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Lyme borreliosis is a multisystemic disorder primarily affecting the skin, nervous system, and joints. It is
caused by the spirochete Borrelia burgdorferi sensu lato and is transmitted via ticks of the Ixodidae family.
Persistence of borreliae within macrophages has been implicated in the often chronic history of borreliosis. The
uptake of B. burgdorferi by professional phagocytes occurs predominantly by coiling phagocytosis, a host cell-
driven process in which single pseudopods wrap around and engulf the spirochetes. In the present study, we
investigated the molecular machinery and the signal transduction pathways controlling the formation of these
unique uptake structures. We found that the phagocytosis of borreliae by primary human macrophages is
accompanied by the formation of f-actin-rich structures, which in their morphological organization correspond
well to the earlier described coiling pseudopods. Further experiments revealed that Wiskott-Aldrich Syndrome
protein and Arp2/3 complex, major regulators of actin polymerization, are also recruited to these sites of actin
accumulation. In addition, inhibition of an upstream regulator of Wiskott-Aldrich Syndrome protein, the Rho-
family GTPase CDC42Hs, greatly inhibited the occurrence of borrelia-induced phagocytic uptake structures.
Inhibition of Rac1, another Rho family GTPase, had a less-pronounced inhibitory effect, while blocking of Rho
activity showed no discernible influence. These results suggest that basic mechanisms of actin polymerization
that control other types of phagocytosis are also functional in the formation of the morphologically unique
uptake structures in coiling phagocytosis. Our findings should enhance the understanding of the infection
process of B. burgdorferi and contribute to devising new strategies for countering Lyme disease.

Lyme borreliosis is the most prevalent tick-borne disease in
the northern hemisphere. This multisystemic disorder is clini-
cally characterized by acute and chronic stages, primarily af-
fecting the skin, the nervous system, and the joints (33, 40).
The causative agent, the spirochete Borrelia burgdorferi sensu
lato (8), is transmitted by ticks of the Ixodidae family (15).
Although early stages of the spirochetosis can be well treated
by antibiotic therapy, a significant number of patients pass over
to chronic stages, even years after infection.

Considering the obvious persistence of borreliae within the
human body, a major question concerns the role of macro-
phages and other professional phagocytes in the survival of
borreliae (14, 31). As in the case of other pathogens, borreliae
may accomplish this by inducing their uptake into an intracel-
lular compartment that is permissive for survival (29).

Previous studies on the interaction of B. burgdorferi with
professional phagocytes (37, 38) have observed the occurrence
of coiling phagocytosis, a phenomenon initially described for
Legionella pneumophila (19). While in conventional phagocy-
tosis cellular protrusions symmetrically enclose the microor-
ganism, in the case of coiling phagocytosis a single phagocyte
pseudopod bends around the bacteria in a hooklike fashion
and wraps itself around the spirochete. The phagocytes subse-

quently engulf this entire phagocytic complex. Coiling phago-
cytosis is host cell driven, since it has been observed with both
live and dead bacteria, and seems to be a specific reaction of
the phagocyte to the attachment of certain kinds of particles or
microorganisms (39). Despite its peculiarities, coiling phago-
cytosis is a physiologically relevant process, since the uptake of
B. burgdorferi by professional phagocytes takes place preferen-
tially via coiling rather than by conventional phagocytosis (38).
Interestingly, it has also been speculated that spirochetes in-
ternalized by coiling phagocytosis may undergo intracellular
processing distinct from that following conventional phagocy-
tosis (38).

In the present study, we investigate the molecular machinery
and the signal transduction pathways involved in coiling phago-
cytosis of B. burgdorferi by primary human macrophages. We
present evidence that this process involves the formation of
f-actin-rich structures most likely corresponding to coiled pseu-
dopods and is probably driven by actin-regulatory proteins
such as Wiskott-Aldrich Syndrome protein (WASp) (5, 19, 43)
and the Arp2/3 complex (26), which are also recruited to these
structures. A key integrator of signal transduction events in-
volved in coiling phagocytosis seems to be the small GTPase
CDC42Hs, which has a distinct influence on the formation
of phagocyte whorls. An influence of Rac1, another small
GTPase of the Rho family, was also observed. Therefore, al-
though the mechanical and regulatory mechanisms required
for coiling phagocytosis are distinct from other types of phago-
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cytosis, the basic mechanisms of actin polymerization seem to
share a high degree of similarity.

