INFECTION AND IMMUNITY, Aug. 2003, p. 4711-4716
0019-9567/03/$08.004+0 DOI: 10.1128/IA1.71.8.4711-4716.2003

Vol. 71, No. 8

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Calprotectin, an Abundant Cytosolic Protein from Human
Polymorphonuclear Leukocytes, Inhibits the Growth of
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We previously showed that numerous polymorphonuclear leukocyte (PMN) granule components efficiently
kill Borrelia burgdorferi, the agent of Lyme disease. In addition, motile, granule-poor cytoplasts (U-Cyt) from
human blood PMN can exert anti-Borrelia activity against opsonized B. burgdorferi independently of oxidative
mechanisms. Here we show that lysates of U-Cyt also possess anti-Borrelia activity, a portion of which comes
from the abundant cytosolic protein calprotectin. The anti-Borrelia activity of U-Cyt lysates and recombinant
calprotectin was partially or completely reversed by specific antibody to calprotectin and by Zn>*, a cation
essential for the growth of B. burgdorferi and known to inhibit the antimicrobial activity of calprotectin.
Quantitative microscopic and regrowth assays revealed that calprotectin acted in a bacteriostatic fashion
against B. burgdorferi. We conclude that calprotectin, a potent bacteriostatic agent from a cell primarily
recognized for its oxidative and granular antibacterial mechanisms, may play a modulatory role in infection by
the Lyme spirochete, particularly at sites of acute inflammation.

The spirochete Borrelia burgdorferi is the infectious agent of
Lyme disease, and its natural life cycle involves a mammalian
and an arthropod host (10). Lyme disease usually begins with
a characteristic rash, erythema migrans, and persistent infec-
tion leads to a range of inflammatory processes that include
arthritis, carditis, and a variety of neurological symptoms (10).
Polymorphonuclear leukocytes (PMN), important components
of both innate immunity and antibody-dependent clearance,
are the first immune cells to respond to B. burgdorferi infection
in the skin and are heavily represented in the subsequent
inflammatory response in joints (10). Experimental studies
have indicated that PMN play a critical role in controlling
infection by B. burgdorferi; beige mice, which have defects in
their PMN granules, have significantly worse arthritis (1). In-
fected mice have tendonitis, synovial tissue hyperproliferation,
and a synovial fluid cellular influx predominated by PMN,
abnormalities that resemble those observed in human patients
(2, 10). The severity of these symptoms has been correlated
with the spirochete burden found in joints (28).

The PMN is a potent killer cell with abundant antimicrobial
mechanisms that include contributions from a respiratory burst
oxidase and from granule constituents. PMN generally kill
target organisms in the controlled environment of phagolyso-
somes following ingestion (16). We have shown that, unlike
macrophages, PMN ingest and kill B. burgdorferi efficiently
only in the presence of specific antibody (14). We previously
defined the role of particular granule components and devel-
oped evidence for extracellular killing of B. burgdorferi by PMN
(9, 14). We showed that the PMN granule components elas-
tase, LL-37, bactericidal/permeability-increasing protein, and
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human neutrophil peptide-1 have anti-Borrelia abilities that
are restricted by incubation conditions such as pH and ionic
strength (9). In addition, U-cytoplasts (U-Cyt), motile, gran-
ule-poor cytoplasts which retain activatable oxidase (12), also
reduce the viability of opsonized B. burgdorferi, even without
the contribution of reactive oxygen intermediates (9). The re-
markable anti-Borrelia activity retained by granule-poor U-Cyt
despite scavenging of reactive oxygen intermediates suggests
the presence of an additional, previously unconsidered anti-
Borrelia mechanism (9).

