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In this study, we used the epidermal suction blister technique, in conjunction with multiparameter flow
cytometry, to analyze the cellular and cytokine responses elicited by intradermal injection of human volunteers
with synthetic analogs for spirochetal lipoproteins and compared the responses to findings previously reported
from patients with erythema migrans (EM). Compared with peripheral blood (PB), lipopeptides derived from
the N termini of the Borrelia burgdorferi outer surface protein C and the 17-kDa lipoprotein of Treponema
pallidum (OspC-L and 17-L, respectively) elicited infiltrates enriched in monocytes/macrophages and dendritic
cells (DCs) but also containing substantial percentages of neutrophils and T cells. Monocytoid (CD11c�) and
plasmacytoid (CD11c�) DCs were selectively recruited to the skin in ratios similar to those in PB, but only the
former expressed the activation/maturation surface markers CD80, CD83, and DC-SIGN. Monocytes/macro-
phages and monocytoid DCs, but not plasmacytoid DCs, displayed significant increases in surface expression
of Toll-like receptor 1 (TLR1), TLR2, and TLR4. Staining for CD45RO and CD27 revealed that lipopeptides
preferentially recruited antigen-experienced T-cell subsets; despite their lack of antigenicity, these agonists
induced marked T-cell activation, as evidenced by surface expression of CD69, CD25, and CD71. Lipopeptides
also induced significant increases in interleukin 12 (IL-12), IL-10, gamma interferon, and most notably IL-6
without corresponding increases in serum levels of these cytokines. Although lipopeptides and EM lesional
infiltrates shared many similarities, differences were noted in a number of immunologic parameters. These
studies have provided in situ evidence for a prominent “lipoprotein effect” during human infection while at the
same time helping to pinpoint aspects of the cutaneous response that are uniquely driven by spirochetal
pathogens.

Syphilis and Lyme disease (LD) are acute and chronic in-
flammatory disorders caused by the spirochetal pathogens
Treponema pallidum and Borrelia burgdorferi, respectively (49,
74). Both are major threats to public health within the United
States and globally (37, 75). Both diseases begin with a distinc-
tive lesion at the site of inoculation (a genital sore or chancre
in the case of syphilis versus erythema migrans in Lyme dis-
ease) followed by a variety of extracutaneous manifestations
once the spirochetes disseminate hematogenously. Syphilis and
LD also are characterized by highly similar histopathological
abnormalities (24, 49), suggesting that their etiologic agents
elicit inflammatory responses in skin and other tissues via com-
mon mechanisms and pathways.

T. pallidum and B. burgdorferi lack lipopolysaccharide (LPS),
the proinflammatory constituent in the outer membranes of
gram-negative bacteria (81), but contain an abundance of li-
poproteins (11, 16, 18, 27, 28). There is now an extensive body
of in vitro evidence that spirochetal lipoproteins and synthetic
lipoprotein analogs (lipopeptides) are potent activators of in-
nate immune cells and that these pathogen-associated molec-
ular patterns (PAMPs) trigger cellular activation by binding to
the pattern recognition receptors CD14 and Toll-like receptor

1 (TLR1) and TLR2 on the surfaces of monocytes/macro-
phages and dendritic cells (DCs) (2, 3, 12, 31, 36, 42, 47, 69, 77,
87). Most recently, Wooten and colleagues (86) showed that
macrophages from TLR2-deficient mice have a dramatically
diminished response to B. burgdorferi lysates, indicating that
lipoproteins are the major PAMP in the spirochete. Based
upon these in vitro studies, it has been surmised that trepone-
mal and borrelial lipoproteins are major proinflammatory ago-
nists in syphilis and LD (64, 88). While studies with knockout
mice have clearly shown that these PRRs are essential for
containing spirochetal infection (2, 9, 10, 48, 63, 84, 86), they
constitute only indirect evidence that lipoproteins are the ac-
tual spirochetal constituents responsible for initiating protec-
tive innate responses.

Skin is a major target organ in both syphilis and LD and is
easily accessible for studying tissue-based immune processes
evoked by spirochetes and spirochetal products. In two prior
reports (65, 70), we described the use of the epidermal suction
blister technique, in conjunction with multiparameter flow cy-
tometry, as an alternative to conventional immunohistochem-
istry for characterizing cellular infiltrates within spirochete-
infected skin (i.e., erythema migrans [EM]) and skin injected
with synthetic lipohexapeptides based on the N termini of two
T. pallidum lipoproteins (TpN47 and TpN17). In this report,
we used this methodology to further analyze the complex mix-
ture of leukocyte immunophenotypes recruited into skin by
spirochetal lipopeptides and we compared these results to re-
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cent findings for patients with EM, the hallmark cutaneous
lesion of LD (65). These studies have provided in situ evidence
for a prominent “lipoprotein effect” during human infection
while at the same time helping to pinpoint aspects of the
cutaneous response that are uniquely driven by spirochetal
pathogens. Our work also illustrates how TLR-dependent re-
sponses set the stage for adaptive immunity at the tissue level
while being subject to inherent constraints that safeguard
against runaway inflammatory and autoimmune processes.

MATERIALS AND METHODS

Human subjects. Healthy volunteers without a history of syphilis or LD were
recruited by the General Clinical Research Center at the University of Connect-
icut Health Center (UCHC). A total of 53 participants, 26 males and 27 females,
ranging in age from 18 to 65 years of age, were enrolled. After written informed
consent was obtained, a complete physical examination was performed, lipopep-
tides were injected, and epidermal blisters were raised as described below; for
some patients, peripheral blood (PB) only was drawn to establish normal values
for leukocyte staining panels. LD patients were those previously described (65).
The UCHC Institutional Review Board approved all of the protocols used in this
study.

