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Studying the interaction of dendritic cells (DCs) with bacteria controlled by T-cell-mediated immune responses may reveal novel
adjuvants for the induction of cellular immunity. Murine studies and the observation that nocardias infect predominantly im-
munosuppressed patients have suggested that these bacteria may possess an adjuvant potential. Moreover, adjuvants on the ba-
sis of the nocardial cell wall have been applied in clinical studies. Since the handling of adjuvants by DCs may determine the type
of immune responses induced by a vaccine, the present study aimed at investigating the interaction of immature human mono-
cyte-derived DCs with live or inactivated Nocardia farcinica in vitro and determining the cellular phenotypic changes as well as
alterations in characteristic functions, such as phagocytosis, induction of T-cell proliferation, and cytokine secretion. Human
DCs ingested N. farcinica and eradicated the bacterium intracellularly. DCs exposed to inactivated N. farcinica were activated,
i.e., they developed a mature phenotype, downregulated their phagocytic capacity, and stimulated allogeneic T cells in mixed
leukocyte reactions. Soluble factors were not involved in this process. To elucidate the potential adjuvant effect of N. farcinica
on the induction of T-cell-mediated immune responses, we characterized the cytokines produced by nocardia-exposed DCs and
detected substantial amounts of tumor necrosis factor alpha (TNF-�) and interleukin-12 p40 (IL-12p40). However, nocardia-
treated DCs secreted only small amounts of IL-12p70, which were significantly smaller than the amounts of IL-23. Thus, N. far-
cinica activates DCs, but adjuvants based on this bacterium may have only a limited capacity to induce Th1 immune responses.

Mycobacterial antigens are potent adjuvants for the induction
of cellular immune responses. The toxicity of their compo-

nents, however, has been a major obstacle to their clinical avail-
ability. Nocardias are Gram-positive and partially acid-fast bacilli
with a close relationship to mycobacteria (49). In contrast to some
mycobacterial species, which can cause severe infections in immu-
nocompetent subjects (e.g., tuberculosis, leprosy, and Buruli ul-
cer), nocardias affect mainly immunosuppressed patients, partic-
ularly those suffering from cellular immune dysfunctions (13).
Because nocardias are widespread and commonly found in the
environment, this cannot be explained by limited exposure but
may rather reflect the induction of protective immune responses
against nocardias in the immunocompetent host. Murine studies
underline the role of cellular immunity for protection against no-
cardias. Nude mice are more susceptible to Nocardia brasiliensis
infection, and immunity to N. asteroides infection has been trans-
ferred with primed splenic T lymphocytes (8, 9, 16, 21). In early N.
brasiliensis infection of BALB/c mice, serum levels of interleukin-4
(IL-4), IL-6, IL-10, and particularly gamma interferon (IFN-�)
are elevated, followed by substantial lymphocyte proliferation in
the spleen and lymph nodes (47). In addition, CXC chemokine
receptor 2-mediated chemotaxis of neutrophils has been shown to
be essential in pulmonary N. asteroides infection (43), while hu-
moral immunity may be less critical for immunity in murine no-
cardiosis (10).

Intravesical immunotherapy with live Mycobacterium bovis ba-
cillus Calmette-Guérin (BCG) has been introduced clinically for
the treatment and prevention of relapses of superficial bladder
cancer (3). Side effects are rare but potentially serious (38). In
clinical studies, a commercially available preparation of the cell
wall skeleton of Nocardia rubra that induces tumor necrosis factor
alpha (TNF-�) and IL-1 secretion in human monocytes in vitro

and activates murine macrophages in vivo following intraperito-
neal injection (29, 42) was less effective than BCG regarding num-
bers of immune cells attracted to the bladder and cytokine induc-
tion in patients with superficial bladder cancer (15). Although this
may have been due to different preparations of antigen, i.e., the
application of viable bacilli versus the bacterial cell wall, a better
understanding of the cellular and molecular mechanisms under-
lying the efficacy of adjuvants based on preparations of nocardias
could potentially lead to the development of more effective and
safer therapeutics.

