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Defensins, which are peptides with broad antimicrobial activity, are major constituents of rabbit neutrophils
and certain macrophages. We tested six rabbit defensins, NP-1, NP-2, NP-3a, NP-3b, NP-4, and NP-5, for
activity against Treponema pallidum subsp. pallidum. Mixtures of T. pallidum and defensin in 10% normal
rabbit serum (NRS) or heat-inactivated NRS (HI-NRS) were incubated anaerobically for various time periods
ranging between 0 and 16 h and then examined by dark-field microscopy for treponemal motility or inoculated
intradermaHly into rabbits to assess treponemal virulence. Immobilization of T. pallidum by NP-1 (400 ,ug/ml)
occurred after 4 and 8 h of coincubation in mixtures containing NRS and HI-NRS, respectively. Similarly,
neutralization of T. pallidum by NP-1 occurred more rapidly and was complete when incubations were

performed in NRS as compared with that in HI-NRS. Endpoint titration confirmed the augmentation of NP-1
antitreponemal activity by heat-labile serum factors; NP-1 showed neutralizing activity at 4 ,ug/ml (about 1
,uM) in NRS and at 40 ,ug/ml in HI-NRS. When NP-1 was tested in serum that was deficient in C6, the T.
pallidum neutralizing activity of NP-1 was reduced to levels slightly greater than that observed in HI-NRS. NP-I
that had been reduced and alkylated was inactive against T. pallidum. When NP-2, NP-3a, NP-3b, NP-4, and
NP-5 were tested at 400 ,ug/ml, all exerted potent treponemicidal activity, manifested by abrogation or delayed
development of cutaneous lesions relative to that of controls. These data suggest that defensins may equip
certain macrophages and neutrophils to participate in host defense against T. pallidum, that the direct activity
of defensins against T. pallidum is enhanced by heat-labile serum factors (presumably complement), and that
conformational factors influence the biological activity of the defensin molecule.

Professional phagocytes have two principal mechanisms
of defense against invading microbes. The first relies on
reactive oxygen intermediates generated in association with
particle ingestion (3, 45); these include superoxide, H202,
and the hydroxyl radical (43-45). Polymorphonuclear leuko-
cytes and circulating monocytes also contain an enzyme,
myeloperoxidase, that can amplify the killing activity of
H202 by catalyzing formation of hypohalous acids (25, 30).

Phagocytes also possess oxygen-independent microbicidal
mechanisms that equip them to destroy certain infectious
agents. These mechanisms arise from diverse antimicrobial
molecules that include acid hydrolases, neutral proteases,
lysozyme, lactoferrin, and basic polypeptides such as bac-
tericidal permeability-increasing protein (50 to 58 kDa),
cathepsin G (25 to 28 kDa), and defensins (3.3 to 3.9 kDa)
(15, 29, 30, 44, 57).

Defensins, which are arginine- and cystine-rich microbi-
cidal peptides, are abundant in the cytoplasmic granules of
rabbit alveolar macrophages and polymorphonuclear leuko-
cytes (41, 55). Alveolar macrophages possess two defensins
that were originally designated as MCP-1 and MCP-2 (41),
whereas neutrophils contain six defensins that were desig-
nated NP-1, NP-2, NP-3a, NP-3b, NP-4, and NP-5 (51).
Amino acid sequence analysis subsequently demonstrated
that MCP-1 and MCP-2 were identical to NP-1 and NP-2,
respectively (51, 52). The defensins exert in vitro microbi-
cidal activity against many gram-positive and -negative
bacteria (31, 40, 41, 55), fungi (32, 47, 55), and some

* Corresponding author.

metazoan parasites (unpublished observations). In addition,
they directly inactivate certain enveloped viruses (13, 28)
and exert cytotoxic or antitumor activity (33, 34, 56).
Although Treponema pallidum subsp. pallidum, the etio-

logic agent of syphilis, has been shown to activate comple-
ment by both the classical and alternative pathways, it is
relatively resistant to the lytic effects of the complement
cascade (17). Both immobilization (38) and neutralization (7)
of the organism by antibody and complement require 16 h of
incubation, an unusually long period when compared with
the kinetics of antibody-mediated complement lysis of other
bacteria (19). Since defensins also have membrane active
properties (24, 27), we examined these peptides for bacteri-
cidal activity against T. pallidum and looked for synergistic
activities between defensins and complement.

(This work was done by L.A.B. in partial satisfaction of
the requirements for the Ph.D. degree in Microbiology and
Immunology at the University of California, Los Angeles. It
was presented in part at the 88th Annual Meeting of the
American Society for Microbiology, Miami Beach, Fla., 8 to
13 May 1988.)