MATERIALS AND METHODS

Cultivation of borreliae. The clone of Borrelia afzelii strain PKo used in this
study, PKo97 K37, is a clone derived from the European skin isolate PKo (34),
well characterized with regard to antigen expression and infectious in mice.
(Note that B. afzelii is the most common human pathogenic species of B. burg-
dorferi sensu lato in Europe [45].) The borreliae were cultivated for 5 to 7 days
at 33°C in modified Kelly Medium (MPK-Medium; 34). At this cultivation
temperature .80% of the cells express the two major outer surface proteins
OspA and OspC (6, 13, 46). Aliquots were stored frozen in liquid nitrogen after
the addition of 10% glycerol to the culture. For experiments, aliquots were
thawed and cultivated for 5 to 7 days at 33°C in MPK-Medium. Only highly
motile bacteria, harvested in the log phase, were used. Prior to incubation with
human macrophages, borreliae were pelleted, counted, and resuspended in
RPMI supplemented with 20% human serum (not reactive with B. afzelii strain
PKo, tested by enzyme-linked immunosorbent assay, immunofluorescence assay,
and whole-cell-lysate immunoblot [17, 44]) for serum opsonization.

Monocyte isolation and cell culture. Human peripheral blood monocytes were
isolated from heparinized blood of healthy donors by centrifugation in Ficoll
(Seromed, Munich, Germany) as described previously (25). Briefly, monocytic
cells were isolated using magnetic anti-CD14 antibody beads and an MS1 Sep-
aration Column (Miltenyi Biotec, Bergisch-Gladbach, Germany) and seeded
onto Cellocate glass coverslips (Eppendorf, Westbury, N.Y.) at a density of 5 3
104 cells. Cells were cultured in RPMI 1640 medium (Sigma, Deisenhofen,
Germany) containing 20% autologous serum at 37°C, 5% CO2, and 90% humid-
ity. Medium was changed every 3 to 4 days. Prior to each experiment, macro-
phages were washed twice in RPMI 1640 and incubated in RPMI 1640 supple-
mented with 20% homologous human serum (negative Lyme serology) for 45
min at 37°C in a humified atmosphere of 5% CO2.

Coincubation of borreliae and macrophages. Human macrophages (7- to
11-days old) derived from monocytes were infected with B. afzelii PKo97 K37 at
a borrelia/cell ratio of 10:1 and incubated at 37°C in a humified atmosphere of
5% CO2. Borrelia cells were added to macrophages in medium-filled dishes and
allowed to settle. Contact between borreliae and macrophages was therefore not
established immediately and was not synchronized. The inducement of structures
was observable as early as 10 min and peaked at 45 min after the addition of
borreliae. After the times indicated, nonadherent bacteria were removed by
dipping the coverslips five times into RPMI (37°C), followed by fixation in 3.7%
formaldehyde solution (Sigma, Deisenhofen, Germany) for 10 min at room
temperature.

Constructs and protein expression. GTPase constructs (V12CDC42Hs,
N17CDC42Hs, V12Rac, and N17Rac) were kindly provided by Alan Hall. All
constructs, including C3 transferase, were expressed in Escherichia coli as gluta-
thione S-transferase (GST) fusions and thrombin cleaved when indicated. Pro-
teins were dialyzed against microinjection buffer (50 mM Tris-HCl, 150 mM
NaCl, 5 mM MgCl2), concentrated in Centricon (Amicon, Beverly, Mass.), shock-
frozen, and stored at 280°C. The purity was tested by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Coomassie staining.

Microinjection of proteins. Monocyte-derived macrophages were cultured for
7 to 11 days. Microinjection was performed by using a Transjector 5246 (Eppen-
dorf) and a Compic Inject Micromanipulator (Cell Biology Trading, Hamburg,
Germany). Proteins were injected into the cytoplasm at 2.7 mg/ml, as GST
fusions in the case of the CDC42Hs constructs and as thrombin-cleaved proteins
in the case of the Rac1 constructs, and at 7 ng/ml in the case of thrombin-cleaved
C3 toxin. Injected cells were identified by labeling coinjected rat immunoglobulin
G (IgG; 5 mg/ml; Dianova, Hamburg, Germany) with fluorescein isothiocyanate
(FITC)-labeled goat anti-rat IgG (Dianova). Control injections were performed
with GST.