Dendritic cells (DCs) are key cells in the induction of cellular
immune responses and are therefore of interest in vaccine re-
search (39). DCs reside in an immature state in peripheral tissues
and recognize pathogen-associated molecular patterns (PAMPs)
via pattern recognition receptors (PRRs). These include Toll-like
receptors (TLRs), C-type lectins, and nucleotide-binding oli-
gomerization domain (NOD)-like receptors (NLRs) (55). Mature
DCs are found in secondary lymphoid tissues, where their high
expression of major histocompatibility complex (MHC) and co-
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stimulatory molecules as well as secretion of cytokines enable
them to potently activate naive T lymphocytes and thereby induce
antigen-specific immune responses (5). IL-12 is a key cytokine in
T-lymphocyte activation and differentiation, and individuals with
inherited IL-12 deficiency appear to have a greater risk of acquir-
ing nocardial infections (44). IL-12 consists in its biologically ac-
tive form, IL-12p70, of a light chain (IL-12p35) and a heavy chain
(IL-12p40) and favors the differentiation of Th1 cells, although its
production may not be indispensable for the induction of Th1
responses (53). The stimulation of antigen-presenting cells
through only one PRR, e.g., TLR or NLR, is usually not sufficient
for the production of IL-12p70, and a second stimulus, either
through a different PRR or derived by another signal, such as
CD40 ligand (CD40L) or IFN-�, is required (54). IL-12p40 (to-
gether with a p19 subunit) is also part of IL-23, which drives the
development of T helper cells that secrete IL-17 (Th17 cells) (1).

While several studies have focused on the effects of mycobac-
teria on DCs (4, 27, 32), it is not known how human DCs interact
with nocardias. Studies on this interaction, however, could eluci-
date how nocardial antigens can be used more efficiently as adju-
vants for the induction of effective cellular immune responses.
Our study therefore aimed at analyzing the effects of nocardias on
immature human monocyte-derived DCs regarding phenotypic
alterations and functional consequences, including the secretion
of cytokines involved in Th1 or Th17 induction, as well as IL-10, a
key anti-inflammatory cytokine. We chose N. farcinica for our
studies because its genome has been determined completely and
thereby may allow the future identification of candidate genes
involved in the induction of protective immune responses (30).
Here we show that nocardias are readily taken up by human DCs
in vitro, which leads to the upregulation of typical maturation
markers, an increased potential to stimulate T cells, and cytokine
secretion. Notably, N. farcinica-activated DCs produce only neg-
ligible amounts of IL-12p70.

MATERIALS AND METHODS
Bacteria. N. farcinica ATCC 3308 was stored frozen at �80°C in Cryo-
bank storage tubes (Mast Diagnostica, Reinfeld, Germany) until transfer
to chocolate agar plates for recovery, when desired. After 3 to 5 days of
incubation in 5% CO2 at 37°C, 2 colonies were suspended in 10 ml RPMI
1640 supplemented with 2 mM L-glutamine, 10 mM HEPES (all from
Gibco, Invitrogen, Karlsruhe, Germany), 50 �M 2-mercaptoethanol
(Sigma, Taufkirchen, Germany), and 10% fetal calf serum (Biochrom,
Berlin, Germany) without antibiotics and then incubated for 2 days under
the same conditions. The culture medium was then differentially centri-
fuged to remove filaments of nocardias and retrieve coccoid forms of the
bacteria as previously described (20). Briefly, bacterial suspensions were
centrifuged at 60 � g for 7 min, and the supernatant was carefully trans-
ferred to another tube and centrifuged at 900 � g for 15 min. The resulting
pellet was then resuspended in medium to obtain a just visible opacifica-
tion (McFarland standard of 1) and serially diluted to adjust for various
multiplicities of infection (MOI) (e.g., for an MOI of 0.1, we used 1 � 104

CFU N. farcinica plus 1 � 105 DCs). To determine the MOI, 100-�l serial
dilutions of each bacterial suspension were plated on chocolate agar
plates. After incubation for 3 to 5 days as described above, colonies were
counted and the resulting MOIs were calculated. Since N. farcinica is not
readily inactivated by heat, bacteria were inactivated by incubation in
medium containing 5 �g/ml amikacin (ICN Biomedicals, Eschwege, Ger-
many) and penicillin (1,000 U/ml)-streptomycin (1,000 �g/ml) (both
from Gibco) for 24 h. Complete inactivation of the bacteria was docu-
mented by an absence of growth after inoculation of the suspension in
brain heart infusion broth (Oxoid, Wedel, Germany), incubation for up

to 7 days, and a final subculture attempt on chocolate agar. The stimula-
tory effects induced by inactivated bacteria on DCs approximately
equaled those observed with live bacteria at an MOI of 1.