MATERIALS AND METHODS

Peptides. Rabbit defensins were purified to homogeneity
from alveolar macrophages or peritoneal exudate granulo-
cytes as previously described (41, 51, 54). The purity of all
defensin preparations was verified by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and acid-
urea-PAGE and reversed-phase high-pressure liquid chro-
matography, defensins were quantitated by amino acid anal-
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ysis as described elsewhere (53). Before use in bioassays,
defensins in the desired quantities were rendered sterile by
vacuum centrifugation in the presence of acetonitrile. Inas-
much as macrophage-derived MCP-1 and MCP-2 are identi-
cal to neutrophil-derived NP-1 and NP-2, respectively (52,
55), we will refer to the macrophage- and granulocyte-
derived defensins as NP-1 and NP-2 in this report.

Reduction and alkylation of NP-1. Lyophilized NP-1 was
dissolved in reducing buffer containing 6.0 M guanidine
hydrochloride, 0.1 M Tris-hydrochloride (pH 8.5), and 0.002
M EDTA. The solution was heated to 55°C for 30 min and
then cooled to room temperature. Dithiothreitol was added
to a concentration of 1.0 mg/ml, and the mixture was
incubated for 4 h at 55°C under N2. The solution was brought
to room temperature, and either iodoacetic acid or iodoace-
tamide was added in a fourfold molar excess relative to
dithiothreitol. After 20 min of incubation in the dark, car-
boxymethylated or carboxyamidomethylated NP-1 was pu-
rified by reversed-phase high-pressure liquid chromatogra-
phy. The purity of the carboxyamidomethylated NP-1 and
carboxymethylated NP-1 was assessed, and their concentra-
tions were determined as described above for nonderivatized
defensins.

Gel electrophoresis. SDS-polyacrylamide gradient slab gels
of 10 to 30% with 0.45% cross-linking were used with the
discontinuous buffer system of Laemmli (26). In preparation
for electrophoresis, samples were diluted 1:1 in final sample
buffer (62.5 mM Tris-hydrochloride [pH 8.8], 4% SDS, 50
mM dithiothreitol, 20% glycerol, 0.001% bromophenol blue)
and boiled for 10 min. Electrophoresis was performed at 125
mV until the dye front entered the separating gel, at which
time the voltage was increased to 300 mV until the dye front
reached the base of the gel. Proteins were identified by using
a Formalin-Coomassie blue stain as previously described
(11). Prestained high- and low-molecular-weight markers
(Bethesda Research Laboratories) were used to estimate the
molecular masses of identified proteins.

Rabbits. Adult male New Zealand White rabbits with
nonreactive Venereal Disease Research Laboratory (59) and
T. pallidum immobilization (16, 59) tests were used for the
virulence neutralization assays. Breeding stock of an auto-
somal recessive complement factor 6-deficient strain of
rabbit was generously provided by William T. Watson of the
National Institutes of Health Small Animal Section (46). All
rabbits were housed individually, maintained at 18 to 20°C,
and given antibiotic-free food and water.

Source of treponemes. The Nichols strain of T. pallidum
subsp. pallidum, herein referred to as T. pallidum, was
maintained by intratesticular passage in normal rabbits with-
out the use of cortisone acetate as described by Miller et al.
(36).

Sera. Male or female rabbits that were nonreactive in the
Venereal Disease Research Laboratory test were used as a
source of normal rabbit serum (NRS). Sera from both normal
and C6-deficient (C6D) rabbits were used within 48 h of
blood collection and processing. Sera were used in the
antimicrobial assays unheated or after heat inactivation
(56°C, 30 min). Serum complement activity was determined
by a microtiter plate hemolysis assay with 1% opsonized
sheep erythrocytes as the indicator (60). Hemolytic comple-
ment titers for the NRS pools ranged between 1/8 and 1/32,
whereas pools of heat-inactivated NRS (HI-NRS) and C6D
(HI-C6D) sera had no demonstrable titer; undiluted C6D
serum showed trace hemolysis.

Antitreponemal assays. Defensins were tested for anti-
treponemal activity in the presence of various concentra-

tions of NRS and HI-NRS in an in vitro immobilization
assay. The treponemes were harvested in either NRS or
HI-NRS, centrifuged at low speed to remove tissue debris,
and adjusted with the same medium to a concentration of 5
x 107 treponemes per ml. One part of the appropriate
treponemal suspension was combined with nine parts of
phosphate-buffered saline (PBS), NRS, HI-NRS, or serum-
PBS mixtures with or without defensin (400 ,ug/ml) such that
the final serum concentrations ranged between 10 and 100%.
Mixtures were incubated anaerobically at 34°C for 0, 4, 8,
and 16 h. Aliquots of each mixture were then scored for
percent motility by counting 25 random organisms with a
dark-field microscope. Native and derivatized defensin prep-
arations were also tested for treponemicidal activity by a
modification of the in vitro-in vivo neutralization test of
Bishop and Miller (7). Treponemes were extracted in HI-
NRS from 9- to 11-day infected rabbit testes adjusted to a
concentration of approximately 5.0 x 107 organisms per ml,
and then serially diluted with the appropriate sera to a
concentration of 1.0 x 105 treponemes per ml. One volume
of treponemal suspension was combined with 9 volumes of
defensin solution such that the final defensin concentrations
ranged between 0.4 and 400 ,ug/ml. Lyophilized defensin
preparations were suspended in either PBS or a serum-PBS
solution such that the final serum concentration was 10 or
20%. Unless otherwise stated, test mixtures were incubated
anaerobically for 4 h at 34°C. After incubation, 0.1 ml of each
test suspension was inoculated intradermally into the clipped
backs of five serologically nonreactive rabbits. Control sus-
pensions were prepared as described above without the
inclusion of defensins. All animals were observed daily for a
minimum of 30 days for the appearance and development of
lesions. Aspirates of representative lesions were examined
by dark-field microscopy to confirm their treponemal etiol-
ogy.

