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ABSTRACT Staphylococcus aureus has evolved different strategies to evade the im-
mune response, which play an important role in its pathogenesis. The bacteria ex-
press and shed various cell wall components and toxins during different stages of
growth that may affect the protective T cell responses to extracellular and intracellu-
lar S. aureus. However, if and how the dendritic cell (DC)-mediated T cell response
against S. aureus changes during growth of the bacterium remain elusive. In this
study, we show that exponential-phase (EP) S. aureus bacteria were endocytosed
very efficiently by human DCs, and these DCs strongly promoted production of the
T cell polarizing factor interleukin-12 (IL-12). In contrast, stationary-phase (SP) S. au-
reus bacteria were endocytosed less efficiently by DCs, and these DCs produced
small amounts of IL-12. The high level of IL-12 production induced by EP S. aureus
led to the development of a T helper 1 (Th1) cell response, which was inhibited af-
ter neutralization of IL-12. Furthermore, preincubation with the staphylococcal cell
wall component peptidoglycan (PGN), characteristically shed during the exponential
growth phase, modulated the DC response to EP S. aureus. PGN preincubation ap-
peared to inhibit IL-12p35 expression, leading to downregulation of IL-12 and an in-
crease of IL-23 production by DCs, enhancing Th17 cell development. Taken to-
gether, our data indicate that exponential-phase S. aureus bacteria induce a stronger
IL-12-dependent Th1 cell response than stationary-phase S. aureus and that this Th1
cell response shifted toward a Th17 cell response in the presence of PGN.

KEYWORDS growth phase, Staphylococcus aureus, T cells, dendritic cells,
peptidoglycan

Staphylococcus aureus normally colonizes the human skin and mucosal surfaces as a
commensal bacterium but is also capable of causing a wide range of infections

when passing the epithelial barriers in case of injury or implantation of medical devices
(1, 2). In hospital-acquired infections, staphylococci are among the most important
pathogens (3, 4), persisting by adapting to an extracellular or an intracellular lifestyle.
The high infection rate may be due to the fact that S. aureus has evolved a variety of
strategies to evade the immune response when persisting extracellularly and intracel-
lularly, by producing a wide array of secreted and cell surface-associated virulence
factors (5–7). The bacterial growth phase is highly important for the regulation and
expression of these virulence factors (8). During the exponential growth phase, corre-
sponding to the time when an infection is first being established, extracellular S. aureus
predominantly expresses adhesion molecules, which enable attachment to host tissues
(1, 9, 10). In the stationary growth phase, resembling the situation when the infection
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is established, S. aureus secretes toxins and produces antiphagocytic capsular polysac-
charides (1, 11). The potential adaptation of the nature of the immune response to S.
aureus bacteria in these different growth phases has received little attention, and
available information is restricted to the responses of innate immune cells (12). Whether
human adaptive CD4� T cells respond differentially to S. aureus in the exponential
phase (EP) or stationary growth phase (SP) is not known.

The induction of the T cell response to S. aureus is driven by dendritic cells (DCs).
DCs play an important role in activating and coordinating antistaphylococcal CD4� T
helper (Th) cell responses by producing cytokines such as interleukin-12 (IL-12) and
IL-23 (13–16). IL-12 is an essential polarizing cytokine for the development of interferon
gamma (IFN-�)-producing Th1 cells and IL-23 for the development of IL-17-producing
Th17 cells (17). Th1 and Th17 cell responses play an important role in protective
immune responses against intracellular and extracellular S. aureus, respectively (15, 18,
19). Previous work with mouse DCs showed that EP S. aureus bacteria were more potent
inducers of IL-12 secretion by DCs than SP S. aureus (12). In this murine system, the EP
S. aureus-induced IL-12 production by DCs was downregulated in the presence of
peptidoglycan (PGN), a cell wall component naturally shed in high concentrations by S.
aureus during exponential growth (20). These findings indicate a possible role of S.
aureus growth phase and PGN in Th1 cell polarization. Therefore, we aimed to study
such a potential differential Th cell polarization in a human cell system. We compared
the human monocyte-derived DC response to EP or SP S. aureus and the consequences
for the ensuing human Th1/Th17 cell polarization and assessed how PGN influences the
responses to EP S. aureus.

Our results show that EP S. aureus induced a stronger IL-12-dependent human Th1
cell polarization than SP S. aureus. Exposure to PGN dampened the DC IL-12 response,
resulting in a shift of the Th1-Th17 cell balance in favor of Th17 cells. This shift appeared
to be caused by inhibition of IL-12p35 expression. The differential response to EP and
SP S. aureus may represent an adaptation to optimize the immune response to
extracellular and intracellular S. aureus, respectively.