Synthetic lipopeptides. Lipohexapeptides corresponding to the N termini of
outer surface protein C of B. burgdorferi B31 (BBB19) and the 17-kDa lipopro-
tein immunogen of T. pallidum (TP0435), designated OspC-L and 17-L, respec-
tively, were synthesized and purified by Bachem Bioscience, Inc. (King of Prus-
sia, PA). All reagents had negligible amounts of LPS (�1 pg LPS/�g protein) as
measured by QCL-1000 quantitative, chromogenic Limulus assay (BioWhittaker,
Inc., Walkersville, MD) and were tested for sterility by the Laboratory Medicine
core facility at UCHC. Lyophilized lipopeptides were suspended by extensive
vortexing in sterile normal saline (Abbott Laboratories, North Chicago, IL).

Elicitation of epidermal suction blisters. For the lipopeptide portion of the
study, visits took place over three consecutive days. On the first day, subjects
were injected intradermally with 0.1 ml of lipopeptide solution (1.0 mg/ml) in
each of three sites on the volar surface of the arm. Twenty-four hours later,
epidermal blisters were raised as previously described (65, 70) by applying mild
suction (200 mm Hg) through acrylic cups applied to the skin surface and gentle
warming with a 125-W infrared lamp for 2 h. One suction cup was applied to each
of the injection sites. A thin coating of high-vacuum silicone lubricant (Dow
Corning, Midland, MI) was applied to the underside of the suction cup to ensure
an airtight seal with the surface of the skin. Fluid (BF) was aspirated from the
blisters 24 h later, at which time 10 ml of blood also was drawn. Blisters were
raised over EM lesions as described above, and blood was drawn either on the
first visit or 24 h later when the blisters were aspirated (65).

Serological assays. Subjects were tested for serologic evidence of LD or
syphilis depending on whether they received T. pallidum or B. burgdorferi li-
popeptides. Enzyme-linked immunosorbent assay and immunoblot assays for LD
and Venereal Disease Research Laboratory tests for syphilis were performed by
the UCHC clinical laboratory using standard methodologies. Immunoblots for
LD were interpreted based on standard criteria established by the Centers for
Disease Control and Prevention (17).

Antibody conjugates. The majority of antibody conjugates were purchased
from BD Biosciences Immunocytometry Systems (BDIS) (San Jose, CA) or
PharMingen (Sacramento, CA). CD1a-phycoerythrin (PE) was obtained from
Caltag Laboratories (Burlingame, CA). CD45RO-fluorescein isothiocyanate was

purchased from DAKO Corporation (Carpinteria, CA). DC-specific intercellular
adhesion molecule 3-grabbing nonintegrin (DC-SIGN)-PE was purchased from
R&D Systems (Minneapolis, MN). TLR-PE conjugates were purchased from
eBioscience (San Diego, CA). Isotype-matched antibody conjugates were ob-
tained from BDIS. The antibody panels used for four-color staining of immu-
nophenotypes in BF and PB are described in Table 1. Each panel was used on a
minimum of four normal volunteers or patients.

Cell staining and flow cytometry. Erythrocyte-depleted leukocytes from PB
and cells from BF were prepared for fluorescence-activated cell sorting (FACS)
analysis as illustrated in our earlier publications (65, 70). Cells were incubated
with 10 �g of purified human immunoglobulin G, followed by incubation with
fluorochrome-conjugated antibodies. Aliquots of erythrocyte-depleted leuko-
cytes also were incubated with a single fluorochrome-conjugated antibody or
isotype-matched control antibodies to compensate for fluorescence emission
overlap and nonspecific fluorescence, respectively. FACS analysis was performed
on a FACSCalibur dual-laser flow cytometer (BDIS) using a threshold of 52 and
appropriate forward and side scatter gates to exclude dead cells, cellular debris,
and residual erythrocytes. A minimum of 60,000 events were collected from BFs
for each staining panel. List mode multiparameter files (consisting of forward
and orthogonal scatter and three or four fluorescence parameters) were analyzed
using PAINT-A-GATEPRO (version 3.0) software (BDIS). Subpopulations of
interest were quantified as percentages of total events (or a gated subset thereof),
and their mean fluorescence intensities (MFIs) were calculated.

Cytokine measurements. The Cytokine Bead Array kit (BD Biosciences, San
Diego, CA) was used for simultaneous measurement of gamma interferon (IFN-
�), tumor necrosis factor alpha (TNF-�), interleukin 10 (IL-10), IL-6 or IL-5,
IL-4, and IL-2 in sera and BFs (21). Fifty-microliter portions of each specimen
were added to equal volumes of the cytokine bead mixture and detection reagent,
followed by 3 h of incubation at room temperature in the dark. Ten additional
tubes, each containing equal volumes of beads, detection reagent, and graded
amounts of the six cytokines, were prepared in parallel to generate a standard
curve for each cytokine. Unstained, fluorescein isothiocyanate- or PE-labeled
cytometer setup beads were prepared towards the end of the sample incubation
period. At the end of the incubation period, beads were washed with the buffer
provided in the kit and centrifuged at 200 � g for 5 min, and the supernatants
were carefully aspirated. The pellets were resuspended in 300 �l of the wash
buffer provided in the kit and assayed immediately on the FACSCalibur instru-
ment; cytokine concentrations were determined using the software provided.
IL-12 was measured using the Cytoscreen Ultrasenstitve solid-phase sandwich
enzyme-linked immunosorbent assay from Biosource International (Camarillo,
CA).

Statistics. Statistical analysis was performed utilizing Analyze-it general sta-
tistical software (Analyze-it Software, Ltd., Leeds, England) for Microsoft Excel.
For each analysis, we utilized either a paired or unpaired t test or the appropriate
nonparametric alternative (Wilcoxon). All tests were two tailed and were carried
out to the 0.05 level of significance. For all values we calculated both the standard
deviations and 95% confidence intervals of the mean. Cytokine values were also
compared by paired t tests for blister fluid and its serum counterparts and
unpaired t tests between groups.