Statistical analysis. The mean incubation periods for intra-
dermal lesions were compared by the two-tailed t test for the
comparison of paired means (12). When lesions failed to
develop at a fraction of the sites inoculated, each negative
site was assigned a value equal to the greatest lesion incu-
bation period in that data set for calculation of the t statistic;
a P value of .0.05 was considered statistically significant.

RESULTS

Identification of NP-1 activity against T. pallidum. Although
the antibacterial activity of defensins is generally best ex-
pressed in serum-free, low-ionic-strength buffers (21), T.
pallidum requires serum for in vitro maintenance of viru-
lence and dies rapidly under serum-free conditions. There-
fore, in a preliminary experiment we determined whether
relatively low (10%) serum concentrations would support the
motility and virulence of T. pallidum and examined NP-1 for
antitreponemal activity. Suspensions of treponemes (5 x
107/ml) were incubated with or without NP-1 (400 ,xg/ml) in
PBS solutions containing 0, 10, 50, or 100% NRS or HI-NRS
under anaerobic conditions. After 0, 4, 8, and 16 h of
incubation, each suspension was examined by dark-field
microscopy. Treponemal motility exceeded 90% throughout
the 16-h incubation in suspensions containing 50 and 100%
serum, with and without NP-1; no differences were observed
between the NRS or HI-NRS preparations (data not shown).
In contrast, after 16 h in 10% NRS and 10% HI-NRS devoid
of NP-1, treponemal motility was reduced to 46 and 76%,
respectively; the motility of T. pallidum at 0, 4, and 8 h in
both, however, exceeded 70% (Fig. 1).
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FIG. 1. Effect of 10% heated (A) and unheated (B) normal rabbit

serum on T. pallidum motility in the presence and absence of NP-1.
These results are from a representative experiment based on single
tube motility determinations.

Motility after 4 and 8 h in the 10% NRS-NP-1 and 10%
HI-NRS-NP-1 suspensions was reduced to 16 and 60%,
respectively (Fig. 1). To test for virulence, we injected 0.1 ml
of each of the above suspensions at their 16-h time points
into the clipped backs of two rabbits. Absence of lesion
development and delays in the incubation periods correlated
well with the observed loss of motility. No lesions developed
at the two sites inoculated with T. pallidum suspensions
containing NP-1 in 10% NRS, and only one of two sites
receiving organisms incubated with NP-1 in 10% HI-NRS
developed a lesion, which appeared 5 days after that in the
appropriate control (data not shown).

Kinetics of T. pallidum neutralization by NP-1. In the above
experiment, animals were infected with 5 x 106 treponemes
per inoculation site. To increase the sensitivity of the infec-
tivity assay, subsequent experiments characterizing defen-
sin-mediated neutralization of T. pallidum were carried out
with an infectivity assay in which the defensins were incu-
bated with 104 treponemes per ml and then 103 organisms
were inoculated intradermally. With this inoculum, charac-
teristic lesions usually develop after 11 to 14 days. Further,
each 4-day delay in the lesion incubation period reflects 1 log
unit of killing (8).
The kinetics of NP-1-mediated antitreponemal activity

were examined by injecting T. pallidum suspensions contain-
ing 400 ,ug of NP-1 in either 10% HI-NRS or NRS after 0, 4,
and 16 h of anaerobic incubation. The neutralization of T.
pallidum by NP-1 was rapid and complete when the suspend-
ing medium was 10% NRS (Table 1). Lesions failed to
develop at each of the six sites inoculated after 0, 4, and 16
h of incubation; in contrast, each of the six control sites
developed lesions within the expected time frame (mean,
12.5 days). By comparison, NP-1-mediated neutralizing ac-