Generation of human DCs and isolation of human T cells. Buffy
coats (German Red Cross, Berlin, Germany) or peripheral blood from
healthy volunteers were used to isolate peripheral blood mononuclear
cells (PBMCs). Monocyte-derived DCs were generated from magnetically
separated CD14� monocytes (Miltenyi Biotec, Bergisch-Gladbach, Ger-
many) as previously described (33). Briefly, monocytes were cultured in
medium as described above, with supplementation of the medium with
1,000 U/ml human recombinant granulocyte-macrophage colony-stimu-
lating factor (rGM-CSF) (sargramostim; Leukine, Berlex, Richmond, CA)
and 100 U/ml human rIL-4 (R&D Systems, Wiesbaden-Nordenstadt,
Germany), at 3 � 106 cells/well in 6-well cell culture dishes (Nunc, Rosk-
ilde, Denmark) for 6 days, and fresh medium and cytokines were added
every other day. Penicillin (100 U/ml)-streptomycin (100 �g/ml) was
added in experiments without viable bacteria (see below). The endocytic
functions of DCs were studied by using 10 �g/ml dextran-fluorescein
isothiocyanate (dextran-FITC) (Molecular Probes/Invitrogen) as de-
scribed previously (33, 40).

Human T cells were enriched from CD14-depleted PBMCs by HLA-
DR-negative magnetic bead selection (33). A total of 1 � 108 cells/ml were
incubated with FITC-conjugated monoclonal antibodies (MAbs; 1:50
dilution) against human HLA-DR (BD Pharmingen, Heidelberg, Ger-
many), the MAbs were washed out, and cells were incubated with anti-
FITC antibody-conjugated magnetic beads (Miltenyi Biotec). HLA-DR-
negative cells were harvested, washed twice, and used as responder cells in
allogeneic mixed leukocyte reactions (MLRs). The purity of the cells was
monitored by fluorescence-activated cell sorter (FACS) analysis and was
�90% in all experiments.

Incubation of human DCs with nocardias. At day 6, DCs were har-
vested and transferred to 96-well round-bottom plates at 105 cells/well in
100 �l culture supernatant free of antibiotics. One-hundred-microliter
bacterial suspensions at various MOIs were added, and the cells were
incubated. After 30 min, amikacin and penicillin-streptomycin were
added at final concentrations of 5 �g/ml, 1,000 U/ml, and 1,000 �g/ml,
respectively, in 100 �l medium.

Since we observed Nocardia-induced cell death in initial experiments,
apoptosis of infected cells was determined by a terminal deoxynucleo-
tidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay
as described previously (28). Briefly, cells were washed twice with phos-
phate-buffered saline (PBS) and fixed in 4% paraformaldehyde-PBS (wt/
vol) for 30 min at room temperature. Cells were washed, permeabilized in
0.1% Triton X-100 (Sigma) in 0.1% sodium citrate, washed again, and
incubated in the TUNEL reaction or control mixture (Roche Molecular
Biochemicals, Mannheim, Germany) for 60 min at 37°C and 5% CO2.
After washing, the cells were analyzed by FACS.

CFU were determined by plating 50-�l aliquots of culture superna-
tants or serial dilutions of the supernatants onto chocolate agar plates and
counting the CFU after 5 days of incubation at 37°C with 5% CO2. To
determine the intracellular survival of nocardias at days 2, 4, and 10,
extracellular bacteria were treated for 2 h with antibiotics as described
above. After extensive washing, the cells were lysed by adding distilled
water at 37°C for 30 min. Lysis was confirmed by trypan blue staining.
Lysates were then plated in serial dilutions onto chocolate agar plates, and
colonies were counted after 5 days of incubation at 37°C with 5% CO2.

Suspensions of inactivated nocardias were added to the cultures at a
ratio of 1:10 and incubated in the presence of penicillin (100 U/ml) and
streptomycin (100 �g/ml). Controls consisted of DCs stimulated with (i)
human rIL-6, rTNF, rIL-1� (all at 10 ng/ml; R&D Systems) and 10 �M
prostaglandin E2 (PGE2; Sigma), which reliably induce DC maturation
(35), or (ii) lipopolysaccharide (LPS) (derived from Escherichia coli;
Sigma), and (iii) DCs were kept in an immature state in medium.