RESULTS
T. pallidum and B. burgdorferi lipopeptides elicit cellular

infiltrates enriched in DCs and activated monocytes/macro-
phages. We previously reported (70) that intradermal injection
of synthetic lipopeptides based on the N termini of TpN17 and

TABLE 1. Antibody staining panels utilized in this studya

Panel
Target(s) of staining

Expression or cell populations identified
FITC PE PerCP APC

1 CD14 CD20 CD45 CD38 Major leukocyte populations
2 Lineage cocktail DC-SIGN and CCR5 HLA DR CD11c Activation/maturation markers on DCs
3 Lineage cocktail CD83, CD83, and CD86 CD86 CD11c Costimulatory molecules on DCs
4 TCR gamma/delta CD8 CD3 CD4 Basic T-cell subsets
5 CD45RO CD27 CD3 CD4 Differentiation of T cells
6 CD69 CD25 CD3 CD4 Activated T cells
7 CD45RO CD71 CD3 CD4 Early T-cell proliferation marker
8 Lineage cocktail TLR1, TLR2, or TLR4 HLA DR CD11c Expression of TLRs by PBMCs

a TCR, T-cell receptor; PBMCs, peripheral blood mononuclear cells; APC, antigen-presenting cells.
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TpN47 induced dose-dependent erythema and induration ob-
servable within 24 h. BFs obtained during the peak response,
approximately 48 h postinoculation, were highly cellular,
whereas fluids aspirated from sites injected with the corre-
sponding nonlipidated peptides contained on the order of 100-
fold-lower cell concentrations that precluded accurate flow-
cytometric analysis. Based on these results, parallel injections
with nonlipidated peptides were discontinued. Because a prin-
cipal objective of the present study was to assess EM lesions for
the presence of potential lipoprotein-mediated responses, we
began by synthesizing a surrogate for OspC, a major lipopro-
tein antigen expressed by B. burgdorferi within feeding ticks
and during early infection (45, 78), and comparing its in vivo
proinflammatory activity to that of the well-characterized
TpN17 lipopeptide (17-L). One-hundred-microgram doses of
either lipopeptide elicited infiltrates that were enriched in
monocytes/macrophages and DCs compared to donor-
matched PB (Table 2). The threefold-greater enrichment of
DCs in the 17-L BFs suggested that the T. pallidum lipopeptide
might be slightly more biologically active than its borrelial
counterpart. With both lipopeptides, monocytes/macrophages
in BFs expressed greater levels of CD14 (BF MFI, 878.2, ver-
sus PB MFI, 217.1; P � 0.001) and HLA-DR (BF MFI, 371.0,

versus PB MFI, 74.0; P � 0.03) on their surfaces and were
larger and more granular by forward and side scatter charac-
teristics than their circulating counterparts, indicating that the
microenvironment established by these agonists promotes
monocyte-to-macrophage differentiation. Blisters were not
raised over uninjected healthy skin, because in our experience
the cellular infiltrate obtained from these lesions is so sparse
that it is not amenable to flow-cytometric analysis (70).

Spirochetal lipopeptides selectively activate monocytoid
DCs in vivo and induce upregulation of DC-SIGN. We next
characterized the DC subpopulations in OspC-L BFs by stain-
ing with a panel of markers previously used to assess the
activation/maturation states of DCs elicited by injection of
17-L (70). The results of these experiments are summarized in
Table 3. Surface expression of CD11c distinguishes the two
principal DC subsets in PB (20). OspC-L BFs contained both
monocytoid (CD11c� or mDCs) and plasmacytoid (CD11c� or
pDCs) subsets in ratios very similar to those in PB. Surface
expression of CD83 and the costimulatory molecules CD80
and CD86 was greatly enhanced on monocytoid but not on
plasmacytoid DCs. The DC staining results for OspC-L were
so similar to those previously observed for 17-L (70) that we
did not consider it necessary to conduct head-to-head compar-

TABLE 2. Mean percentages of leukocyte populations in PB and BFa

Cell type

% Cell population

PB-NL (n � 5)
OspC-1 17-L

PB (n � 13) BF (n � 13) PB (n � 9) BF (n � 9)

PMNd 56.6 (46.9–66.4) 46.2 (36.7–55.7) 36.4 (26.3–46.4) 42.6 (26.1–59.1) 39.3 (27.3–51.3)
T cells 24.4 (15.1–33.3) 32.4 (23.8–41.0) 30.02 (15.9–44.1) 34.2 (23.5–44.8) 25.1 (20.6–29.6)
Monocytes 8.1 (5.1–10.9) 8.7 (6.7–10.6) 18.0 (10.5–25.5)c 11.0 (8.3–13.6) 18.6 (11.2–25.9)c

Plasma cells 0.05 (0.03–0.07) 0.02 (0.01–0.04) 0.02 (0–0.05) ND ND
B cells 2.5 (0–14.5) 2.8 (1.1–4.4) 0.5 (0.1–0.8) 4.4 (0.2–8.5) 0.8 (0.05–1.2)
Dendritic cells 0.5 (0.3–0.6) 0.4 (0.3–0.5) 3.1 (1.9–4.2)bc 0.4 (0.2–0.5) 9.3 (3.4–15.2)c

a Comparison between healthy control PB (PB-NL) and PB and BF from subjects injected with either OspC-1 or 17-l. Numbers shown are mean percentages with
95% confidence intervals in parentheses.

b Significantly different (P � 0.02), OspC-1 BF DCs versus 17-l BF DCs.
c Significantly different (P � 0.05), BF versus PB.
d Polymorphonuclear leukocytes.