tivity in 10% HI-NRS suspensions was slower and consid-
erably less dramatic. Appreciable antitreponemal activity
was not observed until after 4 h of in vitro incubation; lesions
developed at each of the six inoculation sites in an average of
19.3 days compared with a mean of 12.2 days for the 10%
HI-NRS control (P < 0.001, Table 1). Slightly greater
activity was observed at 16 h; lesions developed at five of six
sites with a mean incubation period of 20.0 days compared
with a mean of 14.3 days for the six control sites (P < 0.001).
After 16 h of incubation in the absence of NP-1, lesion
development at sites receiving T. pallidum in 10% NRS was

delayed significantly (P < 0.001) compared with that in the
10% HI-NRS control. Inasmuch as this difference was not
observed at the 4-h time point, an in vitro incubation period
of 4 h was adopted for subsequent neutralization assays.
Dose titration of NP-1 neutralizing activity. To determine

the minimal neutralizing concentration of NP-1 and further
examine the augmenting effect of heat-labile serum factor(s),
NP-1 was tested as described above at peptide concentra-
tions of 4, 40, 200, and 400 ,ug/ml. NP-1-mediated anti-
treponemal activity was demonstrable at 4 ,g/ml in the
presence of 10% NRS and at 40 ,ug/ml in 10% HI-NRS as

indicated by significant delays in lesion incubation periods
(Table 2). Abrogation of lesion development in 10% HI-NRS
was observed only at the highest peptide concentration (400
,ug/mI), whereas 40% (two of five) of the lesions failed to
develop at sites receiving 40-,Lg/ml NP-1 in NRS (Table 2).
These endpoint titration data confirmed the differential
treponemicidal activity of NP-1 in 10% HI-NRS and 10%
NRS.
The ability of NP-1 to neutralize T. pallidum was critically

dependent on serum concentration. Table 3 compares the
results obtained in 10% NRS and 10% HI-NRS with those
obtained in 20% NRS and 20% HI-NRS. Note that lesions
developed at all 12 sites inoculated with suspensions con-

TABLE 1. Kinetics of T. pallidum neutralization by NP1a b

In vitro NP-1 10% HI-NRS 10% NRS
incubation time NP-iincubationtime (jg/ml) Lesions/sites Days to lesion appearance, Lesions/sites Days to lesion appearance,d

inoculated' mean + SD (range) inoculated' mean ± SD (range)

0 400 6/6 14.8 + 3.3 (12-21) 0/6e
4 400 6/6 19.3f + 2.1 (17-21) 0/6e
16 400 5/6 20.f + 3.7 (16-24) 0/6

0 0 6/6 12.0 + 1.3 (11-14) 6/6 12.5 ± 0.8 (12-14)
4 0 6/6 12.2 + 1.2 (11-14) 6/6 13.0 ± 0.6 (12-14)
16 0 6/6 14.3 + 1.4 (13-16) 4/6 17.5 ± 2.7 (15-21)

a T. pallidum suspensions were prepared by extraction of a 9- to 11-day orchitis with 100% HI-NRS or NRS and diluted to 105 treponemes per ml with the
appropriate serum.

b Incubation mixtures were prepared by combining one part of T. pallidum suspension with nine parts of PBS-NP-1 solution (104 treponemes per ml) and
incubated for 4 h at 34°C under an atmosphere of 95% N2-5% CO2 before animal inoculation.

c Each of six rabbits was inoculated intradermally with 0.1 ml of each test mixture containing 103 T. pallidum organisms.
d Lesion appearance was defined as the presence of erythema and induration.
eLesions failed to develop through day 42, when all control sites had healed.
f P - 0.05, t test for comparison of paired means.
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TABLE 2. Dose titration of T. pallidum neutralization by NP1a

10% HI-NRS 10% NRS
NP-1

(,g/mi) Lesions/sites Days to lesion appearance, Lesions/sites Days to lesion appearance,
inoculated' mean ± SD (range) inoculatedb mean ± SD (range)

400 0/5C 0/5'
200 5/5 19.8 ± 1.79 (17-21) 2/5 27-0d ± 1.40 (26-28)
40 5/5 17.0 ± 1.58 (15-19) 3/5 180d ± 2.65 (15-20)
4 5/5 15.6 ± 0.55 (15-16) 5/5 16.8 ± 0.84 (16-18)
0 5/5 14.4 ± 1.14 (13-16) 5/5 14.8 ± 1.30 (13-16)

a See footnotes a, b, and d of Table 1.
b Each of five rabbits was inoculated intradermally with 0.1 ml of each test mixture containing 103 T. pallidilm organisms.
c Lesions failed to develop through day 33, when all control sites had ulcerated.
d p _ 0.05, relative to defensin-free control; t test for comparison of paired means.

taining NP-1 in 20% NRS or 20% HI-NRS and that the lesion
incubation periods were similar. The basis of the apparent
serum-mediated inhibition of NP-1 activity was suggested
when we observed that a flocculent precipitate formed in
suspensions containing NP-1 and was most prominent in
20% serum.
To ascertain the nature of this precipitate, we combined