RESULTS
EP and SP S. aureus induced DC maturation marker expression and cytokine

production. The expression of surface molecules and secretion of proteins and poly-
saccharides by S. aureus are growth phase dependent. Here, we set out to determine
if EP and SP S. aureus differently affect the activation of human DCs. First, we studied
the effect of S. aureus growth phase on the maturation status of immature DCs. For this,
DCs were incubated with EP S. aureus or SP S. aureus or were left untouched (immature
DCs). Both EP and SP S. aureus were able to upregulate HLA-DR, CD83, and CD86
expression compared to the levels of immature DCs (Fig. 1A), but no differences were
observed between EP and SP S. aureus in their capability to induce expression of these
maturation markers (Fig. 1A). Next, we compared the ability of EP and SP S. aureus to
induce cytokine production by DCs (Fig. 1B). DCs were incubated with multiplicities of
infection (MOIs) of 5, 10, and 20 of S. aureus, and IL-12p70, IL-23, IL-6, IL-10, and tumor
necrosis factor alpha (TNF-�) levels were measured (Fig. 1B). For all cytokines tested, the
data revealed dose-dependent responses that differed for EP and SP S. aureus (Fig. 1B).
EP S. aureus induced higher cytokine production by DCs than SP S. aureus did. The
combined data of DCs derived from at least six donors stimulated with S. aureus at an
MOI of 20 clearly showed that DCs incubated with EP S. aureus produced significantly
higher levels of cytokines than those incubated with SP S. aureus (Fig. 1C). Moreover,
this S. aureus growth phase-dependent cytokine response was not strain specific, since
in addition to our standard S. aureus test strain, a panel of different S. aureus strains in
the exponential growth phase also induced stronger cytokine responses than these
strains in stationary growth phase (see Fig. S1 and S2 in the supplemental material).
These results demonstrated that EP and SP S. aureus are equally potent stimulators of
DC maturation, while EP S. aureus induces higher levels of DC cytokines.

Balraadjsing et al. Infection and Immunity

January 2020 Volume 88 Issue 1 e00733-19 iai.asm.org 2

https://iai.asm.org


Enhanced endocytosis of EP S. aureus by DCs does not affect T cell prolifera-
tion. In addition to HLA-DR and CD86 expression, bacterial uptake and antigen
presentation by DCs are of major importance for the induction of antigen-specific T cell
proliferation (21). To determine the bacterial uptake of EP or SP S. aureus by DCs, we
incubated DCs with fluorescently labeled S. aureus and quantified the percentage of
DCs which internalized S. aureus by flow cytometry. Although DCs internalized both EP
and SP S. aureus, the percentage of DCs that internalized EP S. aureus was significantly
higher than the percentage of DCs that internalized SP S. aureus (Fig. 2A). Subsequently,
we determined the T cell stimulatory capacity of DCs activated by EP or SP S. aureus.
Surprisingly, we did not find any differences in the induction of naive and memory
T cell proliferation by DCs matured with S. aureus from either exponential or stationary
growth phase (Fig. 2B and C). Apparently, the efficiency of endocytosis by DCs did not
influence the induction of naive and memory T cell proliferation. Together, these data
demonstrated that, despite the different levels of endocytosis efficiency by DCs, EP and
SP S. aureus are equally potent stimulators of DC-induced antigen-specific CD4� T cell
proliferation.

FIG 1 DC marker and cytokine response upon stimulation by EP or SP S. aureus. (A) Fold difference in surface expression of CD83, CD86, and HLA-DR on DCs
stimulated with EP or SP S. aureus relative to unstimulated DCs (medium). The data come from 6 independent experiments. Each dot represents one donor,
and the horizontal lines represent the median value. (B) DCs were incubated with EP (white) or SP (black) S. aureus (MOI of 5, 10, or 20), and concentrations
of IL-12p70, IL-23, TNF-�, IL-6, and IL-10 in the supernatant were measured using ELISA. The data shown are the mean � standard deviation (SD) of three
technical replicates from one representative experiment out of three experiments with different donors. (C) Fold-increase in cytokine production after
stimulation of immature DCs with EP bacteria relative to SP bacteria at an MOI of 20. Each dot represents one donor, and the horizontal lines represent the
median value. *, P � 0.05; **, P � 0.01; ns, not significant (Wilcoxon signed rank test).
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IL-12 induction is essential for Th1 development from both naive and memory
T cells. As the S. aureus growth phase strongly influenced the cytokine production by
DCs, which are important T cell polarizing factors, we investigated if the S. aureus
growth phase would influence CD4� T cell polarization. DCs incubated with EP S.
aureus induced more IFN-�� naive and memory T cells, which also secreted higher
concentrations of IFN-� than did DCs stimulated with SP S. aureus, indicating polariza-
tion toward Th1 cells (Fig. 3A and B). Since the DC and Th cell responses to EP and SP