TABLE 3. Mean percentages of dendritic cell immunophenotypes in PB and BFa

Surface antigen

% Cells with immunophenotype

Lipopeptide-injected subjects
Control blood (PB-NL)

(n � 6)Sample
size PB BF

CD11c� DCs 22 50.2 (41.9–58.5) 60.6 (50.7–70.7) 61.0 (47.7–74.2)
CD83� 5 0.4 (�0.4–0.9) 53.0 (5.4–100.6)b 0.17 (�0.3–0.6)
CD86� 5 13.8 (�0.8–28.4) 59.9 (32.01–87.6)b 5.6 (�7.9–19.2)
CD80� 5 1.5 (�0.2–3.3) 38.8 (14.5–63.1)b 2.5 (�0.26–5.3)
DC-SIGNc 6 5.0 (0.4–9.7) 46.7 (19.5–73.8)c 7.3 (0.4–14.2)

CD11c� DCs 19 47.7 (39.1–56.2) 38.1 (27.5–48.6) 38.7 (22.7–54.6)
CD83� 5 0 1.9 (�1.8–5.7) 0.3 (�0.5–1.1)
CD86� 5 12.6 (�2.7–27.9) 9.3 (�5.9–24.6) 2.9 (�1.9–7.6)
CD80� 5 15.1 (�6.0–36.2) 1.7 (0.1–3.2) 11.3 (�1.1–23.8)
DC-SIGNc 6 3.2 (�1.2–7.8) 12.2 (�9.5–33.9) 6.8 (0.5–13.2)

a Numbers shown are mean percentages with 95% confidence intervals.
b Significantly different (P � 0.05), PB versus BF.
c DC-SIGN analysis includes three samples for OspC-1 and three samples for 17-l.
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isons of the two lipopeptides on skin-infiltrating DCs. Instead,
we extended our panel of DC activation/maturation markers
by examining the effect of lipopeptide (17-L) on surface ex-
pression of DC-SIGN, a member of the C-type lectin family
that has attracted considerable attention in recent years be-
cause of its involvement in DC–T-cell interactions during an-
tigen priming, microbial recognition and signaling, and trans-
mission of human immunodeficiency virus (HIV) (14, 59, 82).
As shown in Table 3, injection of OspC-L and 17-L induced a
highly significant upregulation of DC-SIGN on mDCs and
monocytes/macrophages but not on pDCs.

Lipopeptides induce enhanced expression of TLRs on mono-
cytes/macrophages and mDCs. In vitro studies have estab-
lished that cellular activation by TLR-dependent ligands influ-
ences both TLR expression profiles and responsiveness to
cognate and noncognate PAMPs (26, 67, 73). To learn more
about the in vivo effects of PAMPs on TLR expression, we
assessed how lipopeptides affect TLRs on skin-infiltrating leu-
kocytes. In addition to TLR1 and TLR2, we analyzed expres-
sion of TLR4, the LPS receptor (60), as a means of detecting
cross talk between TLR signaling pathways. The results of
these experiments are presented in Table 4. Marked increases
in the percentages of mDCs and monocytes/macrophages ex-
pressing all three TLRs were observed in BFs. Small increases
in surface staining for TLR2 also were observed on BF T cells,
with the increases for OspC-L being statistically significant.
This finding is provocative in light of recent work suggesting
that TLR2 serves as a costimulatory receptor for antigen-spe-
cific T-cell development and participates in the maintenance of
T-cell memory (41).

Selective recruitment and activation of antigen (Ag)-experi-
enced T-cell immunophenotypes by lipopeptides. We previ-
ously noted that a large majority (ca. 80%) of the T cells in
lipopeptide BFs expressed the skin homing receptor cutaneous
lymphocyte antigen (CLA) (70). While CLA expression is
known to be restricted to T cells that were Ag sensitized in

skin-draining lymph nodes (43), this result provided little in-
sight into the types of memory and effector-T-cell subsets that
are recruited to skin in our experimental human model. To
obtain this information, we stained T cells in PB and BFs for
CD27 and CD45RO, surface markers commonly used to dis-

FIG. 1. Characterization (percentage of cells and standard error of
the mean) by flow cytometry of CD4� and CD8� T lymphocytes based
upon surface expression of CD45RO and CD27. Cells in PB of a
normal volunteer (NL-PB) or in blister fluid from lipopeptide-injected
sites (lipopeptide-BF) or erythema migrans lesions from a Lyme dis-
ease patient (EM-BF) were stained with antibody conjugates specific
for CD45R0, CD27, CD4, and CD3. CD8� T lymphocytes were iden-
tified as CD3�/CD4� cells.

TABLE 4. Mean percentage expression of Toll-like receptors (TLR-1, -2, and -4) on dendritic cells, macrophages, and T cellsa

Cell group and
TLR

% Expression of TLR

PB-NL (n � 6)
OspC-1 17L

EM in BF (n � 5)
PB (n � 4) BF (n � 4) PB (n � 5) BF (n � 5)

CD11c� DCs
TLR1 1.0 (0.3–1.7) 1.2 (�0.2–2.5) 37.4 (�19.3–94.1)b 0.34 (0–0.7) 50.5 (23.4–77.7)b 74.3 (54.8–93.6)
TLR2 2.9 (0–5.7) 3.0 (�1.7–7.9) 56.6 (20.2–92.9)b 1.6 (�0.1–.3) 60.7 (41.3–80.1)b 80.9 (65.4–96.4)
TLR4 1.7 (0–3.9) 2.1 (�0.9–5.1) 45.8 (25.6–65.9)b 5.6 (�5.8–17.0) 55.8 (36.8–74.7)b 80.6 (68.49–92.6)

CD11c� DCs
TLR1 2.7 (0–5.0) 1.9 (�1.3–5.6) 4.1 (0.2–8.0) 2.9 (�3.0–8.8) 3.9 (�1.6–9.3) 33.2 (9.6–56.7)
TLR2 2.7 (0–5.7) 0.8 (�0.4–1.9) 6.6 (�10.0–23.2) 0.5 (�0.2–1.3) 6.5 (�5.2–18.3) 29.9 (6.7–53.1)
TLR4 5.2 (0–3.9) 1.2 (0.2–2.2) 1.7 (�0.4–3.7) 1.0 (�0.8–2.9) 10.7 (1.3–20.1) 30.2 (1.3–58.9)