NP-1 with 20% NRS or a T. pallidum suspension in 20%
NRS as with the neutralization assay, recovered and washed
the precipitate, and analyzed it by SDS-PAGE (Fig. 2). The
key findings in this gel are the presence of NP-1 in the initial
reaction mixture (lane 3) and the washed precipitate (lane 5)
and its absence in the supernatant after centrifugation (lane
4). Since equivalent amounts of supernatant and initial
reaction mixture were loaded, virtually all of the NP-1 had
precipitated out of solution. In addition to NP-1, the precip-
itate contained approximately 20 serum polypeptide bands
whose estimated molecular masses ranged between 32 and
248 kDa (lane 5). Although the most prominent polypeptide
comigrated with serum albumin at 68 kDa (lanes 1 and 7),
additional polypeptides with bands at 248, 137, and 120 kDa
and a doublet at 53.5 kDa were also precipitated preferen-
tially. Similar results were obtained with the T. pallidum
suspensions (lanes 8 through 11). The faint NP-1 band seen
in the supernatant (lane 9) may reflect peptide bound to T.
pallidum rather than serum proteins.

Role of complement. The contribution of complement to
the enhancement of defensin-mediated antitreponemal activ-
ity by heat-labile serum factor(s) was examined by compar-
ing NP-1 neutralizing activity in unheated and heat-inacti-
vated 10% NRS and 10% C6D. NP-1 was tested at 200 p.g/ml,
a concentration expected to inhibit lesion development at
50% of the inoculated sites, when in the presence of 10%
NRS. The NRS and C6D used were matched for total protein
and albumin as determined by biuret assay and quantitative

densitometry of electrophoresed agarose gels of each serum
(Paragon system; Beckman).
The results of three such experiments are presented in

Table 4. Although the level of NP-1-mediated neutralizing
activity varied from experiment to experiment, the greatest
level of NP-1 activity was present in suspensions containing
10% NRS, followed by the 10% C6D suspensions and then
by the 10% HI-NRS suspensions. Antitreponemal activity
by NP-1 in the presence of 10% HI-C6D was demonstrable
only in experiment 2, in which there were unexpectedly high
levels of NP-1 activity in both the unheated NRS- and
C6D-containing suspensions. Although NP-1-mediated neu-
tralizing activity was observed in the absence of C6, it was
less potent than that observed in serum with an intact
complement cascade. This suggests that, although full acti-
vation of the complement pathway in vitro is not required for
expression of enhanced NP-1-mediated antitreponemal ac-
tivity, it contributes substantially to the augmentation phe-
nomenon.

Contribution of native structure and charge. To determine
the relative contribution of cationicity and native conforma-
tion to its antitreponemal activity, native NP-1 was reduced
with dithiothreitol and alkylated with either iodoacetic acid
or iodoacetamide. Although both treatments unfold NP-1 by
cleaving its disulfide bonds and preventing their reformation,
carboxymethylation of NP-1 with iodoacetic acid reduced its
net positive charge by 1 for every sulfhydryl alkylated (total
of six), whereas the net charge of the native molecule was
maintained in the carboxyamidomethyl derivative formed
with iodoacetamide. Minimal treponemicidal activity was
detected with preparations of either carboxymethylated or
carboxyamidomethylated NP-1 (Table 5), indicating that
cationicity alone was insufficient to account for the anti-
treponemal activity of NP-1. The role of positive charge was
further explored by comparing the treponemicidal activities

TABLE 3. Serum inhibition of T. pallidum neutralization by NP_1a.b

HI-NRS NRS
Serum concn

%) Lesions/sites Days to lesion appearance, Lesions/sites Days to lesion appearance,
inoculated mean ± SD (range) inoculated mean ± SD (range)

10 6/6 19.3 ± 2.1 (17-21) 0/6d
20 6/6 12.2 ± 0.8 (11-13) 6/6 14.8 ± 3.1 (13-20)

a See footnotes a, c, and d of Table 1.
b Incubation mixtures were prepared by combining one part of T. pallidum suspension with nine parts of a solution containing NP-1 in either PBS or 11%

NRS-PBS (104 treponemes per ml, 400 ,ug/ml) and incubated for 4 h at 34°C under an atmosphere of 95% N2-5% CO2 before animal inoculation.
c P - 0.05, t test for comparison of paired means.
d Lesions failed to develop through day 42, when all control sites had healed.
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FIG. 2. Coomassie blue-stained 10 to 30% polyacrylamide gradient SDS-PAGE demonstrating precipitation of serum proteins by NP-1
(400 p.g/ml) from 20% NRS (lanes 2 through 5) or a treponemal suspension containing 104 T. pallidum in 20% NRS (lanes 8 through 11): 2.0
,ul of 20% NRS (lane 2) or treponemal suspension (lane 11); 2.0 ,ul of mixture containing NP-1 and 20% NRS (lane 3) or treponemal suspension
(lane 10); 2.0 ,ul of supernatant after centrifugation of NP-1 mixtures containing 20% NRS (lane 4) or treponemal suspension (lane 9); 20% of
precipitate formed by interaction of NP-1 with 20% unheated NRS (lane 5) or treponemal suspension (lane 8). Size standards include high (lane
1)- and low (lane 12)-molecular-mass markers, 1 p.g of purified NP-1 (lane 6), and 8 ,ug of threefold-crystallized rabbit serum albumin (lane 7).