FIG 2 Enhanced endocytosis of EP S. aureus by DCs does not affect T cell proliferation. (A) Endocytosis of fluorescently labeled EP or
SP S. aureus by DCs. Percentages of DCs which endocytosed fluorescently labeled S. aureus were assessed by flow cytometry. Each pair
of dots represents values from DCs of one donor. (B) Proliferation of naive (Tn) or (C) memory (Tm) T cells upon coculture with
unstimulated (medium) DCs and EP or SP S. aureus-stimulated DCs. The data are from one representative experiment out of three
experiments with cells of different donors. The percentage of proliferated T cells is indicated in each histogram.
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S. aureus were of the same nature, but more pronounced in response to EP S. aureus,
we performed the additional experiments described below with EP S. aureus only.

To determine the role of IL-12 in the observed Th1 cell polarization, we added
neutralizing antibodies against IL-12p70 and assessed the effect on the induction of
IFN-�-producing Th1 cells (Fig. 4A and B). Neutralization of IL-12p70 in cocultures with
EP S. aureus-primed DCs severely reduced Th1 polarization of naive T cells (Fig. 4A). The
percentage of IFN-�� T cells and the concentration of secreted IFN-� in these cultures
were reduced to similar levels as those induced by SP S. aureus (Fig. 3A). IFN-�
production by memory T cells stimulated with EP S. aureus-primed DCs showed a
slightly lower IL-12 dependency (Fig. 4B). Together, these results demonstrate that the
polarization of, in particular, naive CD4� T cells into Th1 cells is highly dependent on
IL-12 produced by DCs in response to EP S. aureus.

Preincubation with PGN impairs Th1 cell polarization in favor of Th17 cell
polarization. Since the S. aureus cell wall component PGN is naturally shed in large
amounts during exponential growth and since stimulation with PGN-derived muramyl
dipeptide (MDP) has been shown to promote Th17 skewing in memory T cells (22), we
hypothesized that PGN might affect the immunological response against whole EP S.
aureus. To test this hypothesis, we preincubated DCs for 30 min with PGN prior to
coculture with EP S. aureus and either memory or naive Th cells. Th17 and Th1 cell
polarization was determined by measuring the intracellular and secreted cytokines

FIG 3 Enhanced Th1 cell polarization by S. aureus in EP. DCs were cocultured with EP or SP S. aureus and (A) naive (Tn) or (B) memory
T cells (Tm). Fluorescence-activated cell sorter (FACS) histograms of one representative experiment out of three with the intracellular
levels of IFN-� (left panels). The percentages of IFN-�-producing T cells and the mean fluorescence intensity (MFI) of IFN-� production
are indicated in the histograms. The percentages of IFN-�� T cells (middle panels) and the concentration of secreted IFN-� (right
panels) of three independent experiments with cells of three different donors were analyzed using flow cytometry and ELISA,
respectively. The data shown are the median � range. *, P � 0.05; **, P � 0.01 (Wilcoxon signed rank test).
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IL-17 and IFN-�, respectively (Fig. 5). PGN alone induced a stronger Th17 response than
intact EP S. aureus in memory T cells but was less potent in inducing a Th1 response
(Fig. 5A). The same tendency was observed with secreted IL-17 and IFN-� in the
supernatants (Fig. 5B). Interestingly, preincubation with PGN reduced Th1 cell induction
mediated by EP S. aureus in favor of Th17 cell induction in memory T cells (Fig. 5A). This
effect of preincubation with PGN was not observed with secreted IL-17 and IFN-� in the
supernatants (Fig. 5B). When naive T cells were stimulated, PGN induced lower levels of
IFN-� secretion than EP S. aureus (Fig. 5C). Furthermore, PGN preincubation significantly
reduced the IFN-� secretion induced by EP bacteria (Fig. 5C). Naive T cells did not
secrete IL-17 (data not shown) and also did not produce detectable intracellular
amounts of IL-17 (Fig. 5D). EP S. aureus induced twice as many Th1 cells as PGN
(Fig. 5D). Furthermore, coculturing with PGN and EP bacteria resulted in reduction in
the relative numbers of IFN-�-positive cells, corresponding to those induced by PGN
alone (Fig. 5D). In summary, the presence of PGN impaired the development of naive
and memory T cells into Th1 cells in favor of Th17 cells.