One PMN antimicrobial agent that is less well studied is the
cytosolic protein calprotectin, a heterodimer consisting of one
light (11 kDa) and one heavy (14 kDa) chain (5), which has
both cellular and extracellular roles. Calprotectin is a particu-
larly abundant protein of the neutrophil, with an estimated
cytosolic concentration of 5 to 15 mg/ml, constituting 45% of
the cytosolic protein (7, 27). Its effect is exerted primarily by
inhibition of growth through competition for zinc (23), al-
though at high concentrations calprotectin may be microbicidal
(25). The multifunctional role of calprotectin and its associa-
tion with a variety of inflammatory diseases have historically
created a complex nomenclature; other names given to either
the heterodimer or its individual subunits include MRP-8 and
MRP-14 (migration-inhibitory factor-related proteins), cystic
fibrosis antigen, L1 antigen, calgranulin A and B, and S100A8
and S100A9 (7). Here we show that the cytosolic protein cal-
protectin is a potent anti-Borrelia component of the neutro-
phil’s armamentarium.

MATERIALS AND METHODS

Preparation of B. burgdorferi culture. Low-passage, virulent B. burgdorferi
strain N40 was grown to logarithmic phase in Barbour-Stoenner-Kelley II me-
dium (BSK) with added neomycin and amphotericin at 33°C (9). For experi-
ments, B. burgdorferi was pelleted (10 min, 3,000 X g, 25°C), resuspended in BSK,
and enumerated with a Petroff-Hausser hemacytometer (Hausser Scientific Part-
nership, Horsham, Pa.) under dark-field microscopy. B. burgdorferi was opso-
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nized by treatment for 30 min at 37°C with 1% heat-inactivated serum (56°C for
30 min) from a well-characterized Lyme disease patient (recognizing bands at 18,
21, 28, 30, 58, and 60 kDa on the B. burgdorferi immunoblot) as described before
).

Cytoplast and lysate preparations. Blood donations from healthy volunteers
were obtained in accordance with the guidelines of the Human Investigation
Committee of Yale University School of Medicine. PMN were isolated from
fresh heparinized blood of healthy volunteers that was allowed to sediment in 3%
dextran at an angle of 45° for 1 h, followed by hypotonic lysis of contaminating
erythrocytes (12). U-Cyt were prepared from purified PMN on a discontinuous
Ficoll gradient as described previously (12). Lysates of U-Cyt and PMN were
prepared immediately before use by multiple freeze-thaw cycles in liquid N, and
a 37°C water bath.

[*H]adenine B. burgdorferi regrowth assay. Changes in B. burgdorferi number
were quantified with a regrowth assay which measures the uptake of [*H]adenine
by B. burgdorferi as we have described previously (9). The [*H]adenine uptake is
linear from 10* to 10° B. burgdorferi organisms/ml over 48 h. Opsonized spiro-
chetes (5 X 10° opsonized B. burgdorferi organisms per ml) were incubated in the
presence of intact U-Cyt (5 X 10% to 5 X 10%ml) for 1 h at 37°C in phosphate-
buffered saline (pH 7.4) with 5.4 mM glucose and 2% human serum albumin with
agitation; this buffer maintains the viability of B. burgdorferi throughout the
incubation period (9). Triplicate aliquots (50 wl) were plated in 96-well plates in
the presence of 200 pl of BSK containing 5 wCi of [*H]adenine, incubated for
48 h at 33°C, and harvested. Incorporation of [*H]adenine by treated B. burg-
dorferi was compared with that of control samples under the same incubation
conditions. The data were fit to a first-order exponential decay equation to
determine the 50% inhibitory concentration (ICs,) obtained with the assay
conditions employed. Limits are expressed as standard errors of the mean.

Microscopic assessment of B. burgdorferi number. For studies with lysates of
U-Cyt and recombinant calprotectin, we employed a direct visual quantitation of
spirochetes under dark-field microscopy at 1, 24, and 48 h (9). The microscope
assay has proven especially useful both for the study of B. burgdorferi in the
presence of components with limited availability, as results can be obtained from
smaller experimental volumes, and for the comparison of immediate versus later
effects from the same sample. In this assay, 5 X 10° B. burgdorferi organisms/ml
are incubated with lysates of U-Cyt or recombinant calprotectin as described
below, and the percent cell survival is assessed immediately and after 48 h from
5-pl aliquots of the incubated samples diluted with 10 pl of BSK and enumerated
by dark-field microscopy. Spirochete motility and morphology are determined in
10 random fields in a double-blind fashion, and cells are considered killed when
complete loss of motility and refractivity is observed (15). The earlier time points
were used to distinguish growth inhibition from direct killing, since either effect
will result in reduced numbers at 48 h. We have previously shown excellent
concordance of the dark-field microscopy assay with the [*HJadenine regrowth
assay for determination of B. burgdorferi numbers (15).