Macrophages
TLR1 1.3 (0.4–2.17) 5.7 (�1.3–12.7) 49.4 (�36.1–134.9)b 3.6 (0.9–6.4) 44.9 (0.3–89.5)b 57.2 (30.7–83.6)
TLR2 1.9 (0.2–3.5) 6.2 (�4.7–17.1) 58.9 (�1.7–119.4)b 3.3 (�0.3–6.7) 70.8 (30.5–111.0)b 60.1 (40.2–87.8)
TLR4 12.4 (10.8–13.9) 7.7 (�4.4–19.7) 52.4 (11.0–93.7)b 1.8 (0.6–3.0) 55.6 (31.1–80.0)b 53.3 (24.4–82.1)

T cells
TLR1 0.8 (0.2–1.3) 0.7 (0.4–0.8) 1.3 (0.1–2.7) 1.9 (�2.9–6.8) 1.4 (�0.7–3.5) 1.6 (0.69–2.4)
TLR2 0.4 (0.09–0.69) 0.6 (0.4–0.8) 2.8 (0.5–5.1)b 0.9 (�0.1–1.8) 3.3 (0.4–6.2) 3.2 (0–7.1)
TLR4 0.6 (0–1.2) 0.6 (0.07–1.2) 1.3 (0.4–2.1) 0.9 (0–1.7) 5.3 (�4.1–14.6) 2.2 (0.51–4.9)

a Results are shown for peripheral blood from normal volunteers (PB-NL), OspC-1, and 17L elicited BF and corresponding PB and EM lesions. Mean percentages
with 95% confidence intervals in parentheses.

b Significantly different (P � 0.05), OspC-1 PB versus OspC-1 BF.
c Significantly different (P � 0.05), PB versus BF.
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tinguish naive from Ag-experienced T lymphocytes; it should
be noted that the functions of T-cell subpopulations expressing
combinations of these markers have been extensively studied
during human infection (4, 34, 35). As shown in Fig. 1, with
both CD4� and CD8� T cells, there was unambiguous skewing
towards Ag-sensitized immunophenotypes within the cutane-
ous milieu. This trend was particularly notable for CD4� T
cells, which, compared to their PB counterparts, were signifi-
cantly enriched for cells belonging to the memory (CD27�/
CD45RO�), memory-effector (CD27�/CD45RO�), and effec-
tor (CD27�/CD45RO�) subsets.

We also previously observed that approximately 10% of the
T cells in lipopeptide BFs were HLA-DR� as opposed to only
1 to 2% of circulating T cells (70). This result, suggesting that
T lymphocytes become activated in the inflammatory milieu
established by lipopeptides, was intriguing given that these
agonists, unlike their full-length, native counterparts, are not
bona fide antigens. We therefore stained BF and PB T cells for
surface expression of CD69 and CD25 in order to more fully
assess the activation states of the skin-infiltrating T cells. As
shown in Table 5, approximately 40% of CD4� and CD8� T
cells expressed one or both activation markers, percentages far
greater than those in PB. The greater percentages of both
CD4� and CD8� cells expressing CD25 were consistent with
the more transient expression kinetics of CD69 when T cells
are stimulated with mitogen or antigen in vitro (15). Small but
statistically significant percentages of both CD4� and CD8� T

cells also expressed the early proliferation marker CD71 (33);
expression of this antigen was largely confined to CD45RO�

(i.e., memory) T-cell subsets (Table 5).
In vivo cytokine responses elicited by lipopeptides. Mea-

surement of cytokine levels was performed to further elucidate
lipopeptide-induced responses in vivo (Table 6). Not unexpect-
edly, serum cytokine levels in volunteers receiving lipopeptides
were extremely low and did not differ significantly from levels
in uninjected controls. Compared to PB, BFs from lipopeptide-
injected sites contained modest but significantly increased lev-
els of IL-10 and strikingly increased concentrations of IL-6. It
should be noted that these IL-6 values are 5- to 10-fold greater
than those measured in BFs from normal skin (65). Interest-
ingly, although microbial lipoproteins/lipopeptides are strong
in vitro inducers of TNF-� and IL-12 secretion by DCs and
monocytes/macrophages (42, 62, 79), TNF-� was not detected
in lipopeptide BFs, while IL-12 showed only a minimal in-
crease. Moreover, despite the flow-cytometric evidence for T-
cell activation, we were unable to detect increases in the T-cell-
derived cytokine IL-4. Using an in vitro system in which DCs
are preactivated with PAMPs, Agrawal et al. (1) found that the
generic microbial lipopeptide Pam3Cys-Ser-Lys4 skewed T-
cell differentiation towards a limited Th2 response based on
detection of IL-5 but not IL-4 in culture supernatants. To be
sure we were not overlooking an analogous, limited Th2 re-
sponse in our human model, we also assayed IL-5 levels in BFs
from six OspC-L-injected recipients. Levels of this cytokine in

TABLE 5. Characterization of T-cell immunophenotypes in PB and BFa

Surface antigens or phenotype

% Cells with immunophenotype

PB-NL
OspC-1 and 17-lc

PB BF

CD4/CD8d

CD3� CD4� 57.0 (48.1–65.9) 62.7 (56.6–68.9) 67.7 (61.9–73.5)
CD3� CD8� 34.1 (22.7–45.3) 37.2 (30.9–43.4) 32.3 (26.5–38.1)

CD25/CD69e

CD4� CD25� CD69� 6.25 (0.8–11.6) 7.9 (4.5–11.3) 21.3 (13.9–28.6)b

CD4� CD25� CD69� 0.3 (0.04–0.6) 1.2 (�1.2–3.6) 13.9 (7.1–20.7)b

CD4� CD25� CD69� 0.02 (0–0.06) 0.1 (0.00–0.2) 10.8 (0.5–21.1)b

CD4� CD25� CD69� 93.4 (88.2–98.6) 90.5 (88.8–92.2) 54.0 (37.8–70.2)b

CD8� CD25� CD69� 0.5 (0.02–0.99) 0.8 (�0.1–1.6) 27.4 (4.5–50.5)b

CD8� CD25� CD69� 1.5 (�0.3–3.4) 0.5 (0.1–0.9) 3.8 (0.2–7.4)
CD8� CD25� CD69� 0 (0–0) 0.1 (0.001–0.1) 6.3 (0.2–7.4)
CD8� CD25� CD69� 97.9 (96.1–99.8) 98.7 (97.9–99.5) 62.4 (35.7–89.0)b