Preincubation with PGN attenuates IL-12 production while enhancing IL-23
production in DCs. To assess whether the shift in Th cell polarization upon PGN
preincubation was mediated by an alteration in the production of polarizing cytokines

FIG 4 Th1 cell polarization is driven by IL-12. DCs were cocultured with EP S. aureus and (A) naive (Tn) or (B) memory (Tm) T cells in the
absence or presence of neutralizing antibodies against IL-12p70. FACS histograms of one representative experiment out of three with the
intracellular levels of IFN-� (left panels) are shown. The percentages of IFN-�-producing T cells and the mean fluorescence intensity (MFI)
of IFN-� production are indicated in the histograms. Percentages of IFN-�� T cells (middle panels) and the concentration of secreted IFN-�
(right panels) of three independent experiments with cells of three different donors were analyzed using flow cytometry and ELISA,
respectively. The data shown are the median � range. **, P � 0.01; ***, P � 0.001; ns, not significant (Wilcoxon signed rank test).
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by DCs, we preincubated DCs with PGN and subsequently stimulated them with EP S.
aureus. PGN by itself failed to induce IL-12 production by DCs (Fig. 6A). Preincubation
with PGN completely abrogated the IL-12 induction by EP S. aureus, indicating an
inhibitory role of PGN in Th1 polarization. In contrast, such DCs produced significantly
higher levels of IL-23, IL-6, TNF-�, and IL-10 than DCs stimulated with EP S. aureus alone.
The inhibition of IL-12 production and the increase in IL-23 production by DCs upon
PGN preincubation may play a role in the strong polarization toward Th17 cells.

The profile of cytokine production by DCs largely depends on the activation of
(multiple) pattern recognition receptors (PRRs). PGN is a ligand for Toll-like receptor 2
(TLR2), and PGN-derived MDP is a ligand for nucleotide-binding oligomerization do-
main 2 (NOD2) (23–25). To assess the relative importance of TLR2 and NOD2 triggering
in the observed cytokine response upon PGN preincubation, we analyzed the produc-

FIG 5 Staphylococcal PGN modulates EP S. aureus-primed DC instruction of naive and memory T cells. DCs were
cocultured with memory (Tm) or naive (Tn) T cells upon stimulation with EP S. aureus or PGN or upon preincubation
with PGN and subsequent stimulation with EP S. aureus. Intracellular IFN-� and IL-17 levels were measured in (A)
memory (Tm) or (D) naive (Tn) T cells by flow cytometry. FACS dot plots of one representative experiment out of
three are shown. Secreted IFN-� and IL-17 were detected in the supernatants after restimulation of (B) Tm and (C)
Tn cells. Data of three independent experiments are presented as median � range. **, P � 0.01; ***, P � 0.001; ns
not significant (Wilcoxon signed rank test).
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tion of cytokines by DCs upon preincubation with the synthetic TLR2 ligand Pam3CSK4
or with the NOD2 ligand MDP. Similarly to PGN, Pam3CSK4 by itself did not induce IL-12
production by DCs, and preincubation with Pam3CSK4 also abrogated IL-12 production
and enhanced the IL-6 and IL-10 production induced by EP S. aureus (Fig. 6B). In

FIG 6 Cell wall components or synthetic ligands modulate S. aureus-induced DC cytokine production. DCs were
stimulated with EP S. aureus, PGN (A), Pam3CSK4 (B), and MDP (C) or preincubated with PGN, Pam3CSK4, or MDP
and subsequently stimulated with EP S. aureus. Cytokine levels were measured in the supernatant using ELISA. Data
represent the fold-change relative to EP bacteria from one experiment out of three. Data shown are the mean �
SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant (Student’s t test).
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contrast to PGN, Pam3CSK4 preincubation did not affect the EP S. aureus-induced IL-23
and TNF-� production by DCs. MDP by itself failed to induce any of the tested cytokines
and had no effect on induction of cytokines by EP S. aureus (Fig. 6C). Together, these
data suggest that preincubation with PGN alters the DC cytokine response to EP S.
aureus via triggering of both TLR2 and the NOD2 receptor.

Preincubation with PGN downregulates IL-12p35 expression in DCs. IL-12 and
IL-23 are heterodimeric cytokines which share the IL-12p40 subunit but have a unique
IL-12p35 and IL-23p19 subunit, respectively (26). A possible explanation for changes in
IL-12 and IL-23 levels upon PGN preincubation could be the differential synthesis of the
unique subunits. Therefore, we determined whether preincubation with PGN affected
the balance between p19 and p35 expression induced by EP S. aureus by measuring
mRNA encoding the p19, p35, and p40 subunits in stimulated DCs. In line with the
expectations, PGN-stimulated DCs expressed high levels of p19 and low levels of p35
compared to DCs stimulated with EP S. aureus (Fig. 7A). Interestingly, the high levels of
p35 induced by EP S. aureus were significantly reduced when the DCs were preincu-
bated with PGN, while the levels of p19 and p40 were not affected (Fig. 7A). Thus, PGN
preincubation affects the balance of the EP S. aureus-induced IL-12/IL-23 production via
downregulation of p35 expression in DCs.

