with or 

without CP treatment (Fig. S4A). By comparison, E. coli cultured at its mean inhibitory dose 

of 350 μg/mL CP exhibited a striking decrease in intracellular Zn (Fig. 8B). At the lower 80 

μg/mL dose of CP that is non-toxic to E. coli, there was no withholding of Zn and, if 

anything, Zn levels slightly rose, although this was minor (≈50%) (Fig 8B). The growth 

inhibition of E. coli by high levels of CP (350 μg/mL) clearly correlates with CP 

withholding of both Mn and Zn. Additionally, we observed withholding of E. coli Fe and Cu 

micronutrients at this mean inhibitory concentration of CP (Fig. S4B,C, ESI†) and a 

decrease in Fe-SodB activity (Fig 7E). This loss of Fe and Cu micronutrients for E. coli may 

also contribute to the growth inhibition. Compared to these effects on E. coli, CP inhibits Bb 
growth at lower doses and in the absence of any obvious withholding of the metal nutrients 

for Bb, Mn and Zn.

CP interactions with Bb

In cases where CP withholds metals from microbes, metal depletion can be accomplished 

without physically contacting the organism, examples including S. aureus, Streptococcus 
pyogenes, Streptococcus pneumoniae and the fungal pathogen C. albicans.21, 25, 81 CP 

simply acts by modifying the extracellular environment through metal sequestration. 

However, there are rare reports of CP directly interacting with microbes, e.g., Neisseria 
species and Finegoldia magna 25, 82, 83. We investigated whether the same is true for Bb. As 

seen in Fig. 7B, bottom panel, a doublet protein of ≈11–13 kDa was evident in whole cell 

lysates of CP treated Bb cells, but not in lysates from control untreated Bb. Upon closer 

inspection, this doublet was seen to co-migrate with S100A8 (10.8 kDa) and S100A9 (13.2 

kDa) subunits of CP (Fig. 9A, left panel), and the 13 kDa species cross-reacted with an anti-

S100A9 antibody on immunoblots (Fig. 9A, right panel). The appearance of CP in whole 

cell lysates of Bb did not reflect non-specific precipitation or aggregation of the protein, as 

CP was retained following extensive washing of Bb cells (see Experimental) and required 

the presence of Bb cells. As seen in Fig. 9B, CP was undetectable in lysates of E. coli 
cultured in the same BSK II medium, despite higher levels of CP used to treat E. coli (350 

μg/mL) versus Bb (80 μg/mL).

We next tested whether CP association with Bb required transition metal binding sites 1 

and/or 2. As seen in Fig. 9C top and middle panels, the ΔS2 and ΔS1ΔS2 mutants of CP 

were absent in lysates of Bb, despite equivalent amounts of CP protein added to the culture 

(Fig. 9C bottom). The only CP mutant recovered in Bb cell lysates was ΔS1 CP, although the 

level of CP recovered with the ΔS1 mutant was less than that of WT CP. Together these 

results demonstrate that CP interactions with Bb relies heavily on site 2, and to a lesser 

Besold et al. Page 9

Metallomics. Author manuscript; available in PMC 2019 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extent, on site 1. It is noteworthy that these results completely parallel findings with CP 

toxicity where growth inhibition is strongly dependent on site 2, and partly dependent on site 

1 (Fig. 6B). Thus, toxicity against Bb is dependent on the ability of CP to physically 

associate with the spirochete.

Microscopy analyses of intracellular Zn and Bb morphology with CP treatment

Since CP is abundantly recovered with Bb, it was possible that the aforementioned elevation 

in Bb Zn (Fig. 8A) could be attributable to Zn bound to CP. In fact, we observed a near 

stoichiometric ratio of Bb-associated CP versus the rise in Bb-associated Zn (e.g., 30 nmoles 

CP/109 cells versus 32 nmoles Zn/109 cells, see Experimental). If the Zn measured by ICP-