of all six rabbit polymorphonuclear leukocyte defensins,
whose net charges range from +9 for NP-1 to +4 for NP-5
(Table 6). Each of the six defensins was tested at a concen-
tration of 100 or 400 p.g/ml in the presence of 10% NRS.
Although all of the NP molecules had demonstrable neutral-
izing activity when tested at 400 p.g/ml, NP-3a and NP-3b
(net charge, +8) did not completely inhibit lesion develop-
ment (Table 6). Moreover, at 100 pg/ml the activity exhibited
by NP-4 (net charge, +5) was approximately 1.5 log units
greater than that obtained with the more cationic peptides,
NP-1 and NP-2, as indicated by the mean lesion incubation
periods; NP-3a, NP-3b, and NP-5 had no detectable activity
at this concentration. The above findings confirm that the T.
pallidum-neutralizing activity of the defensins is not solely
dependent on their net cationicity or charge density.

DISCUSSION

The macrophage has been implicated as the central ef-
fector cell in the destruction and clearance of T. pallidum
from human and rabbit syphilitic lesions (36, 48, 49); how-
ever, the mechanisms by which T. pallidum may be de-
stroyed by these phagocytes has not been explored. In this
study we examined the rabbit defensins for antitreponemal
activity. Our initial studies focused on NP-1, a defensin
originally isolated from rabbit lung macrophages and shown
to be the most active of the rabbit defensins in other
microbicidal assays (41, 51).

The ability of NP-1 to immobilize T. pallidum in vitro was
the first indication of its antitreponemal potential. This
activity was remarkable in two respects. First, immobiliza-
tion was observed within 4 h of coincubation, which is in
marked contrast to the 16 h required for T. pallidum immo-
bilization by specific antibody and complement (38). Second,
the extent of NP-1-mediated immobilization was markedly
increased by the presence of heat-labile serum components.
When NP-1 was tested in the more sensitive infectivity
assay, it exerted potent rapid virulence-neutralizing activity
that was both time and dose dependent. As in the immobi-
lization assay, maximal activity required heat-labile serum
component(s) that augmented the level of NP-1-mediated
treponemicidal activity and accelerated its kinetics (Table 1).
The augmentation of NP-1 antitreponemal activity by heat-
labile serum factor(s) was confirmed by endpoint titration
(Table 2). NP-1 exhibited definitive antitreponemal activity
(ca. 0.5 log unit) at concentrations of 4 p,g/ml in the presence
of 10% NRS and 40 ,ug/ml in 10% HI-NRS.
The conditions used for serum inactivation (56°C for 30

min) characteristically remove antibody-dependent and an-
tibody-independent hemolytic activity of complement (14),
suggesting that complement activation is responsible for
augmented defensin antitreponemal activity. The experi-
ments with C6D sera further support this contention (Table
4). Although T. pallidum neutralization by NP-1 in 10% C6D
was greater than that achieved in either 10% HI-C6D or 10%
HI-NRS, maximal activity was observed in the presence of
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TABLE 4. Effect of C6D rabbit sera on T. pallidum neutralization by NP 1a

10% HI serum 10% serum
Exptno. NP-i

euExpt flo. N1(g/ml) Serum Lesions/sites Days to lesion appearance,c Lesions/sites Days to lesion appearance,
inoculatedb mean + SD (range) inoculatedb mean ± SD (range)

1 200 C6D 5/5 13.2 ± 0.98 (12-14) 5/5 15.6d ± 0.90 (15-17)
0 C6D 5/5 12.6 ± 0.55 (12-14) 5/5 12.6 ± 0.89 (12-14)

200 NRS 5/5 14.6d ± 0.89 (14-16) 2/5 21.5d 0.71 (21-22)
0 NRS 5/5 12.2 ± 0.45 (12-13) 5/5 12.6 + 0.55 (12-13)

2 200 C6D 4/5 20.8d 2.06 (18-23) 1/5 23.0
0 C6D 5/5 13.2 ± 0.84 (12-14) 5/5 13.0 ± 1.00 (12-14)

200 NRS 4/5 18.3d 2.50 (15-21) o0Se
0 NRS 5/5 12.0 + 0.71 (11-13) 5/5 12.4 ± 0.55 (12-13)

3 200 C6D 5/5 13.6 ± 2.88 (12-18) 5/5 16.2d ± 2.59 (14-19)
0 C6D 5/5 11.8 ± 0.84 (11-13) 5/5 11.8 ± 0.84 (11-13)