Lysates of U-Cyt were incubated with B. burgdorferi (5 B. burgdorferi organisms
to 1 U-Cyt equivalent) in 50 pl of assay buffer (50 mM HEPES [pH 7.55], 150
mM NaCl, 5.4 mM glucose, and 1 mM CacCl,) for 1 h at 37°C prior to threefold
dilution with BSK and further incubation at 33°C for 48 h of regrowth. Recom-
binant human calprotectin (MRP 8/MRP 14) (5) was the generous gift of Craig
Vanderkooi and Walter Chazin (Vanderbilt University, Nashville, Tenn.). For
studies with multiple concentrations of calprotectin, B. burgdorferi was directly
incubated in BSK with 20% (vol/vol) assay buffer at 33°C for 1 to 48 h. The ICs
and error were calculated as described above.

For antibody blocking studies, 4 pg of monoclonal anticalprotectin antibody
Mac 387 (Dako Corporation, Carpinteria, Calif.) was incubated with 10 pg of
U-Cyt lysate protein, as determined by the Bradford assay, or calprotectin (125
pg/ml) in a 45-pl volume for 30 min at 37°C and then for 30 min at 4°C (20)
before addition of B. burgdorferi (5 X 10° organisms/ml). The final experimental
volume (50 wl) was incubated directly in BSK with 20% (vol/vol) assay buffer at
33°C for 48 h. Control incubations of B. burgdorferi alone with either Mac 387 or
a control monoclonal antibody, mouse anti-CD15 (4 pg), a PMN surface marker
(Dako Corporation), showed no effect on spirochete growth. Antibody buffers
were exchanged into assay buffer immediately before use. Significance was as-
sessed by analysis of variance and paired ¢ tests, one-tailed.

For Zn>" reversal studies, B. burgdorferi was incubated directly in the presence
or absence of calprotectin (90 and 125 pg/ml) or U-Cyt lysates (5 B. burgdorferi
organisms to 1 U-Cyt equivalent) and 3 pM ZnCl, in 50% BSK with 15 mM
HEPES (pH 7.5). BSK medium contains 28 uM Zn>*, as determined by induc-
tively coupled plasma-mass spectrometry (Chemical Analysis Laboratory, Uni-
versity of Georgia, Athens). Significance was assessed by paired ¢ tests, one-
tailed.

Microscopic assessment of B. burgdorferi viability was performed to distinguish

INFECT. IMMUN.

100-
yo—
S
=
= 75-
S
o *
5 504
s ;
< 254
Q
0

Bbmo U-CYT 4
Bbgps/U-CYT
Bbl/lysate equiv

FIG. 1. U-Cyt and lysates of U-Cyt reduce B. burgdorferi number.
Intact U-Cyt incubated with opsonized B. burgdorferi (Bb,,) cells were
compared with paired freeze-thawed lysates of U-Cyt incubated with
B. burgdorferi (Bb; 5 B. burgdorferi organisms to 1 U-Cyt, intact or
lysate) (n = 3). B. burgdorferi number was determined by either
[’H]adenine uptake or dark-field microscopic assay after 48 h. Exper-
imental significance was assessed by analysis of variance (degrees of
freedom = 2, P = 0.0012); individual differences were assessed with a
paired ¢ test. Both intact U-Cyt and paired lysates of U-Cyt reduced B.
burgdorferi number significantly (n = 3). The asterisk indicates that the
difference in values for paired U-Cyt or lysates of U-Cyt and B. burg-
dorferi alone is statistically significant (P = 0.014 and 0.004, respec-
tively). U-Cyt did not have an appreciable anti-Borrelia effect unless
the B. burgdorferi was opsonized (9). Lysates of U-Cyt given B. burg-
dorferi were at least as effective as intact U-Cyt given opsonized B.
burgdorferi, but the two groups were not significantly different from
each other (n = 3, P = 0.1).