Flow cytometric analyses. The phenotype of DCs was monitored by
flow cytometry with phycoerythrin (PE)- or FITC-labeled anti-human
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MAbs to the surface molecules HLA-DR, CD14, CD25, CD80, CD86 (all
from BD Pharmingen), and CD83 (Caltag Laboratories, Hamburg, Ger-
many) or with the appropriate isotype controls, as previously described
(33). For detection of intracellular antigens, cells were fixed for 30 min in
4% paraformaldehyde-PBS (wt/vol), permeabilized by washing twice in
0.5% saponin, and subsequently stained with a polyclonal anti-Mycobac-
terium bovis BCG antiserum (pAbBCG) with known cross-reactivity to
nocardias (56) for 60 min in 0.5% saponin, followed by incubation with a
secondary FITC-conjugated goat anti-rabbit IgG MAb (Jackson) in 0.5%
saponin for another 60 min. The purity of T cells was also monitored by
FACS analysis (PE-conjugated MAbs against CD3, CD14, and CD20; all
from BD Pharmingen). All cell populations were fixed with 10% formal-
dehyde-PBS (vol/vol) before analysis on a FACSCalibur flow cytometer
with CellQuestPro software (BD Pharmingen). Mean fluorescence inten-
sities (MFIs) were calculated and are given as medians with 25th and 75th
percentiles.

Allogeneic mixed leukocyte reaction assays. T cells were prepared
from CD14-negative PBMCs by magnetic depletion of HLA-DR� cells,
and the cells were �95% CD3�. T cells were stained with 0.5 �M carboxy-
fluorescein diacetate succinimidyl ester (CFSE) before coincubation of
2 � 105 T cells with graded numbers of stimulated or unstimulated DCs in
flat-bottom 96-well culture plates (Nunc). T cells alone (2 � 105/well)
served as controls. Six days later, cells were harvested and stained with
CD3-peridinin chlorophyll protein (CD3-PerCP) and CD4-allophyco-
cyanin (CD4-APC) (both from BD BioSciences), and the CFSE dilution of
CD4� T cells was analyzed on a FACSCalibur flow cytometer using Cell-
QuestPro software (both from BD BioSciences).

Analysis of cytokine secretion by DCs. Forty-eight-hour cell-free su-
pernatants of DC cultures were harvested and stored at �80°C until anal-
ysis by sandwich enzyme-linked immunosorbent assays (ELISAs) for IL-
12p40, IL-12p70, IL-10 (all from U-CyTech, Utrecht, The Netherlands),
or IL-23 (eBioscience).

Analysis of p38 MAPK phosphorylation. p38 mitogen-activated pro-
tein kinase (MAPK) phosphorylation was determined as described before
(33). Briefly, 1.5 � 106 immature human DCs were incubated with inac-
tivated N. farcinica at 37°C for 15, 30, and 60 min, and cells kept in me-
dium alone were used as controls. Cells were washed twice, resuspended
in 100 �l cell lysis buffer containing protease and phosphatase inhibitors
(Sigma), and incubated for 60 min on ice. Cell debris was removed by
centrifugation, and supernatants were harvested and stored at �80°C.
Supernatants were mixed with 2� SDS sample buffer (Bio-Rad, Hercules,
CA), boiled for 5 min, subjected to 10% SDS-PAGE, and transferred to
Trans-Blot nitrocellulose membranes (Bio-Rad). Membranes were
blocked with blocking buffer (5% nonfat dry milk in Tris-buffered saline)
for 1 h at room temperature and incubated overnight at 4°C with MAbs to
phospho-p38 or total p38 MAPK (Cell Signaling Technology, Beverly,
MA). Bands were visualized with horseradish peroxidase-conjugated
MAbs by use of an enhanced chemiluminescence (ECL) system (Cell Sig-
naling Technology).

Statistics. Data were analyzed statistically using the nonparametric
Mann-Whitney test. When more than two conditions were compared, the
nonparametric Friedman test followed by Dunn’s multiple-comparison
test as a posttest was used. Differences were considered statistically signif-
icant for P values of �0.05.

RESULTS
Human immature DCs ingest and eradicate nocardias in vitro.
We first examined the interaction of DCs with viable nocardias at
low MOIs (0.01 and 0.1). After 48 h of incubation, extracellular
and intracellular bacteria could be detected by light microscopy
(data not shown). Intracellular flow cytometric analysis using
pAbBCG, which cross-reacts with nocardias (56), confirmed the
intracellular location of the bacteria. Following intracellular stain-
ing, we observed an MOI-dependent increase of positive cells in
infected cultures (Fig. 1A), whereas extracellular staining did

not reveal a similar increase in the number of positive cells.
Uninfected DCs stained negative both intra- and extracellu-
larly (Fig. 1A).

To further investigate the fate of nocardias ingested by imma-
ture DCs, we determined the numbers of intracellular bacteria
after lysis of the cells with distilled water at different time points
postinfection (MOI 0.1). We observed a decline in the number of
intracellular bacteria that could be isolated from infected DC cul-
tures, and 10 days after infection, no or only minimal numbers of
nocardias could be grown from cell lysates (Fig. 1B). Therefore,
while human immature DCs ingest N. farcinica in vitro, the cells
probably do not provide a niche for bacterial survival, as the num-
ber of intracellular bacteria declines over time.