Immunofluorescence. Cells were fixed as described above and permeabilized
for 15 min in ice-cold acetone. B. afzelii were visualized by labeling OspA with a
specific monoclonal antibody, L22 1F11, which recognizes an epitope conserved
among B. burgdorferi sensu lato strains (45), and by using DAPI (49,69-diamidino-
2-phenylindole; Sigma, Deisenhofen, Germany) for staining of bacterial DNA.
f-actin was stained with Alexa 568-labeled phalloidin (Molecular Probes, Eugene,
Oreg.), WASp was stained with monoclonal antibody 3D8.H5 (41), CDC42Hs
was stained with a polyclonal antibody (3), and Arp2/3 complex was stained with
a polyclonal antibody against the p41-Arc subunit (24). Secondary antibodies were
cyanine dye 3 (Cy3)-, FITC-, and phycoerytherin-conjugated goat anti-mouse anti-
bodies (Caltag, San Francisco, Calif.). Coverslips were mounted in Dako fluo-

rescent mounting medium (DAKO Corporation, Carpinteria, Calif.) and sealed
with nail polish.

Specimens of macrophages infected with borreliae were mostly analyzed using
confocal laser scanning microscopy (Leica, Wetzlar, Germany). The “z” views of
specimens shown in Fig. 2 and 3 were obtained by processing “xy” slices using the
NIH image software package.

For staining of each protein, more than 100 cells of at least three different
donors were evaluated. All experiments gave consistent results regarding distri-
bution of f-actin, WASp, and p41-Arc.

Quantification and statistical evaluation. Values for the formation of f-actin-
rich phagocytosis structures were gained by evaluating three times 30 cells mi-
croinjected in three separate experiments with the proteins indicated. Mean
values and standard deviations (SDs) were determined in relation to GST-
injected cells. Mean values for all injected proteins were analyzed by using the
Student’s t test. A two-tailed P value of ,0.05 was considered to be significant.

RESULTS

Interaction of B. burgdorferi with primary human macro-
phages leads to the formation of f-actin-rich structures. The
purpose of our study was to investigate the molecular machin-
ery that organizes actin during coiling phagocytosis of borre-
liae. For this we infected primary human macrophages with
B. burgdorferi spirochetes and visualized the developing uptake
structures by fluorescence microscopy. The attachment of spi-
rochetes to macrophages was verified by phase-contrast mi-
croscopy (Fig. 1A and C) and was found to be predominantly
end-on, as described previously (30). To better discriminate
the details of the uptake process, borreliae were for most
experiments costained with antibodies against the outer-sur-
face protein OspA (Fig. 1B). The interaction of borreliae with
macrophages was found to lead to an extensive alteration of
the host cell surface and overall shape, as cells formed numer-
ous ruffles and showed a tendency for contraction. Since re-
modeling of the cell shape usually involves a rearrangement of
the actin cytoskeleton and since phagocytosis is generally
thought to require actin polymerization, specimens of borre-
liae infecting macrophages were stained for f-actin and OspA.
In the majority of macrophages (66.1% 6 17.7% of observed;
n 5 100), massive actin accumulations extending from the host
cell surface and enveloping the proximal part of the interacting
spirochete cells were observed (one to four structures/macro-
phage; Fig. 2A to C). Areas with intensive f-actin staining
alternated with areas of high OspA fluorescence (Fig. 2C),
indicating an uneven envelopment of the borrelia cells.