DCs (pre)incubated with PGN induced significantly higher levels of IL-10 than DCs
stimulated with EP S. aureus alone (Fig. 6). IL-10 is a well-reported autocrine negative
regulator of TLR-induced IL-12 production in DCs (27–29), suggesting that the PGN-
induced IL-10 production may be responsible for the inhibition of EP S. aureus-induced
IL-12 production. To assess the role of IL-10 in suppression of IL-12, we used neutral-
izing antibodies against IL-10 (anti-IL-10). Indeed, neutralization of IL-10 restored the

FIG 7 PGN inhibits IL-12p35 expression and abrogates IL-12 production in an IL-10-dependent manner. (A, B) DCs were
stimulated with EP S. aureus or PGN or preincubated with PGN and subsequently stimulated with EP S. aureus. (A) After 9 h,
DCs were collected and processed for mRNA quantification by RT-PCR of the indicated genes. Data are mRNA levels normalized
to GAPDH, 18S, and �2M expression, and the fold-change was calculated compared to expression by DCs stimulated with only
EP S. aureus. Data are representative of three experiments with different donors. (B) DCs were preincubated for 30 min with
or without neutralizing antibodies against IL-10 (�IL-10), after which cells were stimulated as described above. IL-12p70 and
IL-23 levels were measured using ELISA after 24 h. Data are representative of three experiments with different donors. The data
shown are the mean � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant (Student’s t test).
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IL-12 levels of DCs preincubated with PGN to the levels induced by EP S. aureus in the
absence of PGN and without IL-10 neutralization (Fig. 7B). The presence of anti-IL-10
also enhanced IL-12 production in DCs stimulated only with EP S. aureus, indicating that
IL-10 also partially suppresses IL-12 production in response to EP S. aureus (Fig. 7B). In
addition, PGN-induced levels of IL-23 also increased in the presence of anti-IL-10. These
data suggest that IL-10 produced by DCs in response to PGN suppresses both the EP
S. aureus-induced IL-12 production and the PGN-induced IL-23 production by DCs.

DISCUSSION

S. aureus expresses a number of virulence factors in a growth phase-dependent way,
which can compromise the effectiveness of host immunity. In many studies of immu-
nity against S. aureus, stationary-phase (SP) or a mixture of exponential-phase (EP) and
SP bacteria have been used as a stimulant (13, 30, 31), while EP and SP bacteria may
differently influence the immune response (12). In this study, we investigated whether
the S. aureus growth phase influences human DC responses and the ensuing Th cell
polarization and how the bacterial cell wall component PGN influences these immune
responses. We show that DCs stimulated with EP or SP S. aureus were equally maturated
in terms of HLA-DR, CD80, and CD86 expression and gave rise to similar proliferation
patterns of both naive and memory CD4� T cells. However, DCs stimulated with EP S.
aureus had a greater endocytosis efficiency and were stronger inducers of the Th1
polarizing factor IL-12 and other proinflammatory cytokines than DCs stimulated with
SP S. aureus. This EP S. aureus-induced DC cytokine response led to the development of
Th1 cells, which was clearly reduced after neutralization of IL-12. Furthermore, PGN
modulated the EP S. aureus-induced DC cytokine response by downregulating IL-12
and enhancing IL-23 production, leading to a shift in the Th1-Th17 cell balance in favor
of Th17 cell polarization. These data indicate that the growth phase of S. aureus, as well
as the presence of PGN, affects the DC-mediated induction of Th cell polarization.

Polarization of Th cells depends on the profile of cytokines produced by DCs upon
ligation of individual or multiple DC PRRs (32, 33). EP and SP S. aureus both contain PRR
ligands for TLR2 and NOD2 receptors. However, the accessibility of PRR ligands for TLRs
and NOD2 receptors may be different when the bacteria are in the exponential or
stationary phase of growth. Endocytosis of S. aureus and endosome acidification,
required for degradation of S. aureus, in murine DCs were necessary for IL-12 secretion
(12). Endocytosis of S. aureus enables intracellular sensing by the intracellular NOD2
receptor, and NOD2 activation enhances the cytokine response mediated by TLR
activation (22, 34, 35). In addition, triggering of TLR2 by endocytosed bacteria in the
endosomal compartment can induce TLR2-specific signaling, leading to the production
of polarizing cytokines (e.g., IL-12) (36, 37), which may be different from the cytokines
produced upon surface TLR2 triggering. We observed that higher percentages of
human DCs endocytosed EP S. aureus, and these DCs produced high levels of the Th1
cell polarizing factor IL-12 compared to DCs stimulated with SP S. aureus. This suggests
that the differential DC cytokine and Th1 cell polarization response to EP and SP S.
aureus is the result of higher levels of EP S. aureus endocytosis and ensuing intracellular
activation of both TLR2 and NOD2 receptors.