200 NRS 5/5 17 0d ± 2.83 (14-20) 3/5 19.0d ± 3.61 (15-22)
0 NRS 5/5 13.0 ± 1.73 (12-16) 5/5 13.0 ± 1.73 (12-16)

a T. pallidum suspensions were prepared by extraction of a 9- to 11-day orchitis with 100% HI-C6D and diluted to 105 treponemes per ml with the appropriate
serum. Incubation mixtures were prepared by combining one part of T. pallidum suspension with nine parts of PBS or PBS-NP-1 solution (104 treponemes per
ml) and incubated for 4 h at 34°C under an atmosphere of 95% N2-5% CO2 before animal inoculation.

b Each of five rabbits was inoculated intradermally with 0.1 ml of each test mixture containing 103 T. pallidum organisms.
See footnote d of Table 1.

d p c 0.05, t test for comparison of paired means.
e Lesions failed to develop through day 33, when all control sites had ulcerated.

10% NRS. The enhancement of NP-1 neutralizing activity by
C6D over that achieved with heat-inactivated sera may
reflect in vivo assembly of membrane attack complexes that
use functional C6 provided by the inoculated animal. Other
explanations for the limited enhancement of NP-1 anti-
treponemal activity by C6D, such as in vitro generation of
complement opsonins, cannot be excluded.
The mechanisms by which heat-labile serum compo-

nent(s), presumably complement, enhance defensin-medi-
ated treponemicidal activity are unclear. Binding of defen-
sins to T. pallidum may activate complement directly. In this
regard, modulation of complement activity by synthetic and
naturally occurring polycations was reported by Baker et al.
(5, 6), who demonstrated that cationic polypeptides obtained
from acid extracts of rabbit leukocyte lysosomal granules
potentiate C567-initiated lysis of sheep erythrocytes (6).
Although the macrophage and neutrophil defensins used in
this study were isolated and purified in a manner similar to
that of Baker et al., their exact relationship to the polypep-
tide(s) involved in potentiation of sheep erythrocyte lysis is
not known. The complement cascade may be activated

indirectly through defensin-treponeme interactions that alter
the surface properties of T. pallidum. Baseman and co-
workers (2, 42) have shown that serum proteins, including
albumin, fibronectin, immunoglobulin, and C3, bind to T.
pallidum. Defensin binding may alter the association of host
material (18) with the surface of the organism, exposing
moieties that potentiate complement activation (17). Since it
has been shown that immunoglobulin is associated with
freshly extracted T. pallidum (1, 23, 35, 38), defensin binding
may promote complement activation by aggregating pre-
bound, host-derived specific immunoglobulin (9). This hy-
pothesis is particularly attractive in light of the recent report
by Blanco et al. that the rate-limiting step in antibody-
mediated complement-dependent killing of T. pallidum is the
time required for aggregation of antibody-bound rare outer
membrane proteins and consequent complement activation
(9). Our demonstration that NP-1 precipitates as many as 20
serum proteins (Fig. 2) provides a potential mechanism for
outer surface pertubation or immunoglobulin aggregation.
The above interpretations presuppose that the augmentation
of NP-1-mediated treponemicidal activity in unheated serum

TABLE 5. Effect of reduction and alkylation of NP-1 on T. pallidum neutralizationa
10% HI-NRS 10% NRS

NP-i prepnb Lesions/sites Days to lesion appearance,d Lesions/sites Days to lesion appearance,
inoculatedc mean ± SD (range) inoculatedc mean ± SD (range)

NP-1 oi5e oi5e
CAM NP-1 5/5 12.6 ± 0.89 (12-14) 5/5 13.8f ± 1.92 (11-16)
CM NP-1 5/5 13.0 ± 1.01 (12-14) 5/5 14.6' ± 1.52 (13-16)
Control (no NP-1) 5/5 11.8 ± 1.64 (10-14) 5/5 11.8 ± 0.84 (11-13)

a T. pallidum suspensions were prepared by extraction of a 9- to 11-day orchitis with 100% HI-NRS or NRS and diluted to 105 treponemes per ml with the
appropriate serum. Incubation mixtures were prepared by combining one part of T. pallidum suspension with nine parts of PBS-NP-1 solution (104 treponemes
per ml) and incubated for 4 h at 34°C under an atmosphere of 95% N2-5% CO2 before animal inoculation.

b Carboxyamidomethylated (CAM) and carboxymethylated (CM) NP-1 preparations were tested at a concentration of 400 ,ug/ml.
c Each of five rabbits was inoculated intradermally with 0.1 ml of each test mixture containing 103 T. pallidum organisms.
" See footnote d of Table 1.
eLesions failed to develop through day 33, when all control sites had ulcerated.
f P ' 0.05, t test for comparison of paired means.
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TABLE 6. Comparison of T. pallidum neutralizing activity of rabbit defensinsa