Both opsonized and unopsonized borreliae readily attached
to macrophages, a finding comparable to that found in previ-
ous studies (7). Initial experiments were performed with un-
opsonized borreliae, i.e., in the absence of serum. However,
further experiments revealed that opsonization, either with
borrelia-specific antibodies or with serum devoid of B. burg-
dorferi-specific IgG (see Materials and Methods), enhanced
the rate of attachment of borreliae to macrophages when com-
pared to nonopsonized spirochetes (factor 4–5). Additionally,
coiling phagocytosis has mainly been described in a context
involving complement opsonization (39), and unspecific opso-
nization by complement mimics more closely the in vivo situ-
ation of first-time infection with borreliae. All subsequent ex-
periments were therefore performed using serum-opsonized
borreliae. Morphology and protein content of the actin-rich
structures as described below was indistinguishable from that
gained under IgG-opsonized conditions.
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For better resolution, we generated horizontal optical slices
by use of a confocal microscope (x and y axes, Fig. 2D). With
the aid of an imaging program (see Materials and Methods),
stacks of horizontal slices were then assembled and cut per-
pendicular to the slice plane (z axis; Fig. 2E to G). This allowed
us to generate side views of borreliae and to evaluate their
spatial relation to the f-actin accumulations of the macro-
phages. Sequential vertical slices clearly showed that the
B. burgdorferi cell body and f-actin-rich folds extending from
the macrophage were wrapped around each other, with the
most massive actin accumulation occurring at the proximal tip
of the spirochete (Fig. 2E to G). Individual coils of the borrelia
cell were either deeply buried in the f-actin-rich structure (Fig.
2F) or near the surface of the host cell pseudopod (Fig. 2G),
corresponding to the alternate fluorescence intensities of
f-actin and OspA as observed in the initial immunofluores-
cence images (Fig. 2A to C).

In addition to this microscopic evidence, we considered coil-
ing phagocytosis here for several reasons. First, the appearance
and disappearance of the f-actin structures corresponds well

with a time course of uptake of borreliae by macrophages (not
shown). Second, it has been demonstrated that coiling phago-
cytosis is the predominant phagocytic uptake mechanism of
B. burgdorferi by professional phagocytes such as human mac-
rophages (60 to 70% of phagocytosis events) (38). Third, the
observed actin accumulations correspond very well to descrip-
tions of coiling pseudopods as shaft-like extensions often more
than 15 mm in length that are wrapped around the spirochete
cells in a coil-like fashion (39).

WASp and the Arp2/3 complex accumulate at B. burgdorferi
cells interacting with macrophages. In recent years, members
of the WASp family of proteins and one of their effectors, the
Arp2/3 complex, have emerged as central regulators of f-actin
(26; reviewed in reference 18). Participation of the Arp2/3
complex in Fcg receptor (FcgR)- and complement receptor
(CR3)-dependent phagocytosis has been shown, and thus the
involvement of WASp-like proteins in these processes can be
inferred (28). We therefore asked whether WASp and the
Arp2/3 complex may be involved in coiling phagocytosis and in
the generation of the observed f-actin-rich structures. For this
purpose, we costained specimens of borreliae-infected macro-
phages for OspA and either WASp (Fig. 3A to E) or p41-Arc,
a subunit of the Arp2/3 complex (Fig. 3F to K). As demon-
strated in Fig. 3, in side views of the uptake structures, the
accumulation of WASp was readily visible, in particular at the
proximal tip of the interacting borreliae (Fig. 3A, arrows).
Longitudinal (Fig. 3B) or transversal sections (Fig. 3C to E)
through the spirochete in Fig. 3A showed an alternation of
WASp and OspA staining, a finding similar to the results
obtained with f-actin and OspA staining.

Positive staining for p41-Arc suggests that the Arp2/3 com-
plex is also present in the uptake structures induced by borre-
liae. In contrast to WASp accumulation, which was more uni-
form, p41-Arc was found in punctate foci along the borreliae
(Fig. 3F, arrows). Sequential longitudinal side views suggest
that Arp2/3 is also present in loosely associated folds around
the B. burgdorferi cells (Fig. 3G and H). Interestingly, the punc-
tate Arp2/3 accumulations seemed to be more closely associ-
ated with borreliae (Fig. 3G and H, arrowheads), which could
be particularly well demonstrated in transversal sections (Fig.
3I to K).

Altogether, we conclude that WASp and the Arp2/3 com-
plex are recruited to zones of the macrophage where interac-
tion with borreliae takes place, resulting in the observed phe-
nomenon of coiling phagocytosis.

Influence of the small GTPases CDC42Hs, Rac1, and Rho
on the formation of B. burgdorferi-induced f-actin-rich struc-
tures. Regulatory pathways influencing actin polymerization
are controlled by members of the Rho family of small GTPases
(23, 35, 36). In particular, FcgR-mediated phagocytosis and
the associated recruitment of Arp2/3 complex to phagosomes
have been shown to depend on CDC42Hs and Rac, while
CR3-mediated phagocytosis is controlled by Rho (9, 11, 28).
According to the current model, CDC42Hs activates the he-
matopoietic cell-specific WASp, which then activates the actin-
polymerizing activity of the Arp2/3 complex (reviewed in ref-
erence 32).