We also detected a dose-dependent cell loss in N. farcinica-
infected DCs compared to uninfected DCs, and changes in size
(forward scatter [FSC]) and granularity (side scatter [SSC]) of the

FIG 1 N. farcinica infects DCs in vitro but does not persist over prolonged
periods. (A) DCs were incubated in medium alone (uninfected) or with N.
farcinica at an MOI of 0.01 or 0.1, as described in Materials and Methods. Cells
were then fixed, permeabilized with saponin (intracellular) or not permeabil-
ized (extracellular), and incubated with cross-reacting rabbit pAbBCG fol-
lowed by a secondary, FITC-conjugated monoclonal anti-rabbit IgG. The
staining was then visualized by flow cytometry. Data from one representative
of seven independent experiments are shown. (B) The presence of live intra-
cellular bacteria after 2, 4, or 10 days in culture was assessed by lysing DCs. To
inactivate possible extracellular bacteria, a bactericidal dose of antibiotics was
added to the medium before washing and lysing of the cells, serial dilutions of
the lysates were plated onto chocolate agar plates, and CFU were determined
after 2 days of incubation. Data are mean numbers of CFU/105 DCs 	 stan-
dard deviations (SD) for three independent experiments.

Activation of Dendritic Cells by Nocardia farcinica

December 2012 Volume 80 Number 12 iai.asm.org 4197

http://iai.asm.org


infected cell population were observed by FACS analysis (data not
shown). These changes are characteristic of apoptotic cell death,
and large numbers of TUNEL-positive cells could be detected in
nocardia-treated cells at MOIs of �1 (data not shown).

Phenotypic activation of N. farcinica-treated human DCs.
To examine the effects of nocardias on immature human DCs, we
determined the phenotype of nocardia-exposed DCs 2 days after
infection with N. farcinica at various MOIs. Following exposure to
N. farcinica at an MOI of 1, many cells died of apoptosis, but the
remaining DCs displayed a mature phenotype, i.e., upregulation
of MHC class II molecules and costimulatory molecules (CD80
and CD86) and expression of CD25 and CD83 (Fig. 2A). Cells
exposed to nocardias at an MOI of 0.1 still expressed more HLA-
DR, CD25, and CD83 than control cells incubated in medium
only (Fig. 2A; Table 1), while incubation at an MOI of 0.01 re-

sulted in only marginal and nonsignificant upregulation of acti-
vation markers.

Since the experiments with MOIs of �1 indicated that uninfected
DCs might also become activated following exposure to nocardias,
we next investigated the ratio of activated DCs within nocardia-
positive and -negative cells by double staining with antibodies against
the DC activation marker CD83 and with pAbBCG. We observed an
MOI-dependent increase of nocardia-positive cells; however, mature
cells were observed in both nocardia-positive and nocardia-negative
DC populations (Fig. 2B), suggesting that either solid bacterial com-
ponents or cytokines secreted by infected cells (or both), rather than
the ingestion of the bacterium itself, may activate N. farcinica-ex-
posed immature DCs.

Nocardia-induced DC activation is due to direct interaction
of cells with bacteria and not to soluble mediators. We next elu-

FIG 2 N. farcinica induces DC maturation. (A) MOI-dependent upregulation of markers for DC activation upon exposure to various MOIs of N. farcinica. Cells
were incubated in medium alone or in the presence of N. farcinica at an MOI of 1, 0.1, or 0.01. Thirty minutes after the addition of bacteria, cultures were treated
with antibiotics, harvested after 48 h, and stained with the indicated MAbs. (B) After incubation with medium alone or N. farcinica at an MOI of 0.01 or 0.1, cells
were harvested and stained intracellularly for the presence of nocardias as described in the legend to Fig. 1. After extensive washing, anti-CD83 MAb was added.
Data from one representative of four independent experiments are shown.