MS is largely bound to CP, it remained possible that CP was in fact depleting Zn 

bioavailability inside Bb cells. To address this, we employed the fluorescent Zn probe 

zinquin, which was previously used by Gherardini and colleagues to tract available Zn in Bb.
43 Zinquin has an affinity constant for Zn in the nanomolar range and is believed to report on 

loosely bound or accessible Zn pools.8485 To validate zinquin as a reporter for Bb Zn, we 

used the metal chelator TPEN (N,N,N’,N’-tetrakis(2-pyridylmethyl ethylenediamine), which 

has an affinity constant for Zn in the femtomolar range.86 Bb cells were grown with 

relatively non-toxic levels of 3 μM TPEN (Fig. S5, ESI†) followed by staining with zinquin 

and the PKH red dye for whole cell membranes. As seen in Fig. 10A, zinquin fluorescence 

in Bb was greatly diminished in TPEN cultured cells. By comparison, there was no 

detectable loss in zinquin fluorescence in cells cultured at the mean inhibitory dose of CP 

(Fig. 10B). This finding supports the notion that CP inhibits Bb growth through a 

mechanism that does not involve Zn starvation.

How can the growth of Bb be inhibited? Several agents that inhibit Bb growth, such as 

certain antibiotics or other stress conditions, can induce the morphological cyst-like states 

known as ‘round bodies” or ‘blebs’.87–90 The round body consists of a spherical membrane-

bound structure, while a bleb, which may be an intermediate between the spirochete and 

round body, consists of a short spirochete with a terminal rounded structure.90 These cyst 

forms have decreased metabolic activity, potentially as a means to enhance survival, but have 

the ability to revert to the spirochete in the absence of the stressor. 88, 90 We observed that 

when growth was inhibited by CP, Bb retained its characteristic spiral spirochete 

conformation (Fig. 10B and11A left) by dark field microscopy. However, upon immediate 

dilution by 10-fold in water, CP treated cells rapidly converted into blebs, as well as 

occasional round bodies (Fig. 11A right, 11B). The control cells not treated with CP 

remained in the elongated spiral spirochete conformation under the same short exposures to 

hypotonic conditions (Fig. 11), consistent with findings by Alban et al.88 Rapid conversion 

to cysts with CP treated Bb was seen in cultures diluted in water, but not with cells diluted in 

phosphate buffer saline (Fig. S6, ESI†). We conclude that CP interactions with Bb affects 

the spirochete in a manner that increases sensitivity towards hypotonic stress (see 

Discussion).

Altogether, the in vitro culture studies demonstrate that CP inhibits Bb growth through a 

mechanism that does not involve the traditional withholding of Mn and Zn micronutrients as 
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has been described for other microbes. Instead, CP physically interacts with the Bb 
spirochete and results in an increased propensity for Bb cyst formation.

DISCUSSION

The canonical mode of action of CP in fighting pathogens involves withholding essential 

metal micronutrients. In the case of Bb, CP exerts its antimicrobial effects without starving 

the pathogen of Zn and/or Mn micronutrients. Here we provide an example of where CP 

inhibits bacterial growth without any obvious effects on metal accumulation. In fact, Bb 
appears to be particularly resilient to the Mn withholding effects of CP, at least compared to 

E. coli examined under parallel conditions. Bb expresses at least two Mn uptake systems 
38, 39 and is capable of accumulating high levels of Mn that are needed to support SodA 

activity.36, 40 The low level of CP that inhibits Bb growth may not adequately compete with 

the Bb uptake systems for accumulating Mn, even though this level of CP effectively 

competes with the Mn uptake systems of E. coli. Like Bb, Salmonella and S. aureus have 

been shown to be resistant to CP mediated Mn depletion through the use of strong Mn 

uptake systems.28, 63 Bb may use potent metal uptake systems for both Mn and Zn to combat 

metal depletion by CP.

Typically, CP acts at a distance to deplete extracellular metals, but the anti-Bb activity of CP 

involves the direct association of the protein with the bacteria. Examples of CP directly 

interacting with bacterial microbes are rare. In certain strains of the bacterial pathogen 

Finegoldia magna, CP binds to a surface protein called protein L that protects the cell from 

the anti-microbial effects of CP. In F. magna strains that lack protein L, CP associates with 

the membrane and causes cell wall/membrane disintegration.25 Interestingly, Neisseria sp 
bind metal bound CP through the CpbA receptor and use this CP as a nutrient Zn source.
82, 83 Bb does not express orthologues of protein L or CpbA and the mechanism of the CP-

Bb interactions is not understood. In addition to bacteria, CP and other S100 proteins can 

bind directly to certain parasitic species. CP has been shown to interact with the surface of 

adult Onchocerca volvulus and with Echinococcus granulosus, although it remains unclear 

how this affects the growth of the worms.91, 92 In addition to CP, the related Zn binding 

S100A12 protein physically interacts with both O. volvulus93 and the nematode Brugia 
malayi.94, 95 As is the case with CP and Bb, S100A12 inhibits the growth of B. malayi 
without metal withholding. Rather, S100A12 binding to the parasite disrupts the contractile 

elements, affecting worm motility.94, 95 Overall these studies with parasitic worms and the 

spirochete Bb suggest that CP can inhibit pathogen growth through mechanisms that involve 

physical interactions with the microbe, not metal withholding. In the case of Bb, our studies 

do not discern between CP binding strictly to the cell surface versus CP uptake into the cell. 