We therefore tested whether CDC42Hs, Rac1, or Rho in-
fluence the formation of borrelia-induced f-actin-rich struc-
tures in macrophages. For this purpose, we microinjected cells

FIG. 1. (A to D) Interaction with borreliae induces alterations in
cell shape and actin cytoskeleton of primary human macrophages.
Seven-day-old macrophages were observed prior to (A and B) and 10
min after (C and D) the addition of borreliae. Phase-contrast (A and
C) and fluorescence (B and D) images, f-actin stained with Alexa
568-phalloidin (red) and borrelia stained against OspA (green) are
shown. (C) A single spirochete in focus is highlighted by a white arrow.
The white bar represents 10 mm. (E) Borrelia cell stained against
OspA, as seen on a confocal laser scanning micrograph, with super-
imposition of four horizontal sections. The white bar represents 5 mm.
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with constitutively active (V12CDC42Hs and V12Rac) or in-
active (N17CDC42Hs and N17Rac) GTPase mutants or with
C3-transferase, an inhibitor of Rho. (Note that microinjection
of constitutively active V14Rho led to contraction of macro-
phages and was therefore not evaluated.) Subsequently, mac-
rophages were infected with a fixed number of borreliae, and
the formation of f-actin-rich structures was evaluated.

The number (mean 6 the SD) of f-actin-rich structures in
macrophages injected with GST was set to 100% (66.2%;
Fig. 4), since this control population showed a clear reduc-
tion in structure formation compared to uninjected macro-
phages (138.1% 6 32.9%; Fig. 4), indicating an influence of
the microinjection procedure per se. Macrophages injected
with constitutively active V12CDC42Hs showed no differ-
ence in structure formation compared to GST-injected cells
(109.5% 6 38.1%; Fig. 4). Microinjection of constitutively
inactive N17CDC42Hs, however, resulted in a marked de-
crease in structure formation (34.8% 6 5.2%; Fig. 4). A similar
tendency emerged for Rac, since macrophages microinjected

with constitutively active V12Rac1 yielded values comparable
to those of the GST control (106.2% 6 30.5%; Fig. 4), while
microinjection of constitutively inactive N17Rac1 resulted
in a decrease in structure formation (71.4% 6 13.3%; Fig.
4), although not as pronounced as with the microinjection
of N17CDC42Hs. Microinjection of the Rho-inhibitor C3
transferase had no discernible effect on structure forma-
tion (100% 6 9.5%; Fig. 4). However, injected macrophages
showed a tendency for spreading, which is in line with earlier
findings of Rho being a negative regulator of monocyte spread-
ing (2), while at the same time indicating that Rho activity was
indeed blocked in these experiments.

Formation of f-actin-rich structures was subsequently corre-
lated with the number of attached borreliae per macrophage
(Fig. 4, inset). Interestingly, the observed reductions in the
number of structures upon microinjection of N17CDC42Hs or
N17Rac1 were accompanied by higher means of attached bor-
reliae when compared to GST-injected cells (Fig. 4, inset). This
clearly indicates that the lower number of f-actin-rich struc-

FIG. 2. Interaction of borreliae with primary human macrophages is associated with the formation of f-actin-rich structures. (A to C)
Fluorescence micrographs, obtained 10 min after the addition of borrelia, showing the apical part of the macrophage with the attached spirochete
in focus. OspA staining in green (A), actin staining in red (B), and an overlay of images A and B (C). The yellow color indicates colocalization
of f-actin accumulation and OspA. (D to G) Overlays of confocal laser scanning micrographs of ventral macrophage parts, obtained 45 min after
the addition of borreliae. OspA staining is green; actin staining is red. (D) Superimposition of three horizontal sections (x and y axes are indicated).
(E to G) Vertical sections of detail (white box) from panel D (virtual cutting axis parallel to the x axis), showing the association of spirochete with
f-actin-rich structure, obtained by vertical sectioning each time of the 16 horizontal sections (The z axis is indicated). The white bars represent 10
mm for all pictures of the same sizes.
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tures in both cases was not due to fewer attached spirochetes
but instead was a result of the injected GTPase mutants.