Interestingly, DCs were less efficient in endocytosing SP S. aureus than EP S. aureus,
while the T cell proliferation induced by these DCs did not differ. Low endocytosis of
SP S. aureus can be related to the expression of capsular polysaccharides (CPs), such as
poly-N-acetylglucosamine (PNAG), and of capsule types CP5 or CP8, which accumulate
during the stationary growth phase (38). However, since the S. aureus strain
NCTC8325-4 used in this study did not express CP5 or CP8 (39, 40) and the PNAG-
deficient variant of this strain indirectly showed PNAG to have no effect on endocytosis
(12), it is likely that factors other than capsular polysaccharides frustrate the process of
endocytosis, e.g., EfB (41) or ClfA (42). Although the efficiency of SP S. aureus endocy-
tosis was low compared to endocytosis of EP S. aureus, this low level of endocytosis was
high enough to induce sufficiently high levels of DC maturation marker expression and
antigen presentation to activate antigen-specific T cells. A role of superantigens in the
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observed T cell proliferation is not likely, since we selected an S. aureus strain which is
negative for genes encoding staphylococcal T cell superantigens (23). Previous results
also indicate that DC maturation marker expression and antigen presentation, rather
than high bacterial endocytosis, are prominent in the induction of T cell proliferation
(P. P. Balraadjsing, E. C. de Jong, W. J. van Wamel, and S. A. J. Zaat, submitted for
publication). Apparently, the levels of DC activation and antigen presentation are more
appropriate measures for the potency of human DCs to induce T cell proliferation than
the levels of bacterial endocytosis.

Our results suggest that PGN, which is naturally shed during exponential growth of
S. aureus (20), can determine the balance between DC-induced Th1/Th17 cell re-
sponses. Th1 and Th17 cells both play a role in protective responses against S. aureus
infection (19, 43), with Th17 cells being responsible for driving neutrophil recruitment
to combat extracellular S. aureus and Th1 cells being responsible for the eradication of
intracellular S. aureus by enhancing macrophage intracellular bactericidal responses. In
our experimental procedure, we washed the bacteria before coculture with DCs,
thereby removing any shed PGN. We showed that the presence of PGN strongly
inhibited the EP S. aureus-induced IL-12 production by human DCs, leading to a
reduction of Th1 cell development from naive T cells. DCs stimulated with PGN induced
high-level secretion of IL-23 and IL-6, and interestingly, the presence of PGN strongly
upregulated EP S. aureus-induced IL-23 and IL-6 secretion. These cytokines support
Th17 cell development in humans (17, 44, 45), which may explain why the presence of
PGN induced the development of IL-17-producing Th cells. Of note, we observed
DC-induced T cell activation by PGN alone, which may be explained by T cell recog-
nition of PGN-derived glycopeptides, lipoproteins, or zwitterionic polysaccharides (e.g.,
teichoic acids), which are presented by DCs (46, 47).

The differential response to EP and SP S. aureus and PGN can be considered an
adaptation of the immune response to the pathogenesis of S. aureus infection. During
the early course of infection, exponentially and extracellularly growing S. aureus shed
large amounts of PGN, which stimulates DC-induced Th17 cell polarization, generating
an immune response directed against extracellular bacteria. During later phases of
infection, when S. aureus may reside intracellularly inside host cells (48), less PGN will
be available to interfere with DC-induced T cell polarization. This will lead to skewing
toward Th1 cell polarization, reinforcing intracellular killing of internalized bacteria. This
way, the immune response covers both the extracellular and intracellular phases of S.
aureus infection.

Our data indicate that the possible mechanism by which PGN influences the DC
cytokine response to EP S. aureus involves at least two levels of regulation. First,
simultaneous ligation of TLR2 and NOD2 by PGN is necessary to enhance the EP S.
aureus-induced IL-23 production by DCs. Solely TLR2 or NOD2 ligation by Pam3CSK4 or
MDP, respectively, was not sufficient to enhance the EP S. aureus-induced IL-23 re-
sponse by DCs. Additionally, PGN inhibited the EP S. aureus-induced expression of
IL-12p35 while the expression of IL-12p40 and IL-23p19 remained unchanged upon
PGN preincubation. The PGN-induced shift in IL-12p35 expression resulted in IL-23
rather than IL-12 production by DCs. As a second mechanism, IL-10, which is produced
in large amounts by DCs upon PGN stimulation, negatively regulated the IL-12 pro-
duction in DCs. Neutralization of IL-10 increased the IL-12 levels but also the IL-23 levels
of DCs preincubated with PGN. This indicates that IL-10 contributes to the suppression
of IL-12 production but that other IL-10-independent signaling mechanisms participate
in the enhancement of IL-23 production. Hence, interfering at the transcriptional level
of IL-12p35 and negatively regulating IL-12 via autocrine IL-10 are part of the mecha-
nism by which PGN modulates the DC response to EP S. aureus.