CD45RO/CD71f

CD4� CD71� CD45RO� 0.1 (0–0.2) 0.2 (�0.2–0.3) 0 (0–0)
CD4� CD71� CD45RO� 51.5 (40.1–52.9) 30.7 (21.3–40.2) 77.2 (67.2–87.1)b

CD4� CD71� CD45RO� 0.62 (0.4–0.9) 0.6 (0.4–0.9) 10.7 (5.5–15.8)b

CD4� CD71� CD45RO� 49.46 (36.1–59.2) 68.3 (59.1–77.6) 11.5 (4.5–18.5)b

CD8� CD71� CD45RO� 0.12 (0–0.3) 0.1 (0.02–0.2) 1.1 (0.2–1.9)
CD8� CD71� CD45RO� 32.4 (23.7–41.1) 20.7 (13.9–27.4) 45.8 (31.5–60.1)b

CD8� CD71� CD45RO� 0.2 (0.1–0.3) 0.2 (0.1–0.2) 4.6 (2.4–6.8)b

CD8� CD71� CD45RO� 67.3 (58.6–76.1) 79.1 (72.3–85.7) 48.5 (32.8–64.2)b

a Numbers shown are mean percentages with 95% confidence intervals in parentheses. PB-NL, normal (control) blood.
b Significantly different (P � 0.05), PB versus BF.
c Each T-cell panel is derived from a combination of subjects injected with either 17-l or OspC-1.
d For PB-NL, n � 11 samples; for PB, n � 12 samples; for BF, n � 12 samples.
e For PB-NL, n � 5 samples; for PB, n � 7 samples; for BF, n � 7 samples.
f For PB-NL, n � 5 samples; for PB, n � 7 samples; for BF, n � 6 samples.
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BFs were no greater than those in the corresponding donor
sera (Table 6).

Lipopeptides and LD spirochetes elicit overlapping but dis-
tinct cutaneous cellular and cytokine responses. Finally, we
compared the leukocyte subsets and cytokines elicited by li-
popeptides with those observed during actual infection (i.e.,
EM) as a means of identifying components of the local re-
sponse to B. burgdorferi that are likely caused by borrelial
lipoproteins. Both stimuli elicited cellular infiltrates with sim-
ilar composition, the principal difference being the statistically
significant enrichment for T cells observed in EM BFs (65).
The percentages of memory, memory/effector, and effector T
cells within the two set of BFs, on the other hand, were re-
markably similar (Fig. 1). Monocytoid DCs in both sets of BFs
showed similarly high levels of expression of CD83 and CD80.
CD80 was not detected on plasmacytoid DCs in either group of
fluids. A striking dichotomy was observed for the maturation
marker CD83, which was significantly upregulated only on
EM-derived plasmacytoid DCs (Fig. 2). A similar, though less
pronounced, dichotomy also was observed for expression of
TLRs on plasmacytoid DCs from the two sets of BFs (Fig. 2
and Table 4). Differences also were evident in the cytokine
profiles of the two sets of fluids. IL-6 levels, already quite
elevated in lipopeptide BFs, were even higher in EM BFs; even

more notable were the markedly elevated levels of IFN-� and
IL-12 in EM BFs (Table 6).

DISCUSSION

Despite numerous reports documenting the proinflamma-
tory activities of microbial lipoproteins and corresponding syn-
thetic analogs, strategies for assessing the in situ biological
activities of these proinflammatory agonists and evaluating
their contribution to the response elicited by the virulent
pathogen have been hard to devise, particularly with humans.
Whereas in vitro studies of innate or adaptive responses tend
to focus on one or a limited number of immune cell types, the
suction blister methodology affords a comprehensive picture of
cellular responses elicited by inflammatory stimuli within a
complex tissue environment highly relevant to spirochetal in-
fection, human skin. Moreover, as noted below, in a number of
instances, findings from our human model differed, sometimes
strikingly, from those obtained in analogous in vitro or ex vivo
investigations. Ideally we would have liked to obtain specimens
from secondary syphilis patients for comparison with EM le-
sions and sites injected with lipopeptides. However, even with
the current upsurge among men who have sex with men, inci-
dence rates for new cases of syphilis have dropped substantially
in the United States during the past decade (25). Nevertheless,
we believe that our results can be extrapolated to syphilis given
the abundance of lipoproteins in both T. pallidum and B. burg-
dorferi, the stereotypical nature of responses to these TLR2/1-
dependent agonists in vitro and in vivo (42, 50, 51, 53, 54, 61),
corroborated further herein using OspC-L and 17-L, and the
similar histopathological abnormalities induced by these two
pathogens (24, 49).

Intradermal injection of lipopeptides and cutaneous infec-
tion with B. burgdorferi elicit a complex mixture of leukocytes
derived from both the innate and adaptive arms of the cellular
immune response. These results contrast with the overwhelm-
ing predominance of T lymphocytes in BFs from tuberculin
skin reactions (57) and cells eluted from biopsies of contact
hypersensitivity reactions (8). The substantial overlap in the
composition of lipopeptide-induced and EM lesional infiltrates
supports our principal hypothesis that during infection, spiro-
chetal lipoproteins create a proinflammatory milieu that re-
cruits from PB diverse leukocyte immunophenotypes capable

FIG. 2. Characterization of CD83 and TLR-2 expression by plas-
macytoid dendritic (CD11c-) cells from blister fluid derived from
erythema migrans lesions (EM) and blister fluid from lipopeptide
(OspC-l)-injected skin lesions. DCs were identified as lineage-nega-
tive, HLA-DR� cells and then further gated with respect to the ex-
pression of CD11c to identify plasmacytoid (CD11c�) subsets. Bar
graphs shown represent the means and corresponding standard errors.