In sum, microinjection of both constitutively inactive
N17CDC42Hs and N17Rac1 had a negative effect on the for-
mation of borrelia-induced f-actin accumulations, indicating
the involvement of CDC42Hs and Rac1 in coiling phagocytosis
of B. burgdorferi by primary human macrophages. Rho activity
does not seem to play a part in this process.

DISCUSSION

We investigated here the uptake of B. burgdorferi via coiling
phagocytosis by primary human macrophages. We placed par-

ticular emphasis on the involvement of the actin polymeriza-
tion machinery of the host cell in this phenomenon.

Interaction of borreliae with macrophages was associated
with the formation of f-actin-rich structures, which resembled
rearranged pseudopods extending from the macrophage cell.
This is in line with earlier studies wherein localized actin poly-
merization has been described as the driving force for engulf-
ment in FcgR and CR3-mediated phagocytosis (1, 20). It has
been speculated that the generation of unilateral pseudopods,
one of the hallmarks of coiling phagocytosis, may result from
asymmetrical clustering of receptors at the microbial attach-
ment site and that this possibly applies to CR3-dependent as
well as CR-independent conditions (39). Our finding that the

FIG. 3. Interaction of borreliae with primary human macrophages is associated with the accumulation of WASp and the Arp2/3 complex. (A
to E) Confocal laser scanning micrographs, obtained 45 min after the addition of borreliae. OspA staining is red (A, B, C, and E); WASp staining
is green (A, B, D, and E). Overlays of OspA and WASp staining (A and B) and an overlay of panels C and D (E) are also shown. (A)
Superimposition of three horizontal sections (the x and y axes are indicated); the WASp accumulation is indicated by white arrows. (B to E)
Vertical sections of details from panel A, showing association of the spirochete with WASp accumulation, gained by vertical sectioning of each of
the 16 horizontal sections (the z axis is indicated), with the virtual cutting axis parallel to the x axis (B) or parallel to the y axis (C to E). The white
bars represent 10 mm (A), 5 mm (B), or 0.5 mm (C to E). (F to K) Confocal laser scanning micrographs, with OspA staining in red (F, G, H, I,
and K), p41Arc staining in green (F, G, H, J, and K), overlays of OspA and p41Arc staining (F, G, and H), and an overlay of panels I and J (K).
(F) Superimposition of three horizontal sections (the x and y axes are as indicated for panel A), with granular Arp2/3 accumulation indicated by
the white arrows. (G to K) Vertical sections of details from panel A, showing the association of the spirochete with Arp2/3 accumulation, gained
by vertical sectioning of each of the 16 horizontal sections (the z axis is as indicated for panel B), with a virtual cutting axis parallel to the x axis
(G and H) or parallel to the y axis (I to K). The white bars represent 5 mm (F to H) or 1 mm (I to K).
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observed f-actin-rich structures, which most probably corre-
spond to such unilateral pseudopods, are induced in large
numbers (in contrast to nonopsonized conditions) by both,
complement- and IgG-opsonized borreliae, fits well with such
a model.

We cannot exclude that some of the observed structures are
due to uptake processes different from coiling phagocytosis.
However, the high incidence of this phenomenon in B. burg-
dorferi uptake (60 to 70% of phagocytosis events of borreliae
by human macrophages) (38) and the microscopic evaluation
of a large number of structures (n . 100), most of which
showed signs of coiling, should render the statistical error
derived from such events negligible.

Recently, a mechanism called tube phagocytosis has been
described for the uptake of complement-opsonized borreliae
by human neutrophils (42). The eponymous tubes resemble
the f-actin-rich structures described here and, ultimately, both
phenomena might be different descriptions of the same mech-
anism. It has to be stressed that so-called tube phagocytosis has
only been investigated by use of video-enhanced dark-field
microscopy, which has a resolution far below our technique
described here.

Entry of B. burgdorferi into macrophages was found to be
end-on, as decribed previously (30), with the most massive and
probably also initial actin accumulations occurring at the tip of
the spirochete contacting the host cell. In this context, it is
worth mentioning that spirochete tips have been considered

specialized regions, since these are able to bind a variety of
host cell factors, for example, plasminogen or fibronectin (12,
21). Binding of plasminogen by B. burgdorferi has also been
shown to enhance penetration of endothelial cells (10).