100-pug/ml defensin 400-,ug/ml defensin
Defensin ~ NetDefensin charge Lesions/sites Days to lesion appearance,' Lesions/sites Days to lesion appearance,'

inoculated' mean + SD (range) inoculatedb mean ± SD (range)

NP1 +9 5/5 16.8d 2.95 (12-19) 0/Se
NP2 +8 5/5 15.8d 2.77 (12-19) 0/Se
NP3a +8 5/5 13.8 ± 1.79 (12-16) 2/5 24.5 ± 0.71 (24-25)
NP3b +8 5/5 14.2" ± 1.92 (12-17) 1/5 15.0
NP4 +5 4/5 220 ± 1.16 (21-23) 0/Se
NP5 +4 5/5 140d ± 2.00 (12-16) 0oSe
Control (no NP) 5/5 12.4 ± 0.89 (12-14)

a T. pallidum suspensions were prepared by extraction of a 9- to 11-day orchitis with 100% NRS and diluted to 105 treponemes per ml with the same serum.
Incubation mixtures were prepared by combining 1 part of T. pallidum suspension with nine parts of PBS-defensin solution (104 treponemes per ml) and incubated
for 4 h at 34°C under an atmosphere of 95% N2-5% CO2 before animal inoculation.

b Each of five rabbits was inoculated intradermally with 0.1 ml of each test mixture containing 103 T. pallidum organisms.
See footnote d of Table 1.

d p c 0.05, t test for comparison of paired means.
e Lesions failed to develop through day 45, when all control sites had healed.

results from an additive or synergistic effect between lethal
actions of defensin and complement lysis. The recent studies
indicating that the lethal event in human defensin bacteri-
cidal activity against Escherichia coli is inner membrane
permeabilization (27) raise the possibility of an alternate
interpretation. In the presence of unheated serum, sublethal
activation of complement by T. pallidum via either the
alternative or the classical pathway (17) results in outer
membrane breeches that facilitate access of defensin to the
bacterial inner membrane, the site of lethality. More refined
analysis is required to delineate between these possibilities.
Our observation that carboxymethylated and carboxyami-

domethylated NP-1 retain minimal antitreponemal activity is
consistent with previous reports on antifungal (16) and
antiviral (13, 28) activities of both rabbit and human defen-
sins and further illustrates the importance of three-dimen-
sional conformation to biological action. Structural studies
with crystallographic techniques (58) and two-dimensional
nuclear magnetic resonance (4, 39) on representative human
and rabbit defensins in solution have revealed an amphiphilic
three-dimensional structure consisting of spatially separated
hydrophobic and charged regions. Reduction and alkylation
of NP-1 alter this amphiphilic structure and likely alter its
membrane active properties. It is interesting that carboxym-
ethylated NP-1, in contrast to native NP-1, does not induce
voltage-dependent ion channels in black lipid membranes
(24).
Among the rabbit defensins, the more basic peptides NP-1

and NP-2 in general possessed the greatest bactericidal
activity against multiple strains of gram-positive and -nega-
tive organisms (41, 55). The least cationic of the rabbit
defensins, NP-4 and NP-5, had the narrowest spectrum of
antibacterial activity and were usually of lesser potency (55).
In contrast, we found that at limiting peptide concentrations
NP-4 (net charge, +5) was the most effective rabbit defensin
against T. pallidum, followed closely by both NP-1 (+9) and
NP-2 (+8). Neither NP-5 (+4) nor NP-3A (+8) possessed
activity, suggesting that structural features other than net
charge were critical determinants of defensin action against
T. pallidum.
Our observation that serum concentrations in excess of

20% inhibited defensin antitreponemal activity (Table 3) was
consistent with previous findings that both herpes simplex
virus type 1 inactivation by human neutrophil defensins and
tumor cell cytolysis by rabbit and human defensins were

impaired by the addition of either albumin or serum (13, 34).
In light of this inhibition, the antitreponemal effects of
defensins are likely limited to the intracellular environment
of the leukocyte phagolysosome, which may contain con-
centrations of peptide in excess of 10 mg/ml (13) or, after
secretion, to the adjacent interstitial spaces (20), where fluid
protein and albumin concentrations approximate our in vitro
conditions. The reported total protein and albumin contents
of interstitial fluid are approximately 20 and 1% of those of
blood plasma, respectively (10, 22), which is at the threshold
of inhibitory concentrations of NP-1 treponemicidal activity
in serum. Since defensins have activity against mammalian
cells and since polymorphonuclear leukocytes turn over
rapidly, it is reasonable that their extracellular activity is
tightly regulated to minimize tissue destruction.

Although much remains to be learned about the molecular
effectors of antitreponemal activity in macrophages and
granulocytes, the experiments presented here suggest that
defensins or defensinlike leukocyte components may con-
tribute to the ability of phagocytes to contain or terminate
infections by T. pallidum.
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