between growth inhibition and direct killing. B. burgdorferi (107 organisms/ml)
was incubated for 1 h in the presence of highly inhibitory levels of either
calprotectin (225 pg/ml in assay buffer) or LL-37 (200 wg/ml in phosphate-
buffered saline-5.4 mM glucose), the active fragment of the PMN granule com-
ponent cathelicidin, the kind gift of Birgitta Agerberth (Karolinska Institutet,
Stockholm, Sweden) (6). After 1 h at 37°C, the B. burgdorferi was labeled for
viability with a supravital stain (Live/dead kit; Molecular Probes, Inc., Eugene,
Oreg.). Cells were examined on a Zeiss Axiovert microscope with a 510 long-pass
filter under a 100X oil immersion lens.

Western blot analysis of cellular calprotectin levels. U-Cyt and PMN lysates
were separated by sodium dodecyl sulfate-20% polyacrylamide gel electrophore-
sis (SDS-20% PAGE) and electroblotted to nitrocellulose membranes. The
membranes were blocked for 1 h at room temperature in phosphate-buffered
saline with 5% bovine serum albumin and then incubated with monoclonal
anti-human MAC 387 antibody, specific for both subunits of calprotectin, at
1:500 for 3 h, washed, and incubated with alkaline phosphatase-conjugated
anti-mouse immunoglobulin G (Vector Laboratories, Burlingame, Calif.) for 30
min at 1:500. The blots were developed with 5-bromo-4-chloro-3-indolylphos-
phate-nitroblue tetrazolium (KPL, Gaithersburg, Md.).

RESULTS

U-Cyt and lysates of U-Cyt reduce B. burgdorferi number.
We undertook the present study in order to elucidate the
anti-Borrelia activity of U-Cyt. We showed previously that even
after 48 h of incubation, intact U-Cyt significantly reduced the
number of B. burgdorferi organisms only when the spirochetes
had been opsonized with specific antibody (9). A similar re-
duction in the number of B. burgdorferi organisms was now
apparent when either intact U-Cyt or their lysates were em-
ployed (n = 3) (Fig. 1). Lysates of U-Cyt reduced the number
of opsonized B. burgdorferi organisms over 48 h by 50% when
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FIG. 2. The inhibitory effect of lysates of U-Cyt on B. burgdorferi number is dose dependent. Lysates of U-Cyt were incubated with B. burgdorferi
(Bb) at 5 X 10° B. burgdorferi organisms/ml for 1 h at 37°C and then at 33°C for 48 h for regrowth. The ICs, (50% inhibition) was 8 B. burgdorferi
organisms to 1 U-Cyt equivalent. The B. burgdorferi number was determined microscopically at 48 h. Inhibition is expressed as a percentage of the

value for the control, B. burgdorferi incubated in buffer alone.

incubated at a ratio of 8 B. burgdorferi organisms to 1 U-Cyt
equivalent; the maximum inhibition in B. burgdorferi number
observed was 35% of the control value (n = 5) (Fig. 2) under
the experimental conditions employed. In granule-poor cyto-
plasts, these findings suggest the presence of a previously un-
recognized cytosolic anti-Borrelia activity.

U-Cyt and PMN contain similar amounts of calprotectin.
We assessed the levels of calprotectin in serial 10-fold dilutions
(10° to 10°) of U-Cyt and PMN by Western blotting. Despite
their reduced size, U-Cyt cell lysates and whole PMN con-
tained similar quantities of the heterodimeric calprotectin
(Fig. 3). Repeated Western blots of multiple U-Cyt prepara-
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FIG. 3. PMN and U-Cyt contain similar amounts of calprotectin. A
total of 10° to 10° cell equivalents of PMN and U-Cyt were separated
on an SDS-20% PAGE gel and electroblotted to a nitrocellulose
membrane. Cellular recombinant human calprotectin (rCalp) was vi-
sualized with the monoclonal anti-human Mac 387 antibody, specific
for both subunits of calprotectin; the control antibody showed no
bands (not shown). The bands visualized after 10-fold dilutions of
PMN and U-Cyt were similar. Calprotectin (2.5 pg) is shown at the
right. Molecular weight standards are indicated on the left.

tions demonstrated equivalent distributions of the two bands in
U-Cyt prepared from PMN from other donors (data not
shown).