Actin polymerization involves members of the WASp family
of proteins and also the actin-nucleating Arp2/3 complex (re-
viewed in reference 18). Therefore, we went on to look at
whether this is also true for coiling phagocytosis of borreliae.
Indeed, we could show that both WASp and the Arp2/3 com-
plex are recruited to these borrelia-induced uptake structures,
where they presumably induce the observed massive actin ac-
cumulations. WASp was mostly present in a uniform distribu-
tion, while Arp2/3 complex was also found in the form of
distinct dot-like structures very closely associated with the spi-
rochete cell, a finding reminiscent of previously reported punc-
tate foci of Arp2/3 found in CR3-mediated phagocytosis (28).

Particles taken up via FcgR-mediated phagocytosis are en-
gulfed by lamellipodia, which contain more or less uniformely
distributed regulatory proteins (4, 28). On the other hand,
uptake via CR3-mediated phagocytosis does not involve sub-
stantial extensions of the phagocyte surface, while actin-asso-
ciated proteins such as the Arp2/3 complex are often found in
punctate foci at the respective phagosomes (4, 20, 28). Coiling
phagocytosis of borreliae by macrophages therefore takes a
somewhat intermediate position, since spirochetes are en-
gulfed by huge, although unilateral, pseudopods (39), as in
FcgR-mediated phagocytosis, and yet the nucleating Arp2/3

FIG. 4. Formation of borrelia-induced f-actin-rich structures in macrophages is influenced by the small GTPases CDC42Hs and Rac1.
Macrophages (7 to 10 days old) were microinjected with the proteins indicated. After 45 min of incubation, cells were infected with B. afzelii, PKo97
K37, at a spirochete/cell ratio of 10:1, washed, and fixed after an additional 45 min of coincubation. The number of borrelia-induced f-actin-rich
structures was determined by a triple fluorescence technique (bacterial DNA was stained with DAPI; injected macrophages were stained with
anti-rat IgG; f-actin was stained with Alexa 568-phalloidin; see Materials and Methods). Each value represents the mean 6 the SD of three
independent experiments with 30 cells evaluated per experiment. The mean value of structures formed after the injection of GST was set as 100%.
For differences between this standard and values gained for proteins other than GST, a P value of ,0.05 was considered to be significant (as
indicated by an asterisk). (Inset) Means 6 the SD of attached borreliae per macrophage as evaluated for each microinjected protein.
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complex is also present in distinct dots in the phagocytosis
structure, as described for CR3-mediated phagocytosis (28).

The different properties of all these uptake structures are
also reflected by the requirements for different Rho GTPases.
FcgR-phagocytosis has been shown to depend on CDC42Hs
and Rac1 (9, 27), while CR3-mediated phagocytosis is con-
trolled by Rho (9). At first, this seems to contradict our results
of serum-opsonized borreliae taken up via a CDC42Hs- and
Rac-controlled pathway. However, the former studies used
transfected cell lines as model systems, and requirements for
GTPases in phagocytosis by different cell types may be variant.
More relevantly, studies in macrophages reported the involve-
ment of CDC42Hs and Rac1 in CR3-dependent phagocytosis
(11) and of Rho in FcgR-mediated phagocytosis (16), which
corresponds well to our data.

Nascent phagosomes have been likened to podosomes, f-
actin-rich adhesion structures of monocytic cells such as mac-
rophages and osteoclasts (4, 39), because of their similar pro-
tein content (f-actin, talin, protein kinase C, and others).
According to our results, this similarity can now be extended:
podosomes in primary human macrophages, the phagocytes
used in our study, have recently been shown to contain WASp
and the Arp2/3 complex and to be controlled by CDC42Hs (24,
25), similar to the f-actin-rich phagocytic structures described
here.

In sum, we show here that coiling phagocytosis of B. burg-
dorferi by primary human macrophages involves massive actin
polymerization along the borrelia-triggered pseudopods. This
process is probably driven by WASp and the Arp2/3 complex,
which are recruited to the engulfment structures. The forma-
tion of these structures, in turn, is regulated by the small
GTPases CDC42Hs and Rac, but not by Rho. These findings
should enhance our understanding of the infection process of
B. burgdorferi and therefore contribute to devising new strate-
gies for countering Lyme disease.
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