TABLE 6. Cytokine levels in blister fluid from lipopeptide-injected subjects (OspC-1 and 17-L) and erythema migrans lesions (EM)a

Cytokine
Cytokine level in BF

Control blood (n � 6) OspC-1 (n � 14) 17-L (n � 7) EM (n � 20)

IFN-� 12.6 (7.8–17.3) 73.9 (21.4–126.5)b 55.2 (8.6–101.7)b 3590.4 (390.8–6790.9)c

TNF-� 1.9 (0.9–2.9) 11.7 (2.0–21.5) 3.7 (1.8–5.5) 31.0 (9.4–52.6)
IL-2 4.5 (2.9–6.0) 11.5 (0.1–23.0) 6.5 (2.7–9.1) 12.6 (5.4–19.8)
IL-4 5.7 (2.3–9.1) 11.4 (2.2–20.7) 7.1 (3.3–10.9) 15.1 (10.2–20.1)
IL-5 6.9 (�2.3–16.2) 12.2 (�2.8–27.2) ND 24.9 (19.8–30.1)
IL-6 11.7 (�11.8–35.3) 1448 (34.6–2863.2)b 2309.1 (412.7–4205.5)b 3535.9 (1207.8–5864.1)b

IL-10 2.5 (1.9–3.2) 47.1 (22.4–71.4)b 303.4 (�64.4–671.2)b 84.1 (7.4–169.8)b

IL-12 21.4 (�8.0–50.9) 52.3 (0.8–103.9) 88.5 (49.1–127.9)b 1495.7 (�7.9–2999.7)d

a Numbers shown are mean pictogram values with 95% confidence intervals in parentheses.
b Significantly different (P � 0.05), lipopeptide-induced BF versus control PB.
c Significantly different (P � 0.05), lipopeptide-induced BF versus EM.
d P � 0.058, OspC1 versus EM from Lyme disease patients; and P � 0.06 (17-l versus LD).
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of trafficking into inflamed skin (64). The chemotactic and
homing signals that attract this mixed infiltrate presumably are
generated initially by lipoprotein-responsive elements resident
in uninflamed skin (43), such as vascular endothelium (29, 68),
keratinocytes (58), and Langerhans cells (76), and then subse-
quently amplified as extravasating leukocytes join the local
inflammatory cascade.

Monocytes/macrophages and mDCs are highly responsive to
microbial lipoproteins and lipopeptides in vitro. The replica-
tion of these findings in our human model is in line with the
premise that spirochetal lipoproteins are directly involved in
the activation as well as the recruitment of these two principal
innate immune cell types during infection. A novel observation
along these lines was the upregulation of DC-SIGN on skin-
infiltrating mDCs and monocytes/macrophages. Cross talk be-
tween DC-SIGN and TLR signaling pathways during microbial
sensing and recognition already has been documented (82); to
our knowledge, however, ours is the first report directly linking
the stimulation of TLR2/1 pathways with upregulation of this
C-type lectin. T. pallidum and treponemal lipoproteins/li-
popeptides also induce expression of CCR5, the principal co-
receptor for macrophage-tropic (i.e., sexually transmitted)
HIV strains, on macrophages and DCs, and CCR5� CD4� T
cells are recruited selectively into lipopeptide-injected skin (70,
71). The findings described herein for DC-SIGN, along with
these earlier observations, demonstrate that spirochetes and/or
spirochetal products have the capacity to bring together all of
the cellular elements and surface molecules required for highly
efficient transmission of the AIDS virus during sexual activity.

While activation of monocytes/macrophages and mDCs by
lipopeptides in vivo was not unexpected, the cytokine profile of
the lipopeptide BFs, most notably the absence of TNF-� and
the modestly elevated levels of IL-12, was surprising in light of
in vitro and ex vivo studies with these same or related agonists
(23, 42, 62, 79). In contrast, elevated levels of TNF-� and
markedly increased concentrations of IL-12 were observed in
EM BFs. Consistent with our own findings, a number of inves-
tigators have reported that spirochetes and spirochetal li-
poproteins stimulate macrophages to produce the anti-inflam-
matory mediator IL-10 (13, 22, 30, 32). IFN-�, a hallmark
cytokine of adaptive immunity, markedly augments production
of IL-12 and TNF-� by monocytes and mDCs stimulated with
diverse PAMPs and infectious agents (42, 46, 80). These two
sets of observations provide a plausible explanation for the
disparate cytokine profiles in lipopeptide and EM BFs. The
anti-inflammatory effect of IL-10, acting unopposed during
lipopeptide reactions, could be counterbalanced by the high
levels of IFN-� produced by Ag-stimulated T cells within in-
fected skin.

Because monocytes isolated from PB will differentiate into
DCs during in vitro incubation with monocyte-conditioned me-
dium or combinations of cytokines, typically IL-4 and granu-
locyte-macrophage colony-stimulating factor, one might sur-
mise that the mDCs in lipopeptides and EM BFs arose from
extravasated monocytes. Multiple lines of evidence collectively
argue, instead, that these two cell types, already diverged from
a common progenitor in bone marrow (6), continue along
distinct maturation pathways within inflamed skin in order to
fulfill specialized functions in pathogen clearance (i.e., macro-
phages) and pathogen sensing (i.e., mDCs). Among these are

(i) the higher levels of CD14 expressed on monocytes/macro-
phages in BF than in PB; (ii) the nearly identical ratios of mDC
to pDC in BF and PB; (iii) the lack of appreciable IL-4 in both
sets of BFs; and most importantly, (iv) the extremely high
levels of IL-6, a cytokine known to promote differentiation of
monocytes to macrophages rather than to DCs (19). The up-
regulation of surface TLRs observed on both mDCs and
monocytes/macrophages indicates that these two leukocyte
subpopulations continue to share a lipopeptide-mediated pos-
itive feedback loop that potentially enhances their responsive-
ness to the inciting agonist, as well as to other PAMPs, during
a perceived time of danger.