Anti-Borrelia effect of calprotectin. We incubated B. burg-
dorferi cells with calprotectin to determine whether they were
sensitive to this protein. We found a dose-dependent reduction
in the number of B. burgdorferi organisms when the spirochetes
were incubated with physiologically relevant concentrations of
calprotectin (5 ug/10° PMN) (Table 1), corresponding to cy-
tosolic concentrations of 5 to 15 mg/ml (4, 7, 27). At 48 h, the
1C5, was 140 pg of calprotectin per ml; the maximum inhibi-
tion was 72%, i.e., only 28% = 2.2% of the control remained
when B. burgdorferi cells were incubated with 300 pg of cal-
protectin per ml (Table 1).

Anticalprotectin antibody reduces the anti-Borrelia activity
of lysates of U-Cyt and of calprotectin. To confirm that a
portion of the anti-Borrelia effect of lysates of U-Cyt was a
result of the action of calprotectin, we incubated lysates of

TABLE 1. Effect of calprotectin on growth of spirochetes at 48 h*

No. of B. burgdorferi organisms
(% of control) = SEM
(n = 2-4)

Calprotectin (ug/ml)

“ Cells were incubated in BSK with 20% assay buffer (50 mM HEPES [pH
7.55], 150 mM NacCl, 5.4 mM glucose, and 1 mM CaCl,) at 33°C for 48 h. The
1Cs, of calprotectin was determined to be 140 pg/ml.
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FIG. 4. Anticalprotectin antibody reduces the anti-Borrelia activity
of lysates of U-Cyt and of calprotectin itself. B. burgdorferi (Bb) was
incubated with lysates of U-Cyt at a ratio of 5 B. burgdorferi organisms
per U-Cyt equivalent or with calprotectin (rCalp) at 125 pg/ml. The
average number of B. burgdorferi cells relative to the control after 48 h
is shown for lysates of U-Cyt (n = 7) and calprotectin (n = 6). The
anti-Borrelia activity of lysates of U-Cyt and calprotectin was inhibited
when either was incubated with specific antibody (n = 6 to 7). A
control PMN monoclonal antibody did not significantly affect B. burg-
dorferi growth (n = 3 to 5). These two antibodies incubated with B.
burgdorferi alone did not significantly affect B. burgdorferi growth (n =
5, not significant). Experimental significance was assessed by analysis
of variance for lysate of U-Cyt (degrees of freedom = 3, P = 0.0016)
and calprotectin (degrees of freedom = 3, P = 0.0015); individual
differences were assessed with a paired ¢ test. The asterisk indicates
that the differences in values for lysates of U-Cyt with specific antibody
and lysates of U-Cyt alone or lysates of U-Cyt with control antibody
were significant (P = 0.001 and 0.04, respectively). The double asterisk
indicates the significance of the corresponding differences for calpro-
tectin (P = 0.0006 and 0.03, respectively).

U-Cyt or calprotectin with the blocking monoclonal antibody
Mac 387 or a control antibody (anti-CD15). Incubation of B.
burgdorferi alone with either Mac 387 or control did not sig-
nificantly affect B. burgdorferi growth (n = 5, not significant).
The reduction in B. burgdorferi number resulting from incuba-
tion with lysates of U-Cyt was significantly blocked by specific
anticalprotectin antibody but not control antibody (Fig. 4). In
addition, as expected, Mac 387 completely removed the anti-
Borrelia effect of calprotectin (Fig. 4); the control antibody did
not.