We consider the latter possibility unlikely as other cases of CP interactions with microbes 

involve cellular membranes 25, 82, 83.

How does the interaction with CP inhibit Bb growth? Since growth inhibition tracks with an 

increased sensitivity towards hypotonic conditions, one possibility is that CP may somehow 

affect the membrane, as evidenced by Bb cyst formation upon immediate dilution in water. 

Although such hypotonic conditions are not likely to be encountered in vivo, the osmotic 

sensitivity observed in vitro may be indicative of issues with membrane or osmolyte balance. 
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Regardless of the mechanism, the physical association of CP with Bb seems to require 

metals, such as Zn, Mn, Cu, and Fe, as intact metal binding sites are necessary for CP-Bb 
interactions. Moreover, the binding of CP to Bb correlates with high levels of Zn and Cu that 

associate with the microbe, presumably reflecting Zn-CP and Cu-CP bound to Bb (Figs. 8A 

and S4A). Therefore, we propose the following model: CP binds to transition metals, 

helping to stabilize CP and/or induce its tetramerization, as has been shown for Zn.4 Metal 

binding to site 2, and to a lesser extent, site 1, then promotes CP association with Bb, 

although it is currently unknown if this association is through the cell membrane of if CP is 

internalized. Once associated, CP may affect the membrane in a way that inhibits microbial 

growth in the absence of metal withholding. Additional studies are required to define the 

role of each metal site in promoting CP interactions with Bb as well as determine the 

molecular targets in Bb that account for CP binding and growth inhibition.

When does Bb encounter CP in vivo? With persistent infections, where Bb accumulates in 

joints and synovial fluid, the spirochete is likely to encounter CP secreted by infiltrating 

neutrophils.20, 34 In the skin, a primary organ of Bb infection, there is no infiltration of 

neutrophils; however, we show here that a non-neutrophil source of CP is prevalent in the 

EM rash. We observe cells expressing S100A8 in keratinocytes of the epidermis as well as 

scattered S100A8 producing cells of dermal layer. Keratinocytes are well known to secrete 

CP 51–54 and a punctate pattern of dermal S100A8 staining has also been observed in other 

cases of skin inflammation and wound healing, although the nature of these specific dermal 

cells was unclear.53, 65–67 We have identified a defined number of dermal CP positive cells 

as CD68 expressing monocytes/macrophages. Although the level of CP produced by these 

cells in the skin may not be as high as that derived from neutrophils, Bb is sensitive to much 

lower doses of CP compared to other bacteria. When the antimicrobial action of CP involves 

metal withholding, very high levels of CP are required to deplete the extracellular 

environment of Zn and/or Mn. By comparison, much lower doses of CP can inhibit Bb 
growth by physically interacting with the microbe without the need to modify the 

bioavailability of environmental metals.

CONCLUSION

CP is known to inhibit the growth of diverse microbial pathogens by withholding metal 

micronutrients and this mechanism of antimicrobial activity has become near dogmatic. 

Here, we provide evidence for the first time that this protein can inhibit bacterial growth 

without starving the microbe of essential metals. The capacity of CP to act as an 

antimicrobial is indeed complex and depending on the microbe and host niche, 

circumstances beyond nutritional immunity should considered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE TO METALLOMICS