Taken together, our data indicate that human DCs respond more strongly to
exponentially growing than to stationary growing S. aureus, resulting in different levels
of Th1 cell development. PGN which is naturally shed from the cell wall of exponentially
growing S. aureus interferes with the DC IL-12 response to EP S. aureus, leading to
enhanced Th17 cell development. In light of the pathogenesis of S. aureus, the shift in
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the Th1-Th17 cell balance may be of importance for efficient bacterial clearance during
the different extracellular and intracellular phases of S. aureus.

MATERIALS AND METHODS
Bacteria. The laboratory S. aureus strain NCTC8325-4 (49), positive for the icaADBC gene cluster (50)

and negative for enterotoxin genes (51), was used in this study. The bacteria were grown aerobically
overnight at 37°C on sheep blood agar plates (bioMérieux). Next, the bacteria were cultured overnight
in tryptic soy broth (TSB; BD Difco), while shaking, to the stationary phase (SP) (optical density at 600 nm
[OD600], �1). Subsequently, 0.5% of the overnight culture was inoculated into fresh TSB and grown to the
exponential phase (EP) (OD600, �1). Bacteria were washed (removing TSB components, cell debris, and
bacterial secreted factors) and adjusted to 1 � 109 CFU/ml in sterile PBS and kept on ice until use. The
bacterial concentration was verified by quantitative culture on blood agar plates. For internalization
experiments, S. aureus was fluorescently labeled using Alexa Fluor 647 conjugated succinimidyl-ester
(Molecular Probes).

Generation of immature DCs and purification of autologous CD4� T lymphocytes. Human
peripheral blood was collected after obtaining written informed consent in accordance with the approval
of the Medical Ethical Committee of the Amsterdam UMC, location AMC, Amsterdam, The Netherlands.
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy individuals by density centrif-
ugation on Lymphoprep (Nycomed). Immature monocyte-derived dendritic cells were generated as
previously described (52). Briefly, monocytes were isolated from PBMCs by density centrifugation on
Percoll (GE Healthcare), and monocytes (4 � 105 cells/ml) were cultured for 6 days in Iscove’s modified
Dulbecco medium (IMDM; Gibco) containing gentamicin (86 �g/ml; Duchefa) and 5% fetal calf serum
(FCS) (Lonza) supplemented with 500 U/ml granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Schering-Plough) and 10 U/ml rec-IL-4 (Miltenyi Biotec). CD4� T cells were isolated from PBMCs and
purified with a magnetically activated cell sorting (MACS) isolation kit for CD4� cells (Miltenyi Biotec).
Next, naive and memory CD4� T cells were purified using anti-CD45RO-phycoerythrin (anti-CD45RO-PE)
beads (Dako) and anti-PE MACS beads (Miltenyi Biotech). The purity of naive and memory CD4� was
�97% for naive and �95% for memory T cells (data not shown) as measured by flow cytometry (Canto
II; BD Biosciences).

Cytokine production and maturation molecule expression by DCs. Immature DCs were har-
vested, and 4 � 104 DCs/well were stimulated for 24 h in 96-well round-bottom culture plates (Costar;
Corning) with staphylococcal PGN (10 �g/ml; Sigma), staphylococcal MDP (10 �g/ml; Sigma), Pam3Cys-
Ser-(Lys)4 (Pam3CSK4; 10 �g/ml; Sigma), or EP or SP S. aureus at an MOI of 20, unless stated otherwise.
For preincubation experiments, EP S. aureus bacteria were added 30 min after incubation of DCs with
PGN, MDP, or Pam3CSK4. To block endogenous IL-10, neutralizing anti-IL-10 antibodies (10 �g/ml; BD
Pharmingen) were added to the DCs 30 min before stimulation with PGN or EP S. aureus. Supernatants
were harvested and stored at –20°C for later measurement of levels of IL-12p70 (U-Cytech), IL-23
(U-Cytech), IL-10 (BD Pharmingen), IL-6 (U-Cytech), and TNF-� (eBioscience) using sandwich enzyme-
linked immunosorbent assay (ELISA). For the analysis of cell surface molecules, immature DCs were
stimulated for 48 h in 24-well plates (Costar; Corning) in medium supplemented with 500 U/ml GM-CSF
and with EP or SP S. aureus (MOI of 20). The expression of maturation molecules was analyzed by flow
cytometry (Canto II; BD Biosciences) after staining with fluorescent antibodies against CD83-
allophycocyanin (CD83-APC), CD86-PE, and HLA-DR-peridinin chlorophyll protein (HLA-DR-PerCP) (all
purchased from BD Biosciences).