Zn** reverses the anti-Borrelia activity of lysates of U-Cyt
and of calprotectin. The antimicrobial effects of calprotectin
on Candida albicans are reversible by 10 to 30 uM Zn** (3,
23). We examined the effect of Zn*>* on the anti-Borrelia ac-
tivity of lysates of U-Cyt and of calprotectin. The incremental
concentration of only 3 uM Zn?" partially reversed the anti-
Borrelia activity of lysates of U-Cyt and completely reversed
the ability of calprotectin to reduce B. burgdorferi number (Fig.
5). The BSK medium, used at 50% (vol/vol) in this assay,
contributes 14 uM Zn** (BSK contains 28 uM Zn>*, as de-
termined by mass spectrometry; see Materials and Methods).
This final concentration (17 wM) is in the range employed for
reversal of anti-Candida activity (above), suggesting that, as
with Candida (3, 21, 22), chelation of Zn?>* may be responsible
for the anti-Borrelia effect. Additions of higher concentrations
of Zn>" did not increase the reversal of anti-Borrelia activity by
U-Cyt lysates (data not shown).
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FIG. 5. Zn*" reverses the anti-Borrelia activity of lysates of U-Cyt
and of calprotectin. B. burgdorferi (Bb) was incubated with U-Cyt
lysates (5 B. burgdorferi organisms to 1 U-Cyt equivalent) and calpro-
tectin (rCalp; 90 or 125 pg/ml). Average numbers of B. burgdorferi
relative to controls after 48 h are shown. The anti-Borrelia activity of
U-Cyt lysates and calprotectin at either concentration was reversed by
3 uM Zn>*. In three experiments, the asterisks indicate statistical
significance of the reversals when Zn>* was added (P = 0.04, 0.03, and
0.01, respectively).

Calprotectin is bacteriostatic. To clarify the mechanism of
the anti-Borrelia effect of calprotectin, we examined treated
spirochetes microscopically. When enumerated under dark-
field microscopy, numbers of B. burgdorferi organisms treated
with calprotectin remained essentially constant at 1, 24, and
48 h. During the same interval, spirochete controls increased
two- to threefold (data not shown). In contrast, spirochetes
treated with LL-37, the active fragment of the PMN granule
protein cathelicidin (6), employed here for comparison,
showed an immediate reduction in the number of viable B.
burgdorferi organisms by 1 h (Fig. 6), followed by proliferation
of the remaining viable B. burgdorferi organisms over the sub-
sequent 48 h. With fluorescence microscopy and a supravital
stain, we found that after 1 h, B. burgdorferi with calprotectin
remained viable; B. burgdorferi with LL-37 was being killed
(Fig. 6). When examined after 48 h of incubation, the numbers
of spirochetes treated with LL-37 were 9% of the control
numbers (9); those treated with calprotectin were 28% of the
control numbers. We conclude that the reduction in the num-
ber of B. burgdorferi organisms incubated with calprotectin
observed at 48 h was the result of bacteriostasis rather than a
direct lethal effect, such as that achieved by LL-37.

DISCUSSION

The extensive antimicrobial mechanisms of PMN include
contributions from oxygen and nitrogen intermediates and
granule constituents that can act both intra- and extracellularly
(16). We previously identified the importance of the PMN
granule components elastase, bactericidal/permeability-in-
creasing protein, LL-37, and human neutrophil peptide-1 for
efficient killing of B. burgdorferi and found that killing can also
occur extracellularly (9, 14). U-Cyt, anucleate PMN fragments
depleted of granules but retaining motility and respiratory
burst activity, have proven to be a useful tool for identifying
contributions from various portions of the web of cellular an-
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FIG. 6. Calprotectin has no immediate effect on B. burgdorferi viability. B. burgdorferi was incubated with LL-37, the active fragment of the PMN
microbicidal granule component cathelicidin, or with calprotectin for 1 h before being labeled with a vital stain and examined by fluorescence
microscopy, with a 100X objective and a 510-nm long-pass filter. Live organisms stain green; killed organisms stain red. (A) Buffer control;
(B) LL-37 (200 pg/ml); (C) calprotectin (300 wg/ml). After 1 h in LL-37, B. burgdorferi is being killed; B. burgdorferi controls and those treated with

calprotectin remain viable.

timicrobial mechanisms (9, 11, 24). For example, with cyto-
plasts we were able to show that nitric oxide, not previously
detected in human PMN, contributed to killing of Staphylococ-
cus aureus (11) and that targeted oxidant generation by PMN
did not kill Candida albicans hyphae unless granule constitu-
ents were added back (24).