All organisms require metal micronutrients such as Zn and Mn to survive. The host 

exploits this requirement by starving pathogens of these metals using the metal binding 

protein calprotectin. Here, we provide the first direct evidence that calprotectin can 

inhibit bacterial growth in the absence of such metal starvation. Specifically, the Lyme 

disease pathogen Borreliella (Borrelia) burgdorferi is sensitive to low doses of 

calprotectin that inhibit growth by physically interacting with the microbe instead of 

withholding essential metals. The antimicrobial capacity of calprotectin is indeed 

complex and mechanisms beyond metal withholding should be considered.
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Fig. 1. 
Immunofluorescence microscopy imaging of S100A8 expression in the skin of LD patients 

and controls. Skin tissue sections from the EM rash site of three individual LD patients and 

one control patient (Control 1) were subjected to immunostaining for S100A8 (green) and 

nuclei staining with DAPI (blue) before being subjected to fluorescence microscopy at 20× 

magnification as described in Experimental. Dotted lines separate the epidermis from the 

dermis. Bar represents 50 μm.
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Fig. 2. 
Quantification of S100A8 positive cells in the skin of LD patients. S100A8 positive cells 

were quantified in the epidermis (A) and dermis (B) of skin sections from 3 LD patients and 

4 control surgical patients. Results represent cell counts (positive for both DAPI and 

S100A8) from 8–11 individual images spanning the tissue section of an individual patient. 

Image numbers: Patient A n=11; patient B n=8; patient C and all four controls n=10. (A) 

S100A8 staining in the epidermis of patient A is significantly higher than all four controls (p 

<0.001) and individual patients B and C (p<0.001). (B) S100A8 staining in the dermis of 

patient C is significantly higher than all four controls (p <0.01); the same is true for patient 

B and controls 1–3 (p<0.05).
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Fig. 3. 
Co-localization of S100A8 and CD8 expression in the dermis. (A) Skin tissue sections from 

the EM rash site of three individual LD patients and one control (control 1) were subjected 

to immunostaining for S100A8 (green), CD8 (red) and nuclei staining with DAPI (blue) 

before being subjected to fluorescence microscopy at 20× magnification as in Fig. 1. Dotted 

lines separate the epidermis from the dermis and bar represents 50 μm. (B) Individual cells 

co-expressing S100A8 and CD8 were identified by staining with anti-S100A8 (green), anti-

CD68 (red) and DAPI (blue) as shown in the dotted circle.
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Fig. 4. 
Expression of S100A8 and CD68 expression in the dermis. Skin tissue section from the EM 

rash site of three individual LD patients and one control were subjected to immunostaining 

for S100A8 (green), CD68 (red) and nuclei staining with DAPI (blue) before being 

subjected to fluorescence microscopy at 20× magnification as in Fig. 1. Dotted lines separate 

the epidermis from the dermis and bar represents 50 μm.
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Fig. 5. 
Calprotectin (CP) mediated growth inhibition of B. burgdorferi (Bb) versus E. coli. Bb (A) 

or E. coli (B) were cultured in BSK II medium as described in Experimental in the presence 

of the indicated concentrations of CP. (A) Bb cell number was enumerated under dark field 

microscopy; results are averages of three biological replicates representative of seven 

experimental trials. There was essentially no growth at 250 and 500 μg/mL CP and the cell 

number approximated the original inoculum. (B) E. coli cell number was converted from 

optical density; results are the averages of four biological replicates and are representative of 

eight experimental trials. Error bars are standard error. Across numerous experimental trials, 

the mean inhibitory concentration or dose of CP that inhibits growth by 50% for Bb and E. 
coli were ≈80 and ≈350 μg/mL, respectively.
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Fig. 6. 
Effect of CP metal binding mutants on inhibiting growth of Bb. Bb cells were grown as in 

Fig. 5A in the presence of WT CP (black bar), the indicated metal binding mutants of CP 

(white and grey bars), or without CP (stippled bar). Results are averages of three biological 

replicates and are representative of five (A) and three (B) experimental trials; error bars are 

standard error. The difference in growth inhibition between ΔS1 and ΔS2 CP at 125 μg/mL 

is statistically significant; ***p = 0.001.
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Fig. 7. 
Effects of CP on Mn requiring SodA and total cellular Mn in Bb versus E. coli. Bb (A, B) 

and E. coli cells (“Ec” C-E) were grown in BSK II supplemented with the designated 

concentrations of CP. (A,C) Mn levels were measured in Bb (A) or E. coli (C) cells by ICP-

MS. Results are averages of at least five (A) and four (C) replicates over three experimental 

trials, **p ≤ 0.0035, ****p < 0.0001, where CP treated samples are compared to no CP 

controls. Error bars are standard error. (B,D,E) Whole cell lysates were analyzed for SOD 

enzymatic activity by native gel electrophoresis and NBT staining (B top, D, E top). 