Internalization of S. aureus by DCs. Immature DCs were cocultured with fluorescently labeled EP
or SP S. aureus (MOI of 50) at 37°C for 1 h. The DCs were washed twice with ice-cold PBS to stop uptake
of bacteria and analyzed using flow cytometry. The endocytosis efficiency of the DCs was expressed as
the percentage of DCs which internalized fluorescently labeled S. aureus.

T cell proliferation assessed using click-iT EdU. Immature DCs were stimulated for 48 h with EP or
SP S. aureus (MOI of 20), washed and cocultured with either autologous CD4� naive or memory T cells
(5 � 103 DCs:2 � 104 T cells) in IMDM (Lonza) supplemented with 5% heat-inactivated human AB serum
(Lonza) and gentamicin (86 �g/ml). After 5 days, cells were incubated with 10 �M EdU (5-ethynyl-2=-
deoxyuridine; Invitrogen) for 16 h. Next, cells were washed with PBS, fixated with 4% formaldehyde
(Sigma) for 15 min, washed in PBS, and permeabilized with 0.5% saponin (Sigma) in PBS containing 1%
FCS. T cell proliferation was detected using a Click-iT EdU Alexa Fluor 647 imaging kit (Invitrogen) and
analyzed using flow cytometry.

Polarization of CD4� T cells. For Th cell polarization, either autologous CD4� naive or memory T
cells were cocultured with immature DCs (5 � 104:5 � 104 cells) and EP or SP S. aureus (MOI of 20). For
experiments investigating the role of IL-12, 10 �g/ml of neutralizing anti-hIL-12p70 (U-Cytech) was
added to the culture. For preincubation experiments, DCs were preincubated for 30 min with normal
medium or medium containing PGN (10 �g/ml) and subsequently cocultured with EP S. aureus and T
cells. After 3 days, cells were transferred to 96-well round-bottom plates (Greiner Bio-One), and every
second day half of the medium was replaced by fresh IMDM containing 5% human serum (Sigma) and
20 U/ml IL-2 (Chiron). The cell suspensions with proliferating antigen-specific T cells were diluted when
cells became confluent until T cell cultures were resting (at day 12). For detection of intracellular
production of the Th1 and Th17 cell signature cytokines IFN-� and IL-17, resting T cells were restimulated
with 100 ng/ml phorbol myristate acetate (PMA), 1 �g/ml ionomycin, and 10 �g/ml brefeldin A (all
purchased from Sigma) for 5 h. The T cells were analyzed using flow cytometry after 15 min fixation in
3.7% formaldehyde, permeabilization with 0.5% saponin, and intracellular staining with anti-hIFN-�-
fluorescein isothiocyanate (FITC) and anti-hIL17A-APC (both from BD Biosciences). In parallel, secreted
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IFN-� and IL-17A in the supernatant were measured using ELISA after restimulation of resting T cells
(1 � 105 cells/well) for 24 h with anti-CD3 (1 �g/ml) and anti-CD28 (1 �g/ml) (both obtained from
Sanquin).

Quantitative real-time PCR. To determine the mRNA levels of subunits IL-23p19, IL-12p35, and
IL-12p40, DCs were lysed 9 h after stimulation. RNA was extracted from DCs using a NucleoSpin RNA
isolation kit (Macherey-Nagel), and cDNA was synthesized using a RevertAid first-strand cDNA synthesis
kit (Thermo Fisher Scientific). Quantitative real-time PCR (RT-PCR) (CFX Connect real-time PCR detection
system; Bio-Rad) was performed using iQ SYBR green Supermix (Bio-Rad) and primer pairs as listed in
Table 1. mRNA levels were normalized to the geometric mean of threshold cycle (CT) values of three
housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S rRNA, and �2-
microglobulin (�2M) [2Ct(housekeeping)-Ct(target)], and fold changes were calculated compared to those in
DCs stimulated with EP S. aureus.

Statistics. Data were compared using the Wilcoxon signed rank test or Student’s t test with
GraphPad Prism 7.03 (GraphPad Software). Differences were considered significant when P was �0.05.
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