When intact U-Cyt were studied in the presence of inhibi-
tors or scavengers of O, , H,O,, and OH", no reduction in
their killing of B. burgdorferi was found (9). We have now
shown that lysates of U-Cyt were also able to reduce the
number of B. burgdorferi organisms, as well as intact U-Cyt
given opsonized B. burgdorferi, confirming the lack of contri-
bution of membrane-bound oxidative mechanisms seen previ-
ously (Fig. 1) (9). Dose-dependent reduction of B. burgdorferi
number by lysates of U-Cyt (Fig. 2) established that an addi-
tional anti-Borrelia mechanism was present, and we now iden-
tify it, at least in part, as the cytosolic protein calprotectin. The
susceptibility of B. burgdorferi to calprotectin was confirmed
with recombinant calprotectin (Table 1). Its presence in U-Cyt,
in amounts comparable to those found in whole PMN, was
confirmed by Western blot analysis (Fig. 3). Finally, the anti-
Borrelia activity of lysates of both U-Cyt and calprotectin was
significantly reversed, in part or completely, by incubation with
the calprotectin-specific antibody Mac 387 (Fig. 4).

Competition for iron is a well-documented mechanism of
antimicrobial defense; B. burgdorferi is unusual in that it re-
quires Zn>" for growth, not Fe** (17). This is in keeping with
our previous demonstration that B. burgdorferi is not suscepti-
ble to the iron chelator lactoferrin (9). In general, bacteria are
reported to require less zinc than fungi (26), so it is not sur-
prising that susceptibility of fungi to calprotectin, which binds
zinc, has received the most attention (25). Studies have shown

that the antifungal ability of calprotectin is reversible upon
addition of Zn** (13, 19, 20, 23). Zn binding to calprotectin
leads to conformational changes that alter its ability to bind
arachidonic acid (8), but it is unclear how this affects its anti-
microbial functions. Multiple studies have shown that the
mechanism of the antimicrobial action of calprotectin is se-
questration or deprivation of Zn (3, 21, 22). Our studies show
that B. burgdorferi is as susceptible to calprotectin as such fungi
as Candida albicans and Cryptococcus neoformans, for which
the MIC is 4 to 128 pg/ml (25), versus a MIC of 18 to 300
wg/ml for B. burgdorferi. This susceptibility to calprotectin was
reversed upon addition of 3 uM Zn*" (Fig. 5), suggesting that
Zn>* deprivation is the probable mechanism of action, as has
been shown for Candida albicans (3).

In contrast to the previously studied individual granule com-
ponents, which require specific controlled conditions for opti-
mal activity (9), calprotectin exerted its anti-Borrelia activity in
the complex growth medium BSK. Thus, unlike granule pro-
teins, many of which are active only in the environment of the
phagolysosome or have decreased activity in other physiolog-
ically relevant conditions, calprotectin can function as an ex-
tracellular antimicrobial factor. Indeed, ambient calprotectin
levels correlate with PMN death and lysis (27). In bacterial
infections, plasma levels as high as 11 pg/ml are seen; in 41
patients with rheumatoid arthritis, synovial fluid contained a
median of 18 pg/ml (range, 2 to 375 wg/ml) (plasma controls
generally contain =<1 pg/ml) (7). A disorder of calprotectin
regulation resulting in increased plasma levels has recently
been reported; these patients also experience arthritis (18).
Our data show that a portion of the anti-B. burgdorferi activity
of lysates of U-Cyt was reversible by a calprotectin-specific
antibody (Fig. 4) and by 3 uM Zn?* (Fig. 5), indicating that
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cellular calprotectin contributes to anti-Borrelia PMN activity.
The absence of early killing of B. burgdorferi (Fig. 6) indicates
that calprotectin activity against B. burgdorferi is bacteriostatic
in nature. The possible modulatory role of calprotectin at in-
flammatory sites in Lyme disease remains to be elucidated.
These studies indicate that physiologic concentrations of the
cytosolic protein calprotectin can contribute to the anti-Borre-
lia activity of PMN. Future studies may identify further roles
for this abundant cytosolic protein in a cell primarily recog-
nized for its oxidative and granular antibacterial mechanisms,
particularly where zinc dependence proves to be important.
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