Denaturing gel electrophoresis and coomassie staining (B bottom, E bottom) were used as a 

loading control. The positions of SodA and SodB on the native gels are indicated; numbers 

represent molecular weight markers. Results are representative of five (B) and three (E) 
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experimental trials. (D) The native gel was treated with H2O2 where indicated to inactivate 

Fe containing SodB prior to NBT staining, as described in Experimental.
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Fig. 8. 
Zn and CP in Bb versus E. coli. Total Zn levels were measured by ICP-MS in whole cell 

samples of Bb or E. coli grown with the indicated concentration of CP. (A) Results are 

averages of eight (0 μg/mL CP) and eleven (80 μg/mL CP) replicates over five independent 

experiments, where the level of Zn in CP treated cell samples ranged from ≈6–30 

nmoles/109 cells; **p=0.0073. (B) Results are averages of 10 (0 μg/mL CP), 8 (80 μg/mL 

CP), and 7 (350 μg/mL CP) replicates over four experimental trials, ***p=0.0004; 

****p<0.0001.
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Fig. 9. 
Interactions between CP and Bb. Bb or E. coli cells were grown in BSK II in the absence or 

presence of 80 or 350 μg/mL CP, (A, B). Bb was grown with 80 μg/mL of the designated CP 

mutants (C). Whole cell lysates were subjected to denaturing gel electrophoresis and either 

coomassie staining for total protein (A,B left, C top) or immunoblot analysis for S100A9 

(“Anti-S100A9”). “CP only” is 500 ng of recombinant human CP. Numbers indicate 

molecular weight markers and positions of S100A8 and S100A9 are denoted. “Input” shows 

coomassie staining of WT and the indicated CP mutants added to Bb cultures. Over five 

experimental trials, the level of ΔS1 CP recovered in Bb lysates (as in Fig. 9C top and 

middle panels) was 42% (± 12%) that of WT CP, while ΔS2 and ΔS1ΔS2 CP were 

undetected.
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Fig. 10. 
Zinquin labeling of Bb. Bb cells were cultured in the absence (A, left) or presence (A, right) 

of 3 μM TPEN, a Zn chelator, or in the absence (B, left) or presence (B, right) of 80 μg/mL 

CP. Cells were prepared for fluorescence microscopy by sequential staining with zinquin and 

then PKH red dye (for membranes) as described in Experimental. Results are representative 

of 10 (A) and 20 (B) images.
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Fig. 11: 
CP and morphology of Bb. (A) Bb cells cultured with the indicated concentrations of CP 

were examined by dark field microscopy either directly in BSK II medium or immediately 

following a 1:10 dilution in H2O. Arrows indicate morphology classes: white, elongated 

spirals; red, cysts with round body tip; yellow, full round body cysts. Similar results were 

obtained with 1:5 dilution in H2O (Fig. S5, ESI†). (B) Quantification of cell morphology 

following dilution in H2O. Cysts are a combination of the two classes described above where 

full round bodies are less <5% total cysts. Results represent the averages of >250 cells 

counted over 3–4 experimental trials. Error bars are standard error. The changes in 

morphology with 80 and 125 μg/mL CP compared to no CP are statistically significant; 

***p<0.001
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TABLE 1

Dermal cells positive for S100A8 and CD8

Sample
1

S100A8+
2

CD8+
2

CD8+/S100A8+
3

Patient A 147 46 21

Patient B 30 6 1

Patient C 76 6 1

Control 1 1 4 1

Control 2 7 1 0

Control 3 0 0 0

Control 4 19 1 1

1
LD patient number or four individual controls/non-LD patients

2
Total S100A8 or CD8 counted in two individual sections of patient C and a single section from the remaining patients and controls.

3
Number of cells that co-stained with S100A8 and CD8
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TABLE 2

Dermal cells positive for S100A8 and CD68

Sample
1

S100A8+
2

CD68+
2

CD68/S100A8+
3

Patient A 102 59 40

Patient B 18 1 0

Patient C 202 78 48

Control 1 3 6 2

Control 2 9 7 3

Control 3 2 1 1

Control 4 13 0 0

1
LD patient number or four individual controls/non-LD patients

2
Total S100A8 or CD68 counted in two individual sections of patient A and a single section from the remaining patients and controls.

3
Number of cells that co-stained with S100A8 and CD68
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