TABLE 1 Expression of DC activation markers by immature human DCs incubated in the presence or absence of viable N. farcinica at different
MOIs

Treatment

Expression of surface molecule (median MFI [25th, 75th percentile])a

HLA-DR CD25 CD83

N. farcinica at MOI of 0.1 155.4 (86.7, 211.9)* 39.9 (19.0, 60.6)** 18.1 (9.9, 50.0)**
N. farcinica at MOI of 0.01 91.6 (51.4, 142.2) 3.5 (1.3, 23.3) 8.6 (3.5, 32.1)
Medium 61.1 (37.4, 105.3) 0.7 (0.02, 11.3) 2.9 (2.1, 30.8)
a Data are based on MFIs from five independent experiments (MFIs of isotype controls were subtracted). *, P � 0.05; **, P � 0.01 (Friedman test and Dunn’s multiple-comparison
test).
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cidated whether soluble factors produced by the bacteria, the in-
fected DCs, or both were responsible for the observed bystander
activation of uninfected cells. When cell-free, sterile-filtered su-
pernatants from DC cultures infected at MOIs previously shown
to be effective at activating DCs were transferred to immature
DCs, no upregulation of surface markers for DC maturation was
detected 48 h after the transfer of supernatants (data not shown).

Since the presence of bacteria was essential for the previously
observed stimulatory effects of nocardias on DCs, we next inacti-
vated N. farcinica by antibiotic treatment prior to its addition to
the cell cultures. Notably, inactivated nocardias also provided a
potent stimulus for the activation of DCs, as shown by a significant
upregulation of CD25, CD83, and CD86 on DCs incubated with
inactivated nocardias for 48 h (Table 2). Similarly, there was a
strong trend for an increased HLA-DR upregulation (P 
 0.05) by
DCs exposed to inactivated nocardias. Thus, at the MOIs investi-
gated, insoluble bacterial antigens that are also provided by inac-
tivated bacteria most likely induced DC activation.

N. farcinica-activated DCs downregulate their phagocytic
activity but possess an increased potential to stimulate CD4�

T-cell proliferation. Activation of immature DCs leads to several
functional alterations of the cells, including downregulation of
their phagocytic capacity (23, 48). We therefore tested the effects
of inactivated nocardias on the phagocytosis of dextran and ob-
served a significant impairment of this process in DCs incubated
previously in the presence of inactivated N. farcinica compared
with immature DCs (P 
 0.008) (Fig. 3).

Activation of DCs is also reflected by an increased capacity of
the cells to stimulate the proliferation of T lymphocytes. We incu-
bated DCs with inactivated nocardias, harvested the cells 48 h
later, and plated them in graded numbers with allogeneic T cells in
MLR assays, while cells kept in medium were used as controls. In

correlation with the phenotypic changes of the cells registered
before, we observed an increased potential of the nocardia-acti-
vated DCs to stimulate the proliferation of CD4� T cells (P � 0.01
for DC/T-cell ratios of 1:40 to 1:1,080 and P � 0.05 for a DC/T-cell
ratio of 1:3,240) (Fig. 4). Therefore, the previously observed phe-
notypic maturation of DCs induced by nocardias corresponds to
an impaired phagocytic capacity and to an increased capability of
the cells to stimulate the proliferation of CD4� T cells.

Nocardia-activated DCs secrete IL-12/23p40 and IL-10. Acti-
vated DCs secrete cytokines and chemokines that are involved in
T-cell activation and differentiation. To analyze the production of
proinflammatory IL-12/23p40 versus anti-inflammatory IL-10 by
N. farcinica-activated human DCs and to compare it to that in-
duced by a different bacterial stimulus, we incubated immature
DCs with either inactivated nocardias or LPS for 48 h and deter-
mined the concentrations of IL-12/23p40 and IL-10. Cells kept in
medium alone served as negative controls. Nocardia-treated DCs
secreted considerable amounts of IL-12/23p40 and IL-10, while
nonstimulated cells produced only negligible amounts of both
cytokines (Fig. 5A). Both nocardias and LPS induced substantially
more IL-12/23p40 than IL-10 (50-fold more for N. farcinica and
70-fold more for LPS). Notably, LPS induced around 7-fold more
IL-12/23p40 and 5-fold more IL-10 than inactivated N. farcinica
(data not shown).

IL-12/23p40 secretion by N. farcinica-activated DCs in-
volves the p38 MAPK pathway. The IL-12/23p40 production of
human DCs induced by CD154 or TNF-� is signaled via the p38
MAPK phosphorylation pathway (57). We were therefore inter-
ested in whether this pathway is also relevant to the Nocardia-
induced IL-12/23p40 production of human DCs observed before.
Stimulation of immature DCs with inactivated N. farcinica was

TABLE 2 DC activation markers expressed by DCs incubated in the presence or absence of inactivated N. farcinica

Treatment

Expression of surface molecule (median MFI [25th, 75th percentile])a

HLA-DR CD25 CD83 CD86

Inactivated N. farcinica 194.5 (136.7, 585.1) 7.9* (2.3, 28.2) 36.1* (23.9, 41.6) 314.0* (264.1, 475.5)
Medium 97.8 (58.3, 305.4) 0 (0, 0) 2.8 (1.5, 4.6) 12.0 (5.8, 28.0)
a Data are based on MFIs from nine independent experiments (MFIs of isotype controls were subtracted). *, P � 0.01 compared to DCs kept in medium (Mann-Whitney test).