Plasmacytoid DCs are a newly recognized DC subset with
poorly defined roles in Ag presentation, immunoregulation,
and pathogen sensing (20). Current notions about pDC func-
tion have been strongly influenced by their distinctive cytokine/
chemokine secretory profiles, most notably their ability to pro-
duce copious amounts of IFN-�/	 in response to viruses and
viral nucleic acids, their limited ability to prime naive T cells,
and immunocytochemical studies localizing them to secondary
lymphoid tissues (20). As a result, it is widely believed that
pDCs migrate from PB to inflamed lymph nodes, where they
influence T-cell clonal expansion and polarization via the pro-
duction of IFN-� and other inflammatory mediators (e.g., IL-
12); mDCs, by contrast, are thought to have a unique capacity
to traffic into infected peripheral sites, where they acquire Ag
and then migrate to draining lymph nodes for T-cell priming
(7, 20, 52, 56). Our findings that pDCs are enriched in lipopep-
tide-elicited and EM lesional infiltrates and that the ratios of
pDCs and mDCs in the two sets of BFs mirror those in PB
indicate that the two DC subsets manifest comparable skin-
trafficking capabilities at least in response to some proinflam-
matory stimuli. Indeed, recent reports identifying pDCs in
infiltrates associated with chronic inflammatory skin conditions
(8, 85), synovial fluids from patients with rheumatoid and pso-
riatic arthritis (44), and cerebrospinal fluids from patients with
inflammatory neurological disorders (55) are further evidence
that these cells routinely recognize homing signals generated
by nonlymphoid compartments. While lipopeptides and spiro-
chetes were similarly capable of attracting circulating pDCs
into skin, only the latter provided the requisite maturation
signals for this DC subset. The inability of lipopeptides to
activate pDCs is consistent with ex vivo studies showing that
immature pDCs isolated from PB do not express TLR2 or -1
and are unresponsive to TLR2/1-dependent agonists (39, 40).
Immature pDCs do, however, express TLR9, the receptor for
unmethylated CpG motifs in bacterial DNA (39, 40), and B.
burgdorferi DNA could, therefore, be responsible for the se-
lective activation of pDCs in EM lesions. A striking and unex-
pected observation was that sizable percentages of pDCs in
EM BFs stained positively for TLR1, -2 and -4, molecules
which are not considered to be part of their TLR repertoire
(38–40). Although the infection-specific signals inducing this
infection-specific maturation program are unidentified, it is
clear that pDCs possess a much greater plasticity in the TLR
expression profile, and presumably corresponding PAMP re-
sponsiveness, than has been previously discerned. Still enig-
matic is the function of these cells at the site of infection given
their lack of expression of costimulatory molecules and the low
levels of IFN-� in EM BFs.
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In summary, we found that lipopeptides recruit to the skin
all of the cellular elements required for a flexible and highly
coordinated immune response. In addition to containing large
numbers of innate effector cells (e.g., neutrophils and macro-
phages), the host’s early line of defense, lipopeptide infiltrates
also were enriched in activated DCs and memory/effector T
cells. Consistent with the Th1 character of syphilitic and EM
lesions (65, 83), the recruited T cells express CCR5 and CLA,
Th1-associated surface markers (70), and, as shown here, se-
crete IFN-� even in the absence of exogenous Ag. At the
outset of infection, a situation analogous to the purely innate
microenvironment induced by lipopeptide, a primary cellular
response would ensue because the infiltrating memory/effector
T cells do not see their cognate Ag. As infection progresses,
however, there would be progressive recruitment of recently
sensitized spirochete-specific T cells capable of participating in
a local secondary reaction. The increased percentage of T cells
in EM BFs, the markedly increased concentrations of IFN-� in
EM lesions, and the observation that EM patients have in their
circulation CD27hi CD4� and CD8� T cells (65), immunophe-
notyes consistent with neosensitized T cells (5), argue in favor
of this scenario. Upregulation of DC-SIGN, and perhaps other
C-type lectin adhesions, would expedite the secondary reaction
by facilitating transient binding of recruited T cells and anti-
gen-presenting cells. Based on the widespread activation of T
cells observed in response to lipopeptide stimulation, we can
further postulate that the proinflammatory microenvironment
not only drives the recruitment of memory T cells with diverse
Ag specificities but also enhances their state of readiness for a
possible encounter with Ag. The lowered threshold for Ag
stimulation also could augment the ability of macrophages,
which are less efficient at presenting Ag than DCs (66), to
participate in the local secondary response.

One of the dangers inherent in an inflammatory response is
that it will be uncontrolled, causing unnecessary tissue damage,
or even worse, give rise to a self-perpetuating autoimmune
state. The relatively rapid dissipation of the lipopeptide reac-
tion is clear-cut evidence at the gross level for the existence of
built-in safeguards to prevent innate induced, runaway events.
Modlin and colleagues (72) observed that peripheral blood
mononuclear cells incubated with bacterial lipopeptides pro-
duced large amounts of IFN-� in a major histocompatibility
complex-dependent manner, and they conjectured that the cy-
tokine was induced by the presentation of endogenous pep-
tides by macrophages. While the production of IFN-� by T
cells infiltrating lipopeptide injection sites observed herein is
consistent with their ex vivo observations, the relatively modest
levels of this cytokine induced by lipopeptides in situ imply
either that the representation of self-reactive T cells at the
lipopeptide injection is too low to sustain a response and/or
that their responsiveness is dampened by other mediators and
cell types at the reaction site. In either case, juxtaposition of
the lipopeptide and EM BFs makes clear that the combination
of PAMP and exogenous Ag, in the form of a replicating
bacterial pathogen, is responsible for the positive feedback
loops involving IFN-� and IL-12, a watershed event that marks
the transition from a purely innate response to a sustaining
cellular reaction that will cause disease manifestations until the
proinflammatory and Ag stimuli represented by the pathogen
are eradicated.
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