FIG 3 Reduced phagocytosis of dextran by DCs after exposure to nocardias.
Nonstimulated DCs (medium) or DCs stimulated by inactivated nocardias (as
described in Materials and Methods) were incubated with 20 �g/ml dextran-
FITC for 30 min at 37°C, or at 4°C to detect nonspecific binding. After 30 min,
the cells were washed, and the percentage of FITC-positive cells was deter-
mined by flow cytometry. Results (after subtraction of fluorescence data ob-
tained at 4°C) from five independent experiments are shown as medians plus
interquartile ranges.

FIG 4 DCs matured by inactivated nocardias potently activate allogeneic T-
cell proliferation. DCs were incubated for 48 h with medium or inactivated
nocardias (1:10). T cells were isolated from PBMCs by consecutive magnetic
depletion of CD14� monocytes and remaining HLA-DR� cells and then were
stained with CFSE. T cells were incubated with DCs in serial dilutions, as
indicated. After 7 days, cells were harvested and T-cell proliferation was as-
sessed as the percentage of CFSElow cells, with gating on live CD3� CD4� cells.
Data from eight independent experiments are shown as means 	 SD.
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followed by a sharp increase in phosphorylation of p38 MAPK,
which was still detectable after 60 min. In contrast, no increased
p38 MAPK phosphorylation was detected in unstimulated imma-
ture DCs (Fig. 5B). Thus, similar to the effects of noninfectious
agents inducing IL-12/23p40 via the p38 MAPK pathway, the
same signal transduction pathway is involved following the inter-
action of human DCs with N. farcinica.

Nocardia-activated DCs produce only a little IL-12p70. To
further investigate whether IL-12/23p40 was partially produced in
the form of IL-12p70, IL-23, or both, we analyzed the concentra-
tions of these cytokines by use of ELISAs detecting the specific
subunits, i.e., p35 for IL-12p70 and p19 in the case of IL-23. While
N. farcinica induced only negligible amounts of IL-12p70, signif-
icantly more IL-23 (P 
 0.0027) was produced by nocardia-
treated DCs (Fig. 5C). Notably, LPS-treated DCs produced com-
parable amounts of IL-23 (median, 95 pg/ml; 25th percentile, 61.5
pg/ml; 75th percentile, 197 pg/ml) (P 
 0.3526) as nocardia-

treated DCs but 12-fold more IL-12p70 (median, 264 pg/ml; 25th
percentile, 199 pg/ml; 75th percentile, 620 pg/ml) (P 
 0.0004)
than DCs stimulated by N. farcinica. Therefore, inactivated N.
farcinica is only a weak inducer of the Th1-promoting cytokine
IL-12p70 in human DCs.

DISCUSSION

Human DCs ingested N. farcinica and were able to kill the bacte-
rium intracellularly. While the enhanced resistance of N. aster-
oides against intracellular killing involves nocardial superoxide
dismutase (7, 11), the lack of intracellular survival of N. farcinica
in DCs may reflect the reduced virulence of this species compared
with N. asteroides. One possible mechanism could involve lyso-
somal acid phosphatase, which has been shown to correlate with
intracellular degradation of N. farcinica by murine macrophages
(12). At MOIs of �1, N. farcinica induced apoptosis of human

FIG 5 DCs incubated with inactivated N. farcinica secrete IL-12/IL-23p40, which correlates with p38 MAPK phosphorylation, as well as IL-10, IL-23, and a little
IL-12p70. For cytokine analysis, DCs were incubated for 48 h with medium or inactivated nocardias (1:10). Supernatants were harvested after 48 h and analyzed
by ELISA for the presence of IL-12/IL-23p40 and IL-10 (A) or IL-12p70 and IL-23 (C). Medians and interquartile ranges are given for nine independent
experiments. (B) For analysis of p38 MAPK phosphorylation, DCs were incubated without (medium [M]) or with (N) inactivated N. farcinica for the indicated
periods. Cells were then harvested and lysed. Phosphorylated (upper row) and total (lower row) p38 MAPK forms were determined by Western blot analysis.
Data are representative of three independent experiments.
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DCs, and similar data have been reported for the effect of N. aster-
oides on human epithelial cells (6).

Viable or inactivated N. farcinica activated human DCs, and
DCs might therefore also be involved in the induction of antino-
cardial cellular immune responses in vivo. DC activation did not
involve soluble cellular and/or bacterial factors, as supernatants
from infected cell cultures did not transfer DC-activating capacity
to uninfected cells. The nocardial cell wall contains proteins, lip-
ids, glycolipids, lipoproteins, glycolipoproteins, and peptidogly-
can, which is characteristic of the family Mycobacteriaceae, and
these structures could be involved in DC activation, which was
readily induced by inactivated N. farcinica. Early studies have in-
dicated that proteins, but not lipid antigens or carbohydrates, are
the immunodominant structures of nocardias capable of inducing
protective immunity in a murine model of N. asteroides infection
(24–26). Interestingly, Trevino-Villarreal et al. (52) reported re-
cently that delipidated N. brasiliensis induced more expression of
MHC-II, CD40, and CD80 in murine bone marrow-derived DCs.
At the same time, the cells produced significantly less transform-
ing growth factor beta (TGF-�). If this is also associated with
altered IL-12 secretion and these data can be translated to human
cells, delipidated Nocardia spp. might provide a more immuno-
stimulatory adjuvant than the bacteria tested in our system.

DCs might become activated through the interaction of nocar-
dial antigens with the extracellular receptor TLR2, which is ex-
pressed by monocyte-derived human DCs (31) and has previously
been shown to also recognize antigenic structures derived from
the cell wall of N. coeliaca (51). Increased TLR2 expression has also
been observed in inflammatory lesions of murine mycetoma
caused by N. brasiliensis (41). TLR2 is known to bind a large vari-
ety of ligands from Gram-positive and Gram-negative bacteria,
but also from parasites and fungi (2). Nocardial lipoproteins/lipo-
peptides and peptidoglycan might constitute putative TLR2 li-
gands, and for the closely related mycobacteria, lipomannans have
also been shown to be recognized through TLR2 (45). Notably,
some mycobacterial antigens can be recognized by TLR4 (34),
which is also expressed by monocyte-derived DCs (31). This
might be different for nocardias, however, since the TNF-� secre-
tion of macrophages from TLR4 knockout mice was unimpaired
upon incubation with nocardial cell wall preparations derived
from N. coeliaca (51). Additionally, TLR9 has been shown to be
involved in the induction of Th1 immune responses to Mycobac-
terium tuberculosis, in cooperation with TLR2 (4), and likewise,
TLR9 is required for induction of IFN-� by Propionibacterium
acnes (36). TLR9, however, is not expressed by human myeloid
DCs (31).

Peptidoglycans from Gram-positive bacteria can also be recog-
nized by the intracellular PRR NOD2 (46), and Mycobacterium
paratuberculosis antigens stimulate NOD2-transfected HEK cells
(19). Likewise, NOD2 recognizes N-glycolyl muramyl dipeptide
derived from N. asteroides and mycobacteria (14). Since human
myeloid DCs can be stimulated in vitro through NOD2 (22), this
receptor might be involved in the recognition of nocardial pepti-
doglycans in our system.

DCs incubated with N. farcinica produced only negligible
amounts of IL-12p70, but this is a key feature of cells stimulated
only through TLR2 (37). This can be overcome in vitro and in vivo
through various mechanisms, e.g., through the synergistic effects
of distinct TLR ligands (54), but this might not occur in nocardial
infection, as discussed before. In the absence of an additional TLR

ligand, other molecules can also support the induction of IL-
12p70 production. The ligation of CD40 may cooperate with TLR
signaling in the induction of enhanced IL-12p70 secretion (17,
50). Likewise, IFN-� can drive the production of IL-12p70 (54),
and interestingly, neutrophils, which have a critical role in murine
nocardial pneumonia (43) and also accumulate after injection of
the N. rubra cell wall (42), have been shown to produce IFN-�
during murine pulmonary infection with N. asteroides (18). Thus,
the limited secretion of IL-12p70 by isolated DCs stimulated with
nocardial antigens in vitro may not reflect the in vivo situation,
where other molecules might contribute to the induction of pro-
tective immunity.

In conclusion, N. farcinica activates human DCs, and TLR2
may be involved in this process. Compared to other DC-activating
stimuli, such as LPS, nocardial antigens induce only a weak IL-
12p70 secretion by isolated DCs. Further studies are warranted to
identify soluble or membrane-bound molecules that may cooper-
ate with TLR2 in the induction of antinocardial immune re-
sponses. However, if these responses are also characterized by a
reduced Th1 activity in vivo, adjuvants on the basis of N. farcinica
may be less suited for the induction of strong Th1 responses.
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